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Continuous Flow tube-in-tube Oxidation of HMF to FDCA Using Heterogeneous Manganese
Catalyst Under Mild Conditions.
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1. The work implements the utilization of tube-in-tube continuous flow technology for the selective synthesis of FDCA from
HMF proving that within this approach it is possible to utilize simple Mn-based catalyst in mild conditions with competitive
results compared to Noble Metal based catalysts

2. Calculation of the green metric (E-factor), of safety parameter (RTHI, RPHI) and Space-TimeYield, together with a newly
defined Oxygen efficiency for the process in exam and for literature protocols also prove the advancement in overall
sustainability

3. Theinherent safety and convenience in using Air as cheap terminal oxidant allows for continuous synthesis of FDCA with a
low E-factor and an impressive STY
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The shift from a petrol-based to a bio-based society and economy is already underway. Continuous development is required
DO: 10.1038/x0xx00000x to seek increasingly efficient methodologies capable of being competitive with the current production chain. 2,5-furan
dicarboxylic acid (FDCA) currently represents, together with its precursor 5-hydroxymethylfurfural (HMF), among the major
players in the sector of products derived from biomass due to their potential use as building blocks for the synthesis of bio-
plastics or bio-polymers in general. Among the many methods reported for the selective oxidation of HMF to FDCA, the use
of heterogeneous catalysts based on noble metals is widely studied. However, these catalysts represent a problem in terms
of resource scarcity and are often synthesised using complex procedures. In addition, most systems for the oxidation of HMF
to FDCA make use of oxygen at high pressures and high reaction temperatures. In this contribution, we report our efforts to
develop a continuous flow apparatus for the selective oxidation of HMF to FDCA using an easy-to-synthesize manganese-
based catalyst. By sequentially evaluating the design, construction, and use of different flow systems, we finally were able

to propose a system that allowed the use of the manganese catalyst at relatively low temperatures and pressures,
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comparable to or even better than those utilised for noble-metal catalysts, with excellent efficiency and productivity.

Introduction

Valorisation of renewable and biodegradable feedstock to
produce value-added chemicals and fuels appears as one of the
possible and interesting routes to finding an alternative to the
petrol-based industry.l» 2 Attention to bio-based industry is
currently boosting as both businesses and consumers are
looking for safer and cheaper access to bio-based platform
chemicals and commodities.3

Biomass can be an easily accessible and inexpensive raw
material with a pivotal role in global carbon balance and CO,
compensation.? In the last decade, numerous research studies
have been concentrated on finding specific uses for the various
platform chemicals deriving from the valorisation of biomass
from biorefineries,® using an approach somewhat similar to
what was done in the last century with petrol refineries.®
Among the many platform chemicals identified for sustainable
chemical production, 5-hydroxymethylfurfural (HMF) has been
recognised as one of the most strategic products derived from
carbohydrate dehydration.” Also known as "the sleeping giant,"
HMF is currently listed in the top 12 chemicals (US DOE) that
can be produced from bio-renewable resources due to its many
industrial and to its many interesting derivatives.®

In fact, HMF can be transformed into other platform chemicals
such as y-valerolactone and levulinic acid or,® by oxidation, to
2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic
acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA), 2,5-
furandicarboxylic acid (FDCA).°

FDCA, owing two carboxylic functionalities, is a terephthalic acid
mimic and, therefore, is a solid, promising constituent of green
polymers such as poly(ethylene 2,5-furan dicarboxylate) (PEF).11

aLaboratory of Green S.0.C. — Dipartimento di Chimica, Biologia e Biotecnologie,
Universita degli Studi di Perugia, Via Elce di Sotto 8, 06123 — Perugia — Italy. E-
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Electronic Supplementary Information (ESI) available: General procedures, full

characterization of the synthetized compounds and copies of *H, 13C and °F NMR

spectra. See DOI: 10.1039/x0xx00000x

Due to this peculiarity, FDCA has gained enormous interest with
the hope of replacing high-volume petroleum-based building
blocks for polymer production.?

Oxidation of HMF to FDCA lies into a consecutive oxidation

pathway in which HMF is firstly oxidised to either 5-
hydroxymethylfurfural-carboxylic acid (HMFCA) or 2,5-
diformylfuran  (DFF). These intermediates are then

subsequently oxidised to 5-formylfuran-2-carboxylic acid (FFCA)
and finally to FDCA.13

To date, a plethora of conventional and unconventional
methodologies and catalysts have been employed to
investigate the oxidation of HMF to FDCA.}* The intrinsic
reactivity of HMF represents an essential difficulty in controlling
the selectivity of this process. In fact, the concomitant presence
of a furan ring, a formyl functionality and a hydroxyl group
renders HMF highly susceptible to many side reactions.'> In
general, byproducts derived from HMF are the major limitation
on the route towards the efficient synthesis of FDCA.

