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Continuous flow oxidation of HMF using supported AuPd-alloy
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Al ted 00th J 20:
ceepte anuary £oxx The oxidation of 5-(Hydroxymethyl)furfural (HMF) to 2,5-Furandicarboxylic acid (FDCA) holds significant promise for

DOI: 10.1039/x0xx00000x replacing fossil-based monomers. Continuous flow operation enhances the process in terms of green chemistry by improving
heat and mass transfer, enabling easier scalability of the reaction and ensuring higher safety with a smaller reactor volume.
In this study, we investigated the use of heterogeneous catalysts in a fixed-bed reactor for the continous oxidation of HMF.
Air served as green oxidant, water as non-toxic solvent, and Na,CO; as mild base. An AuPd-alloy-based catalyst supported
on activated carbon demonstrated remarkable performance, yielding 81% FDCA at a liquid hourly space velocity of 31.4 ht.
This corresponds to a productivity of 68 molpca moly* ht, which is, to our knowledge, one order of magnitude higher than
typically reported for the heterogeneously catalyzed continuous oxidation of HMF. In addition, the catalyst showed a good
stability over 90 h of time on stream without any detectable deactivation. The formation of humins led to a progressive

catalyst deactivation. The developed catalytic system and continuous process offer a more sustainable and efficient

approach to future production of the renewable monomer FDCA.

Introduction

The production of renewable monomers, which are key
products in the chemical industry, is of great interest to
transition towards a bio-based chemical industry.’3 The use of
biomass brings a substantial opportunity, leveraging inherent
functional groups that only necessitate simple transformation,
instead of introducing such groups via oxidation of fossil-based
hydrocarbons.3 4 The effective H/C-ratio of bio-derived base
chemicals is closer to that of the desired monomer products, in
comparison to their fossil-derived counterparts, reducing the
amount of transformation steps and fostering more sustainable
processes.®> > The oxidation of 5-(Hydroxymethyl)furfural
(HMF), ideally sourced from lignocellulose or other biomass
sources, to yield 2,5-Furandicarboxylic acid (FDCA) emerges as
a promising avenue for the production of renewable
monomers.519 FDCA can be used to produce various polyesters,
particularly as a substitute for fossil-derived terephthalic acid.'%
12 The oxidation of HMF has been explored through various
approaches, encompassing stoichiometric reagents,
homogeneous catalysts, heterogeneous catalysts, and bio-
catalysts.m 13-15 |n the context of sustainability, heterogeneous
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catalysts emerge as the preferred choice due to their facile
separation from the reaction medium, effective reusability, and
high stability.'® Extensive investigations employing both non-
noble and noble metal-based catalysts have been reported.’ 13
17,18 Despite the higher cost associated with noble metal-based
catalysts, their superior activity and stability, coupled with the
utilization of air as a green and safe oxidant make them
compelling candidates.® 1921 A list of noble metals, including
Au,S 7. 19,22, 23 pg 20, 24-26 pq 27, 28 Ry 29-31 Ag,32 33 and various
bimetallic combinations® 21 3438 have been reported for the
oxidation of HMF. Their successful deployment not only attests
to their catalytic efficiency but also aligns with a closed-cycle
approach, wherein the catalysts exhibit reusability and end-of-
life noble metals can be recycled for subsequent catalyst
preparation.3®

The oxidation of HMF can proceed via two different reaction
routes depending on the alkalinity of the reaction medium and
the active metal species involved.® 37:40. 41 The initial oxidation
step targets either the alcohol or the aldehyde functional group
(Scheme 1), resulting in the formation of 5-
(Hydroxymethyl)furan-2-carboxylic acid (HFCA) or 2,5-
diformylfuran (DFF). Subsequent oxidation leads to 5-formyl-2-
furancarboxylic acid (FFCA) and finally FDCA.
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Scheme 1: Simplified reaction mechanism and reactor scheme for the HMF oxidation.*
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Despite the vast knowledge on HMF oxidation with
heterogeneous catalysts, most studies have been confined to
batch processes, although continuous processes offer various
advantages, especially in the context of green chemistry. The
adoption of continuous flow synthesis presents several
advantages, including easier scalability, improved heat and
mass transfer favouring energy efficiency, and a safety
enhancement due to reduced reactor volume, mitigating the
risk of runaway reactions.*?** Recognizing these merits,
continuous flow synthesis has been acknowledged by the
International Union of Pure and Applied Chemistry (IUPAC) as
one of ten chemical innovations contributing to a sustainable
future.*> 46 Despite the obvious advantages, reports on the
continuous flow oxidation of HMF utilizing heterogeneous
catalysts are very scarce. Lilga et al. studied the continuous
oxidation of HMF with Pt-based catalysts in a tubular reactor,
noting the highest reaction rates for the formation of FDCA with
alkaline feed compared to neutral and acidic solutions.*” They
observed a high initial selectivity to FDCA, which decreased
slightly over the following hours of time on stream (ToS). The
FDCA yield increased with an increase of pressure or gas hourly
space velocity (GHSV), or a decrease of the liquid hourly space
velocity (LHSV). Similar observations were made for the
continuous oxidation of HMF with a Ru/Al,O; catalyst, however,
only a moderate FDCA vyield of 63+2% was obtained.*® An
enhancement of the FDCA vyield with higher reaction
temperature up to 140 °C was found. Motagamwala et al. used
a 1:1 mixture of H,0 and y-valerolactone as solvent for the
continuous oxidation, resulting in an improved solubility of
FDCA, which reduces the risk of blocking of active sites.?6 A good
stability of the Pt/C catalyst with an average FDCA yield of about
94% over 60 h ToS was achieved. Finally, base-free conditions
with Pt supported on a resin were explored, yielding 99% FDCA
over 44h ToS.*® However, limited HMF-concentration
(0.025 M) was used to avoid precipitation of FDCA, lowering the
FDCA productivity considerably.

In our study, we systematically explore the oxidation of HMF in
a continuous flow reactor utilizing AuPd-based catalysts
renowned for their efficacy in achieving high FDCA yields in
batch reactors.?!-3437.38,50 We implemented air as a sustainable
and economical oxidant, water as a safe and green solvent,
Na,CO3; as mild and non-toxic base, and heterogeneous
catalysts in a fixed-bed reactor to avoid separation of the
catalytic system from the reaction mixture. These measures
collectively enable a more sustainable approach to the
production of the important renewable monomer FDCA. Our
investigation delves into the influence of support materials,
reaction temperature, pressure, and base-equivalents on the
oxidation process, providing comprehensive insights into the
key factors that influence the efficiency of the oxidation
reaction, thereby informing strategies for optimizing FDCA
production. A critical facet of our study involves the assessment
of the long-term stability of the catalytic system, which is of
utmost importance for ensuring the sustainability of the entire
process.
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Experimental
Catalyst synthesis

AuPd-alloyed particles with a targeted ratio of 52:48 (Au:Pd)
were prepared according to a method previously published by
our group.?! In brief, PdCl, (m = 0.0222 g) and HAuCl4:3 H,O (m
=0.0533 mg) were dissolved in diluted HCI (3 mL conc. HCl in 77
mL H,0) for about 3 h. Subsequently, 620 mL H,O and
poly(vinylalcohol) (PVA; m = 37.8 mg) were added. The solution
was stirred for 10 min and then a diluted NaBH, (m = 39.4 mg)
solution was added. After an additional 30 min of stirring, the
pH of the solution was adjusted by addition of either 50 vol.%
H,SO,4 or KOH (activated carbon (AC-ROX): pH=13, ZrO,: pH=1,
TiO,: pH=1). Following this, the support material (m = 1.96 g)
was added to the suspension corresponding to a AuPd-loading
of 2 wt.%. The catalyst was subjected to overnight stirring
before being separated from the solution via filtration. The
catalyst was thoroughly washed and dried overnight.