Two major byproducts have generally been encountered: i)
humins formed especially at high temperatures and in the
presence of strongly basic conditions, and ii) levulinic acid
formed via rehydration of HMF in aqueous reaction media.®
The oxidation of HMF to FDCA is a transformation of great
interest to sustainability. To optimise such a process, it is also
necessary to consider the factors that may influence the overall
environmental benignity and economic impact of the process,
such as the catalyst, the type of oxidant, and the
solvent/medium selection for performing and isolating the
desired FDCA.

The use of heterogeneous catalysis for HMF oxidation is
arguably the elected choice nowadays, proved that the possible
advantages are achieved, as the easier recovery, reuse, and
minimal product contamination. At the same time, most of the
catalysts are based on precious noble metals, leading to a
significant impact in terms of resource depletion and
production cost.'? Many highlighted how the
performance of heterogeneous catalysts in HMF oxidation is
highly dependent on the geometry and acid/basic nature of

studies
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their active sites.’® Indeed, deactivation is not only a
consequence of leaching or coalescence under harsh conditions
but also depends on the irreversible adsorption of humins onto
the catalyst surface.®

Besides the low stability of HMF in water, water is the most used
reaction medium as it is cheap and more environmentally
friendly than dipolar aprotic solvents DMSO and DMF, which are
also often used as alternatives. Moreover, water can favour the
work-up procedures, letting FDCA precipitate by simply
changing the pH of the final reaction mixture.

Proper selection of the oxidant system, which is the subject of
extensive research, is of outmost importance.°¢20 Chemical
oxidants not only increase the total mass of reactants,
generating a larger amount of waste, but they also complicate
the final reaction mixture composition with a consequently
additional wasteful and tedious product isolation. Gaseous
oxidants, on the other hand, can be difficult or hazardous to
manipulate, especially at high pressure.

Coherently to our research approach,?® we have decided to
investigate the oxidation of HMF to FDCA trying to identify a
protocol utilizing an economical and versatile catalyst
optimising its use exploiting continuous-flow reactor
technologies. We directed our attention to Octahedral
Molecular Sieves (OMS),?? that are cryptomelane-structured
manganese-based catalysts that possess unique properties such
as 1D tunnel structures with tuneable angstrom-scale
dimensions, mixed valent Mn ions assembled in an octahedral
chain to form a cavity that can allocate different cations.
Importantly, OMS have a high lattice oxygen mobility that
renders this catalyst highly stable and excellent for oxidation
reactions.?3

Some preliminary data are available on the oxidation of HMF to
DFF with OMS. At the same time,?* surprisingly, there have been
very limited reports on the catalytic oxidation of HMF to FDCA
using OMS-based catalysts.?>

In a previous study, we demonstrated that OMS-2 catalyst can
be utilised in flow in the presence of a gaseous reagent with
excellent performances in terms of catalyst oxidation state and
leaching stability.?® Herein, also considering the many
challenges listed above, we reasonably envisaged that adopting
continuous-flow conditions could be helpful to decrease the
hazard associated with the use of gaseous oxygen or air with a
concomitant increase in control of the reaction parameters that
are critical to reduce byproduct formation and increase the
yield of FDCA.

Considering all these aspects, we present herein our study on
the definition of a sustainable flow process for the oxidation of
HMF to FDCA. The concomitant use of a synthetically simple
Mn-based catalyst (OMS) and air as an oxidant was made
possible by the implementation of a continuous flow system
based on tube-in-tube technology. In this way, the manganese
catalyst proved to be an interesting system in terms of
performance and temperature of use with catalysts based on
noble metals. The combination of a well-defined (octahedral)
catalytic cavity with a tuneable acidity microenvironment
proved to be beneficial for the the catalytic oxidation of HMF to
FDCA.

2| J. Name., 2012, 00, 1-3
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Figure 1. Features of the previous report and this work

Results and discussion

After preparing and characterising the K-OMS-2 catalyst,2527 we
began our study by optimising the reaction conditions for the
selective oxidation of HMF to FDCA in a batch reactor.