Characterization methods

X-ray diffraction (XRD). XRD of the catalysts was performed on a
PANalytical X’Pert Pro diffractometer with Cu-K, radiation and a Ni-
filter. The data was recorded in a 20 range of 5-120° (AuPd/ZrO,,
AuPd/TiO,) and 20-80° (AuPd/AC-ROX) with a step size of
0.017°. The final diffractograms were obtained by summing up
2 scans (AuPd/AC-ROX) and 8 scans (AuPd/ZrO,, AuPd/TiO,).

Inductively coupled plasma-optical emission spectrometry (ICP-
OES). Digestion of the catalysts for ICP-OES was carried out in a
mixture of 6 mL conc. H,0,, 2 mL conc. HNO3 and 4 mL conc. HCl.
Microwave irradiation of 600 W was applied for 90 min. The solution
was diluted to a volume of 25 mL before being measured in an
Agilent 725 spectrometer with a plasma excitation of 49 MHz and 2
kw.

Scanning Transmission Electron microscopy (STEM). STEM images
and selected area electron diffraction (SAED) of the supported
catalysts were taken with a ThermoFisher Themis 300 (S)TEM
equipped with a high-angle annular dark-field (HAADF) detector
(convergence angle: 8.6 mrad, 30 mrad; collection angle: 77-
200 mrad). Standard Lacey carbon grid with Cu mesh were used for
preparation of the catalyst samples. We did not consider
agglomerated particles for the particle size distribution. The particle
size was evaluated with Imagel. Energy dispersive X-ray (EDX) images
were recorded with a ThermoFisher Scientific Super-X EDX detector
(convergence angle: 30 mrad, collection angle range: 62-200 mrad).

Continuous flow oxidation of HMF

This journal is © The Royal Society of Chemistry 20xx
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Figure 1: STEM images and particle size distributions (n: particle count) of (a) AuPd/AC-ROX (n=126), (b) AuPd/TiO, (n=212), and (c) AuPd/ZrO, (n=203).

The catalyst was loaded into a tubular reactor with a 3/8-inch
diameter, preheated to the specified reaction temperature
before introducing the reactant solution. The aqueous HMF-
solution with a concentration of 0.2 M and the aqueous Na,COs-
solution were pumped separately into the reactor at identical
flow rates, resulting in a final HMF concentration of 0.1 M within
the reactor. Upon mixing of the two aqueous streams, air was
introduced at the given flow rate and reaction pressure. The
product solution was collected after the backpressure
regulator, and samples for HPLC analysis were collected. In
certain instances, solid impurities in the HMF-solution caused
fluctuations in the flow rate inducing variations in observed
product vyields. Hence, averaged product vyields and
productivities after reaching a steady state were compared to
account for fluctuations in the HMPF-concentration in the
feedstock. The measurement of the ToS started when the
reactants reached the reactor. Additional information on the
experimental setup can be found in the supporting information.

Results and discussion
Characterization

The metal loading for each of the tested catalysts was determined by
ICP-OES (Table 1). The total metal loading varied between 1.4 wt.%
(AuPd/ZrO, and AuPd/AC-ROX) and 1.7 wt.% (AuPd/TiO,). The
deviation from the targeted loading of 2 wt.% might be attributed to
the supporting process of the particles. Apart from AuPd/ZrO,, which
had a Au:Pd ratio of 49:51, the nanoparticles generally displayed a
slightly higher Au content compared to the intended ratio of 52:48.
Nevertheless, the discrepancy was marginal for all catalysts, and no
significant differences in catalytic activity were anticipated due to
these variations.?!

Table 1: Metal loading, metal ratio and mean particle diameter of
AuPd/ZrO,, AuPd/TiO,, and AuPd/AC-ROX as determined by ICP-OES
and STEM.

Catalyst Au-loading Pd-loading NauiNpy doarticle
/ wt.% [/ wt.% / nm

AuPd/ZrO, 09+0.1 0.5+0.1 49:51 331

AuPd/TiO, 1.2+0.1 0.5+0.1 56:44 4.2+09

This journal is © The Royal Society of Chemistry 20xx

AuPd/AC-
ROX

1.0+0.1 0.4+0.1 57:43 3.5+09

All catalysts showed comparable and narrow particle size
distributions (Figure 1) with mean particle diameters ranging from
3.3 nm to 4.2 nm (Table 1). Particle agglomeration was observed on
the activated carbon support (AC-ROX). In the case of TiO, and ZrO,,
predominantly isolated particles were found in the STEM images. The
particles showed a homogeneous distribution of Au and Pd in the
EDX-mapping (Figure S3).