Table 1. Optimisation of reaction conditions for the selective oxidation of 1 to 2.2

K-OMS-2 (20 mol %) OH
HO ‘ (; /O - Base, O, o o o
ater (20 mL), \ p
T(°C),24h OH
1 2
Entry Base T(°C) 0, Cof 1(%)* Selto 2

(bar) (%)°
1 NaOH 120 10 >99 95
2 NaHCO; 120 10 >99 95
3 NaOH 120 10 87 72
4 NaHCO; 120 10 82 70
5 KOH 120 10 >99 84
6 K,COs 120 10 >99 68
7 Na,CO; 120 10 >99 78
8 Cs,CO3 120 10 >99 76
9 NaOH 100 10 94 71
10 NaOH 80 15 62 78
11 NaOH 120 5 75 61
12 NaHCO, 100 10 93 73
13 NaHCO; 80 15 54 73
14 NaHCO; 120 5 77 62
15 NaHCO; 150 5 98 62
16 NaHCO; 120 -€ 8 -

9Reaction conditions: HMF 1 (1 mmol), in 20 mL of 0.1 M water solution of the
selected base, base (2 eq), K-OMS-2 catalyst (20 mol %, 18 mg) ?Conversion and
selectivity, were determined by HPLC analysis, the remaining material, unless
otherwise stated is a mixture of DFF, HMFCA, FFCA and unreacted HMF 1. N, at a
pressure of 5 bar was used.

This journal is © The Royal Society of Chemistry 20xx
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By fixing the catalyst loading at a 20% molar ratio compared to
the HMF starting material (Mn content in K-OMS-2 catalyst is
62%), we tested the influence of different inorganic bases,
temperatures and oxygen pressure on the conversion and
selectivity of the process (Table 1). As humins are difficult to
reveal by common UV-HPLC coupled techniques and, in most
cases, cannot be measured concomitantly with the other
reaction products, quantitative calibration curves have been
performed to check whether the formation of humins could
affect the mass balance and also leading to partially wrong
interpretations. We considered this as an important parameter
to control and ultimately achieve the isolation of FDCA in high
yield and purity. The most performant reaction conditions were
exploited either when two equivalents of NaHCO3; or NaOH
were used as a base at 120 °C in the presence of 10 bar of pure
oxygen for 24 h (Table 1, entries 1 and 2). In these conditions,
HMF has been almost fully and selectively converted to FDCA
with a very minimal amount (5 %) of FFCA as an incomplete
oxidation byproduct. It is worth noting that this result is in line
with experimental results obtained from literature protocols
using similar catalysts and conditions.

Table 2. Optimisation of reaction conditions for the selective oxidation of 1 to 2.2

cat 20 mol % OH
HO | O/ /O NaHCO3, O, o o o
Water°(20 mL), | Y
120 °C, 24 h oH
1 2
Entry Catalyst Oxidant gas (bar) Cof 1 (%)* Selto 2

(%)

1 H-OMS-2 Oxygen (10) >99 98
2 K-OMS-2 Oxygen (8) >99 95
3 H-OMS-2 Oxygen (8) >99 98
4 K-OMS-2 Oxygen (4) 95 90
5 H-OMS-2 Oxygen (4) >99 98
6 K-OMS-2 Oxygen (2) 90 87
7 H-OMS-2 Oxygen (2) 98 98
8 K-OMS-2 Air (2) 55 60
9 H-OMS-2 Air (2) 64 77
10 K-OMS-2 Air (8) 90 85
11 H-OMS-2 Air (8) 95 98
12 K-OMS-2 Air (10) 96 94
13 H-OMS-2 Air (10) >99 98

9Reaction conditions: HMF 1 (1 mmol), in 20 mL of 0.1 M water solution of the
selected base, base (2 eq), catalyst 20 mol %. ? Conversion and selectivity, were
determined by HPLC analysis, the remaining material, unless otherwise stated is a
mixture of DFF, HMFCA, FFCA and unreacted HMF 1.

Further optimisation has been aimed at checking whether the
changes in the acid/base properties of the catalyst could affect
the outcomes of the reaction. To this end, the H-OMS-2 catalyst
has been prepared?®?’ and used instead of K-OMS-2. By
replacing K* cation with H* in the tunnel's cavity, a progressive
increase in acidity of these sites is induced,?® and therefore an
overall increase in Brgnsted acidity of the catalyst while
maintaining almost unchanged the percentage of manganese
content. This type of acidic site has been found to be crucial in
controlling oxygen mobility, also influencing the oxidation of

This journal is © The Royal Society of Chemistry 20xx

HMF to its intermediates and ultimately to FQCA32% In
addition, to smoothen the operations iRGerMSF RFFeH2and
avoiding the use of high-pressure gases (pressurised cylinders),
but also to avoid the use pure oxygen, we also screened the use
of air from a compressor at different pressures (Table 2).
Interestingly, we noted that the catalytic performances of H-
OMS were almost identical to those of K-OMS-2. The substantial
difference is that H-OMS-2 is more selective than K-OMS-2 at
the same oxygen pressure (Table 2, entries 2 to 7), which
probably depends on the increased ability of H-OMS-2
(increased Brgnsted acidity) to adsorb HMF onto the Mn ions by
sharing a lone pair with the -OH group of HMF.

We noted that it is also possible to use air instead of oxygen,
either with K-OMS-2 or H-OMS-2 as catalytic systems. Anyway,
the pressure must be at least 10 bar to achieve satisfactory
conversions and selectivities (Table 2, entries 8 to 13).

We also tested the reusability of the two catalytic systems, H-
and K-OMS-2 and data are reported in Table 3. The first attempt
was aimed at the identification of suitable conditions to recycle
the catalysts efficiently. In the optimised reaction conditions,
we noted that 20 mol % of hydrogen peroxide with respect to
HMF was crucial in this phase to maintain unchanged the
oxidation ability of the two catalysts, with H-OMS-2 possessing
slightly better performance compared to K-OMS-2.

Control experiments were made to exclude the possibility that
hydrogen peroxide/oxygen could act as an oxidant system in the
absence of the catalyst.

Table 3. Recyclability of OMS catalysts?

K/H-OMS-2 20 mol %

Page 4 of 11

HO o /O NaHCO3, O, (10 bar) o oH o o
| Y Water (20 mL), \ P
120°C, 24 h OH
1 2
Entry Catalyst Additive 1%t run 2" run
C /Sel (%)° c/sel (%)°
1 H-OMS-2 none >99/98 >99/89
2 K-OMS-2 none >99/95 >99/85
3¢ H-OMS-2 H,0, >99/98 >99/92
4e K-OMS-2 H,0, >99/95 >99/91
5d H-OMS-2 H,0, >99/98 >99/98
64 K-OMS-2 H,0, >99/95 >99/93
7 none H,0, 12/- -

9Reaction conditions: HMF 1 (1 mmol), in 20 mL of 0.1 M water solution of the
selected base, base (2 eq), catalyst 20 mol %. ® Conversion and selectivity, were
determined by HPLC analysis, the remaining material, unless otherwise stated is a
mixture of DFF, HMFCA, FFCA and unreacted HMF 1. < H,0, 5 mol % respect to
HMF was used as additive; ¢ H,0, 20 mol % respect to HMF was used as additive

As encouraging results were obtained in terms of reactivity,
selectivity, catalyst stability, and overall efficiency of the
developed system, we also verified the isolation of pure FDCA
product. To this end, after the reaction completion, catalyst was
filtered (sintered glass, porosity 4-8 um) and the filtrate was
acidified to pH 1. Using H,SO,, the precipitation of FDCA from

J. Name., 2013, 00, 1-3 | 3
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the reaction mixture was very slow (12 h), and the resulting
yield was only 83%. Using HClI, the precipitation occurred much
faster (6-8 h of maturation), and the yield was 91%.

We found useful the comparison of our optimised conditions
with other protocols using OMS-type catalysts for the

Green Chemistry

conversion of HMF either to FDCA or to DFF. for.a.better
assessment, we also compared our coWditioHE SWHERCE2¢ePy
simple yet efficient protocol that uses simple and benchmark
MnO, as catalyst3° (Scheme 1).

OH

HO 0 /O Mn-catalyst o 1) 0 o~ ‘O /O
| / —— ‘ p or y)
OH

1 HMF 2FDCA 3 DFF
Ref (Target) Catalyst (mg)/loading to HMF (mol %) T (°C)/time (h)  Solvent [Molarity] Gas (bar) Selectivity Reusability
30 (FDCA) MnO, (100 mg)/575 mol % 100/24 Water [0.04 M] 0, (10) 91 yes
25a (FDCA) K-MnO, (125 mg) / 262 mol % 200/24 Water [0.05 M] 0, (5)+Air (1) 49 Yes
25a (FDCA) Ca-MnO, (125 mg) /274 mol % 200/24 Water [0.05 M] 0, (5)+Air (1) 85 yes
25b (FDCA) Ru-K-OMS-2 (80mg) /1.6 mol %2 120/6 Water [0.05 M] 0, (20) 93 n.t.
24a (DFF) Ag-OMS-2 (300 mg) /16 mol % 200/4-6 IPA [0.06 M] Air (15) 100 yes
24b (DFF) K-OMS (60 mg) /65 mol % 120/10 DMSO [0.2 M] 0, (1) 100 yes
24c (DFF) K-OMS-2 (22mg) /22 mol % 110/1 DMF [0.1 M] 0, (5) 97 yes
24d (DFF) K-OMS-2 (100mg) /101 mol % 110/6 DMSO [0.3 M] 0, (20) 99 yes
This work (FDCA) H-OMS-2 (18mg) /20 mol % 120/24 Water [0.05 M] Air (10) or O, (4) 98 yes