X-ray diffraction analysis was employed to identify reflections
indicative of metallic AuPd-alloys, confirming the successful alloy
formation (Figure S4). For AuPd/AC-ROX, the presence of alloyed
AuPd-particles with a broad reflection at 39.04° was found, aligning
with the intended 1:1 ratio in the AuPd-alloys. In the case of
AuPd/ZrO, and AuPd/TiO,, the alloy reflections were overlaid by the
reflections from the respective support materials. Specifically, the
TiO,-based catalyst showed a combination of anatase and rutile
phases, while the reflections of Au/ZrO, were assigned to a
monoclinic ZrO,-phase.

To further confirm the alloy formation at the level of an individual
nanoparticle, a SAED pattern of a single AuPd nanoparticle on
AuPd/AC-ROX was recorded (Figure 2). The diffraction pattern of the
particle could be assigned to the crystal planes in the fcc-structure of
a AuPd(1:1) reference (ICSD collection code 58571). The determined
lattice constant of 0.396 nm closely approximated the reference data
with 0.398 nm (ICSD collection code 58571). The detailed analysis

Figure 2: SAED diffraction pattern of a AuPd nanoparticle supported on activated

carbon ROX (AuPd/AC-ROX).
J. IName., ZUl3, VU, 1-3 | 3
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was only feasible for AuPd/AC-ROX, as the other two catalysts
predominantly showed reflections of the metal oxide supports.

Catalytic testing in batch mode

Before subjecting the catalysts to a continuous flow testing, a
comprehensive investigation of all catalysts was conducted in the
batch oxidation of HMF (0.1 M HMF, 100 °C, 15 bar air, 2 eq. Na,COs3,
5 h, M:HMF 1:92). All catalysts were used in powder form in these
preliminary assessments (Table 2). Each catalyst demonstrated a
qguantitative conversion of HMF under the tested reaction
conditions. AuPd/AC-ROX showed the highest FDCA yield, achieving
a quantitative conversion of HMF to FDCA, thus representing the
most proficient catalyst in these batch tests. AuPd/TiO, and
AuPd/ZrO, followed with FDCA vyields of 97% and 94%, respectively.
In their powder form, all three catalysts delivered high yields of FDCA
in the batch process. However, the catalytic activity exhibited
variations in continuous flow testing, highlighting the importance of
understanding how these catalysts function under dynamic,
continuous conditions.

Table 2: HMF conversions and FDCA yields on AuPd/ZrO,, AuPd/TiO,,

and AuPd/AC-ROX in the batch-mode HMF oxidation (0.1 M HMF,
100 °C, 15 bar air, 2 eq. Na,COgz, 5 h, M (metal=Au+Pd):HMF 1:92).

Catalyst HMF conversion / % FDCA yield / %
AuPd/zrO, >99 94

AuPd/TiO, >99 97
AuPd/AC-ROX >99 >99

Comparison of catalysts in continuous flow

In the assessment of catalysts for continuous flow oxidation of
HMF, TiO,, ZrO,, and AC-ROX were employed as support
materials to identify the most suitable catalyst. Figure 3 displays
the FDCA yield as function of ToS for the three catalysts,
revealing a striking distinction with AuPd/AC-ROX achieving the
highest FDCA yield with a maximum over 90%. The other two
catalysts followed in the order of AuPd/TiO, and AuPd/ZrO,,
presenting similar FDCA vyields.
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Figure 3: Support influence on continuous flow HMF oxidation with AuPd/ZrO, (LHSV:
7.7 min), AuPd/TiO, (LHSV: 5 min‘), AuPd/AC-ROX (LHSV: 1.9 min'; 0.1 M HMF, 4
eq. Na,CO;, 100 °C, 51 + 3bar, Liquid-Flow: 0.1 mL min-t, Air-flow: 20 mL min').