Scheme 1. Comparison of literature available protocols in batch conditions 9.1.6 mol % is the loading of ruthenium catalyst compared to HMF (with Ru is 2 % in Ru-K-OMS-2), while
must also be considered that an average 60 % is Mn whose loading will be 87mol % compared to HMF; n.t. means non tested for recyclability

With this preliminary comparison, we can note that among the
other OMS-based methodologies to achieve FDCA from HMF,
our optimised conditions allow the use of oxygen or air with
comparable efficiency, and among the non-noble Mn-based
catalyst, we also use a lower loading (20 mol %) and a lower
temperature (120 °C). Notably, selectivity to FDCA (avoiding
DFF), is advantageous. With the intention to increase the
efficiency of our methodology, we started to evaluate different
continuous-flow settings and verify how this can influence the
intimacy between sacrificial oxidant (oxygen or air) and the
reaction mixture. We designed, built and tested five flow
reactor systems (Figure 2).

@ ovs—g

)
10,] Setting 3

Setting 4: tube-in-tube Internal

OMS catalyst packed zone

Figure 2. Flow configurations tested.

Using our previously developed flow conditions2® in which the
gas flow drives the reaction mixture through the catalyst
reactor (Table S1 in the ESI), almost no reaction occurred,
highlighting how important the delivering of terminal oxidant
(0,) to the reaction mixture. Importantly, very low conversion
of HMF was observed with the tested conditions.

Therefore, we changed the continuous-flow reactor setting
using a standard T connection (Table 4). With this configuration,

4| J. Name., 2012, 00, 1-3

no encouraging results were obtained, giving a further
confirmation of the importance of the delivering of terminal
oxidant. In these conditions, 42 % of HMF conversion was
anyway observed but with a very poor 15% selectivity toward
FDCA (Table 4, entry 1). The remaining material was composed
of 18 % of DFF and 25 % of HMFCA. With this system, decreasing
the temperature from 120 to 100 °C led to a dramatic decrease
in conversion (22%) with a 12 % selectivity to FDCA (Table 4,
entry 2), and DFF as the only remaining material.

Table 4. Oxidation of HMF to FDCA using a T connection to supply oxygen (Setting 2).%

OH
Qroso—{Jrovsz@—><— o o Q0
m ég BPR ‘ /
OH
HO o 0 2
Ly
1
Entry 0, (bar) T(°C) Residence HMF FDCA
time (h) C (%)° Sel (%)®
1 10 120 3 42 15
2 10 100 3 22 12
3 10 100 2 0 -
4 5 120 3 0 -
5 5 100 3 0 -
6 5 100 2 0 -
7 2 120 3 0 -
8 1 120 3 0 -
9 1 120 5 0 -

9Reaction conditions: 1 (1 mmol), in 20 mL of 0.1 M NaHCO; water solution. Flow
Reactor Parameters: Length of the packed bed reactor = 20 cm; internal diameter
= 0.4 cm; catalyst loaded = 90 mg (100 mol %) ® Conversion and selectivity, were
determined by HPLC analysis, the remaining material, unless otherwise stated, is
a mixture of DFF, HMFCA, FFCA and unreacted HMF 1.

This journal is © The Royal Society of Chemistry 20xx
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We also tested another configuration in which the T connection
delivering the oxygen was installed in the middle of the packed
bed reactor (Table 5).

Table 5. Oxidation of HMF to FDCA with middle oxygen delivery (Setting 3).¢

OH
HO o o
W)
) OH
Entry 0, (bar) T (°C) Residence HMF FDCA
time (h) C (%)° Sel (%)°
1 10 120 3 58 24
2 10 100 3 44 20
3 10 100 2 38 18
4 5 120 3 35 20
5 5 100 3 30 20
6 5 100 2 18 15
7 2 120 3 0 -
8 1 120 3 0 -
9 1 120 5 0 -

ARTICLE

Entry 0, (bar) T(°C) Residence HMF . AFRCA e

time (h) DOICY%)039/D5EeDPbPOE
1 10 120 3 84 69
2 10 100 3 76 72
3 10 100 2 65 70
4 5 120 3 60 68
5 5 100 3 54 75
6 5 100 2 48 70
7 2 120 3 34 66
8 1 120 3 30 61
9 1 100 3 24 64
10 1 120 5 38 62

9Reaction conditions: 1 (1 mmol), in 20 mL of 0.1 M NaHCO; water solution. Flow
Reactor Parameters: Length of the outer tube (gas reservoir tube) = 20 cm;
internal diameter = 0.4 cm; Length of the inner tube (AF2400, packed bed) = 20
cm; internal diameter = 0.1 cm; catalyst loaded = 36 mg (40 mol %) ® Conversion
and selectivity, were determined by HPLC analysis, the remaining material, unless
otherwise stated, is a mixture of DFF, HMFCA, FFCA and unreacted HMF 1.

9Reaction conditions: 1 (1 mmol), in 20 mL of 0.1 M NaHCO; water solution. Flow
Reactor Parameters: Length of the packed bed reactor = 20 cm; internal diameter
= 0.4 cm; catalyst loaded = 90 mg (100 mol %) ® Conversion and selectivity, were
determined by HPLC analysis, the remaining material, unless otherwise stated, is
a mixture of DFF, HMFCA, FFCA and unreacted HMF 1.

The resistance of the flowing reaction mixture against the
oxygen counterpressure should, in principle, increase the
oxygenation of the whole mixture, increasing the efficiency. In
fact, with this configuration we observed a 24 % selectivity
toward FDCA (Table 5, entry 1) which lowered to 20 % (Table 5,
entry 4) when the oxygen pressure is decreased to 5 bar. We
also noted that a valuable influence is attributed to an increase
in residence time (from 2 h to 3 h) rather than to the oxygen
pressure or temperature set (Table 5, entries 2,3 and 5,6). On
the other hand, at oxygen pressure as low as 2 or 1 bar, HMF
did not react efficiently.

We decided to utilise our newly developed heterogeneous
tube-in-tube reactor,3! which, differently from all the previously
developed systems in literature, features the catalyst inside the
AF-2400 tube (internal diameter: 0.1 cm), where the reaction
mixture flows. Oxygen is flowed in the outer tube (internal
diameter 0.4 cm) at the desired pressure. As a result, the
contact between HMF, OMS, and O, was increased, and we
observed a satisfactory conversion of HMF both at 120 and 100
°C with a residence time of 3 h (Table 6, entries 1 and 2).

Importantly, we experimented that with this system, HMF can
be oxidised even at a very low oxygen pressure (1 bar),
furnishing low conversion (30 % and 38 %, respectively, with 3
and 5 hours of residence time) and acceptable selectivity to
FDCA (Table 6, entries 8 and 10).

As in the above-described flow system (setting 4, Table 6), we
noted that, especially at low pressure of oxygen, the conversion
drops dramatically while the selectivity toward FDCA remains
almost constant. Therefore, we designed another configuration
(setting 5, Table 7) of the tube-in-tube flow system where the
catalyst is packed in the outer tube (internal diameter 0.4 cm),
and the oxygen pressure-charged at the inner permeable tube
(internal diameter 0.1 cm). In our view, this configuration could
increase the contact surface between catalyst and reaction
mixture, maintaining constant the efficiency of the oxygen
supply.

Table 7. Oxidation of HMF to FDCA using tube-in-tube technology (Setting 5).%

Table 6. Oxidation of HMF to FDCA using tube-in-tube technology (Setting 4).¢

This journal is © The Royal Society of Chemistry 20xx
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ARTICLE
Entry 0, T Residence time  HMF C FDCA S
(bar)  (°C) (h) (%)° (%)°
1 10 120 3 >99 100
2 10 100 3 >99 100
3 10 100 2 >99 100
4 5 120 3 >99 100
5 5 100 3 >99 100
6 5 100 2 >99 100
7 2 120 3 98 100
8 1 120 3 88 94
9 1 120 5 92 100

9Reaction conditions: 1 (1 mmol), in 20 mL of 0.1 M NaHCO; water solution. Flow
Reactor Parameters: Length of the outer tube (packed bed) = 20 cm; internal
diameter = 0.4 cm; Length of the inner tube (AF2400, gas reservoir) = 20 cm;
internal diameter = 0.1 cm; catalyst loaded (at the outer tube) = 36 mg (40 mol %)
b Conversion and selectivity, were determined by HPLC analysis, the remaining
material, unless otherwise stated, is a mixture of DFF, HMFCA, FFCA and
unreacted HMF 1.