Previous work by Lilga et al.*’ observed the highest FDCA-
productivity for inorganic metal oxides with low surface area.

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

The use of carbon-based supports led to product iphjbitiondue
to the strong adsorption of HMF and th&®'oXdPASdPproeees:
Nevertheless, AC-ROX was shown in literature to play an active
role in the base-free HMF-oxidation, possessing good
adsorption properties for HMF, which potentially increases the
catalytic activity in continuous flow oxidation under alkaline
conditions.

AuPd/AC-ROX emerged as the superior catalyst, giving the
highest average FDCA vyield at 87%, in contrast to 74% for
AuPd/TiO, and 61% for AuPd/ZrO, (Figure 3). Furthermore,
AuPd/TiO, and AuPd/ZrO, demonstrated the tendency to form
humins at higher flow rates, resulting in lower FDCA yields,
rendering them less suitable for increasing the overall
productivity. The different density of the support materials
resulted in a variation of the LHSV for all tested catalysts.
AuPd/AC-ROX achieved higher FDCA yields even at higher LHSV
compared to the other two catalysts. Over a range of 5.3 h?,
which is close to the LHSV of AuPd/TiO,, up to 16.3 hl an
average FDCA yield >89% was achieved (Figure S5). Only for the
highest tested LHSV of 31.4 h* a drop in the average FDCA yield
to 63.2% was visible. This proves the superior intrinsic catalytic
activity of AuPd/AC-ROX over a broad LHSV range. The higher
catalytic activity might originate from the superior adsorption
properties of AC-ROX,%! particularly for HMF, which was not
adsorbed on the surfaces of TiO, and ZrO, (Table S2). AC-ROX
thus proved to be the most suitable support material for further
testing, offering the potential to enhance the productivity of
FDCA further.

Influence of reaction conditions

In depth exploration into the influence of the reaction
conditions, specifically pressure, Na,COs-equivalents, and the
reaction temperature, was conducted to elucidate their impact
on the FDCA yield (Figure 4). We observed that with AuPd/TiO,
an increase of the FDCA vyield from 60 to 74% occurred while
increasing the reaction pressure from 12 to 51 bar. This finding
underscores the positive effect of heightened reaction pressure
on FDCA production. The molality of oxygen at the reaction
temperature of 100 °C is about 0.0008 molg, kgly0.>2 The
solubility increases almost linearly with escalating reaction
pressure, reaching nearly 0.04 molp, kg0 at about 50 bar
pressure.>2 The enhanced oxygen solubility is expected to lead
to an improved availability of oxygen on the catalyst surface,
thereby expediting a fast removal of hydrogen-species from the
surface.

100
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Figure 4: Pressure influence on the continuous flow HMF oxidation with AuPd/TiO,
(0.1 M HMF, 4 eq. Na,C0O;, 100 °C, Liquid-Flow: 0.1 mL min, Air-flow: 20 mL min-,
LHSV: 5 min‘Y).
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Figure 5: Influence of quantity of Na,COs-equivalents on the continuous flow oxidation of HMF with (a) AuPd/TiO, (0.1 M HMF, 100 °C, 51 + 3 bar, Liquid-Flow: 0.1 mL min-,
Air-flow: 20 mL min, LHSV: 5 min!) (b) AuPd/AC-ROX (0.1 M HMF, 100 °C, 65 # 3 bar, Liquid-Flow: 0.18 mL min, Air-flow: 20 mL min-, LHSV: 3.4 min).

Even at a pressure of 12 bar the average HFCA yield and FFCA
yield (not shown in graph) were just 2% and 1%, respectively.
This indicates that the lower FDCA yield cannot be solely
explained by an incomplete conversion of the reaction
intermediates. Consequently, the decomposition of HMF is
enhanced, which might be attributed to reduced O, availability
at the active sites, or blockage of active sites by strong
adsorption of FDCA and intermediate products.