Journal Name

linear decrease in the system's efficiency. Interestingly.othe
calculation of the average residence tirh®@!(tp f8¢%al>five2 Ao
settings presented allowed us to appreciate that, especially for
settings 4 and 5, there was a significant deviation between the
effective residence time and the average residence time,
denoting a plausible strong variation from ideal flow behaviour
due to the non-conventional flow configuration and packing.

With reactor setting 5, the conversion of HMF at 5 bar of
pressure is complete both at 120 and at 100 °C with full
selectivity to FDCA (Table 7, entries 4-6). Decreasing the oxygen
pressure to 1 bar slightly decreases the conversion while the
selectivity remains high (Table 7, entries 8 and 9).

Table 8. Oxidation of HMF to FDCA using common tube-in-tube technology with air.?

5 bar

o OH
HO 0
|/ / o) (o] o]
|y
H
HMF FDCA
............... 13tday. .o 2 day L 3Mday
100
95
90 —e—Conversion (%)
85 —e—Selectivity (%)
80 e

3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72

Reaction time (h)

g e 15t day. oo 2Mday oo 3 day. ceeann
0.8
0.6 —&—Mn Leaching (ppm)
0.4
0.2

0

3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72

Reaction time (h)

Figure 3. Conversion, selectivity and leaching profile of the 3-day flow session

HO (0]
OH

Entry Air T Residence HMF FDCA

(bar) (°C) time (h) C (%)° S (%)°
1 10 120 3 >99 100
2 10 100 3 >99 100
3 10 100 2 >99 100
4 5 120 3 >99 100
5 5 100 3 >99 100
6 5 100 2 95 100
7 2 120 3 83 85
8 1 120 3 60 43
9 1 120 5 67 59
10 2 80 5 35 56
11 5 80 5 41 62

9Reaction conditions: 1 (1 mmol), in 20 mL of 0.1 M NaHCO; water solution. Flow
Reactor Parameters: Length of the outer tube (packed bed) = 20 cm; internal
diameter = 0.4 cm; Length of the inner tube (AF2400, gas reservoir) = 20 cm;
internal diameter = 0.1 cm; catalyst loaded (at the outer tube) = 36 mg (40 mol %);
b Conversion and selectivity, were determined by HPLC analysis, the remaining
material, unless otherwise stated, is a mixture of DFF, HMFCA, FFCA and
unreacted HMF 1.

Finally, we tested the performance of last continuous flow
system (setting 5) using air generated with a common
compressor (Table 8). We were pleased to note that at 5 bar of
pressure, conversion and selectivity are almost unchanged,
passing from pure oxygen to compressed air (non-purified) both
at 120 and 100 °C. Lowering the pressure or the temperature,
respectively, below 5 bar and 100 °C, led to a progressive and

6 | J. Name., 2012, 00, 1-3

The flow system developed was finally stressed to check its
productivity and the amount of metal leached in solution, which
could negatively affect the overall durability of the system. The
flow apparatus was therefore tested in optimised conditions at
100 °C with 5 bar of air pressure. Letting the flow apparatus run
continuously for 3 days and checking aliquots of the reaction
mixture allowed us to check the presence of metal
contaminants and the reactivity limits of the catalyst.

We noted that after the first half of the first day of continuous
flow operation, there was no decrease in efficiency. After 12
hours, we noted a slight decrease in terms of conversion with
the selectivity that was kept at excellent levels. During the 2nd
and third-day of flowing , the performance remained constant
with an average conversion of 98 % and 100 % selectivity
toward FDCA.

Interestingly, we noted that the optimised flow systems does
not require the addition of hydrogen peroxide or other co-
oxidants to maintain the catalytic performances. This behaviour
was also confirmed by the continuous monitoring of the Mn
leaching, which constantly remained under 1 ppm.

Also, the isolated vyield slightly increased compared to batch
conditions (91 % in batch vs 93 % in flow), and therefore we
obtained a daily production of 7.2 mmol day! of FDCA. At the

This journal is © The Royal Society of Chemistry 20xx
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steady state, our flow system was able to produce 0.3 mmol h!
(48 mg h! of FDCA) with a space-time yield of 19.1 g L'* h1.

It is worthy to notice that these data have been obtained with a
small apparatus containing 36 mg of catalyst only. Sizing
appropriately to gram scale catalyst and larger systems the
productivity is very promising.

Notably, by adopting our flow conditions, we were able to
efficiently and durably use a simple-to-synthesise, low-cost
manganese-based catalyst. Above all, under the optimised
conditions, the manganese catalyst was used at a relatively low
temperature (100 °C) and pressure (5 bar of air), exploiting
comparable efficiency to noble metal-based catalysts.
Ultimately, we have compared the results obtained.

The E-factor of our flow methodology was calculated together
with the E-factor of the previously mentioned OMS-based
procedures used to synthesise FDCA. Gratefully, we achieved an
E-factor value as low as 139, which is the lowest among the
OMS-based protocols overviewed. The low E-factor obtained in
our optimised flow procedure is basically due to the high yield
of FDCA obtained (93 %) and to the amount of base used (2

equivalents VS at least 3 equivalents of the other. pretecols).
which smooth the isolation procedure of FBCA.1039/D5GC02459E
Further quantification of the advantages of our flow
methodology was based on the calculation of STY, which, not
surprisingly, has a better value than the other processes as a
consequence of the adoption of flow conditions within good
throughput (48 mg h' of FDCA) in a small volume of the reactor
(2.5 mL) with a relatively short residence time (3 h).

By calculating reaction temperature and pressure Hazard
Indexes (respectively RTHI and RPHI) with Andraos algorithms,
we could also quantify the hazard associated with temperature
or pressure different from ambient conditions usage, with RTHI
and RPHI that vary between 0 and 1 (1 is a benign situation
while 0 is an extremely hazardous situation, see ESI for detailed
calculations). Importantly, our flow procedure allowed us to
reduce the hazard associated with the pressure of reaction,
leading to the best RPHI value among the procedures
compared, while RTHI values are by far equal to the MnO,
benchmark procedure.
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Ref Features T RTHI Gas (bar) RPHI E-factor STY (gL1h?) Oxygen

() With H,0 /without H,0 efficiency
30 MnO, (0.2 mmol) 100 0.78 0, (10) 0.00014 1765/5.2 0.09 8.4%
30 MnO, (18 mmol) 100 0.78 0, (10) 0.00014 193/138 0.35 26.7 %
25a K-OMS (0.25 mmol) 200 0.56 0, (5)+Air (1) 0.0073 734/211 0.04 5.7%
253 Ca-OMS (0.25 mmol) 200 0.56 0, (5)+Air (1) 0.0073 423/121 0.07 10.0 %
25b Ru-OMS (1 mmol) 120 0.72 0, (20) 0.0000000072 No isolation 0.48 5.8%
This work  H-OMS (1 to 24 mmol) 100 0.78 Air (5) 0.020 139/1.2 19.1 45.7 %

Scheme 2. Sustainability Comparison for the synthesis of FDCA using Mn-based and OMS catalyst

To quantify more in details the utility of using our flow
apparatus based on tube-in-tube technology, in terms of of
yield (conversion and selectivity towards FDCA), short times and
at relatively low temperatures and pressure (100 °C and 5 bar
of air), we considered the oxygen efficiency (see ESI for details)
as:

02 — equiv

mol oxygen
mol product

x 100

O,-equiv is the stoichiometric amount of molecular oxygen
needed in the reaction. From the results of the oxygen
efficiency calculations (Scheme 2), it is worthy to nworthotice
that the use of tube-in-tube flow technology allowed us to reach
the optimal oxygen efficiency of 45.7 %, while for all the other
processes compared, it is below 26.7 %.

Conclusions

In conclusion, in this work, we demonstrated that, within a
stepwise optimisation of reaction conditions and technological
flow set-up, a simple yet efficient Mn-based octahedral
molecular sieves catalyst (H-OMS-2) could achieve similar or
even better performance compared to the noble metal-based
catalyst of the same type (OMS), in the selective oxidation of

This journal is © The Royal Society of Chemistry 20xx

HMF to FDCA. Tube-in-tube flow conditions, in combination
with the Mn-based heterogeneous catalyst,
utilisation of air at a relatively low pressure of 5 bar. The flow
system developed was efficiently used to synthesise FDCA in
high yield (93 %) with an STY of 19.1 g L't h'? and productivity of
48 mg h'l. The 3-day flow session was exploited with excellent
performance in terms of conversion, selectivity, and stability
(Mn leaching).

To confirm the overall value of our protocol in terms of
sustainability, we compared it with other procedures in the
literature for the E-factor, hazard associated with temperature
and pressure usage, and oxygen efficiency. Our tube-in-tube
flow conditions exploiting air at 5 bar of pressure led to optimal
values of oxygen efficiency and E-factor with considerable risk
reduction associated with temperature and pressure.

allowed the
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