We studied the influence of Na,COs-equivalents added to the
reaction solution (Figure 5). For AuPd/TiO,, we observed a
significant increase of the FDCA vyield from 39% to 74%, after
>4 h ToS, when transitioning from two to four equivalents
Na,COs. A further increase to six equivalents Na,CO; gave a
FDCA yield of 71%. The reason for this effect was attributed to
the higher solubility of FDCA when a higher concentration of
Na,CO; was dosed. A similar influence was observed when
AuPd/AC-ROX served as the catalyst, demonstrating a linear
FDCA vyield increase up to 100% at about 3.5 h ToS. Afterwards
the catalyst showed a linear decrease in FDCA yield until the end
of the experiment, suggesting deactivation likely due to FDCA
precipitation on active sites at elevated FDCA-concentration.

In the experiment employing six equivalents of Na,COs;, no
linear decrease of the FDCA yield was noticed, resulting in an
impressive average FDCA vyield of 97%. Notably, neither HFCA,
FFCA, nor humins were detected in the product solution in
either case. Hence, the deactivation of the catalyst was
attributed solely to the precipitation of FDCA on the catalyst
surface, with the oxidation of the intermediates proceeding
sufficiently rapidly. These findings suggest that to avoid
blocking of active sites and product inhibition by FDCA
precipitation, it is recommended to use at least six equivalents
of Na,CO; (0.6 M) in the HMF-oxidation. Notably, the Na,COs3
concentration required for continuous flow operation is three
to six times higher than that needed for the batch process.?!
This divergence may be attributed to the short residence time
of reactants and products in the continuous flow reactor, which,
unlike in the batch process, leads to product inhibition by active
site blocking. The solubility of FDCA strongly depends on the pH
of the solution, with alkaline solution resulting in the formation
of a Na-carboxylate, which was reported to have a higher
solubility compared to the carboxylic acid.>3® Thus, the higher

This journal is © The Royal Society of Chemistry 20xx

concentration of the sodium base enhances the formation rate
of the Na-salt of FDCA, which is important under the short
residence time compared to the long contact time in batch,
avoiding a strong adsorption of the carboxylic acid on the
catalyst surface.>* This disparity underscores the importance of
tailoring the reaction conditions to the specific characteristics
of the system for optimal catalytic
performance.

In the investigation of temperature influence using AuPd/AC-
ROX, a higher LHSV was employed, given the proximity of the
FDCA yield to 100% in the initial experiments. We observed an
FDCA vyield with increasing
temperature, reaching a maximum of 81% at 120 °C (Figure 6).
Subsequently, at an even higher temperature of 135 °C, a
slightly lower average FDCA yield of 72% was obtained.
However, a linear decrease in FDCA yield was observed after 3.5
h of reaction time (cf. Figure S6). This decline in FDCA vyield
might be attributed to the formation of humins resulting from

continuous flow

augmentation in reaction

the decomposition of HMF at elevated temperatures, and their
deposition on the active sites of the catalyst likely contributed
to the steady deactivation of the catalyst. At 80 °C the average
FDCA vyield was only 29%, underscoring the need for elevated
temperatures in this catalytic process.
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Figure 6: Temperature influence on the continuous flow oxidation of HMF with
AuPd/AC-ROX (0.1 M HMF, 6 eq. Na,COs, 55 + 5 bar, Liquid-Flow: 0.22 mL min‘, Air-
flow: 20 mL min, LHSV: 31.4 min!). The average yields and conversion are shown.
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Interestingly, the combination of 100 °C and the higher LHSV
allowed for the monitoring of the vyields of reaction
intermediates such as HFCA and FFCA. The time-dependent
yields of HFCA, FFCA, and FDCA as well as the HMF conversion
are shown in Figure S7 in the supporting information. An
average HFCA yield of 20% and a FFCA yield of 12% were
obtained at 100 °C. Hence, HFCA emerged as the main
intermediate, and the rate-determining step was identified as
the oxidation of the alcohol function.® ° However, the FFCA
yield was not significantly lower, suggesting a comparable rate
of FFCA to FDCA oxidation to the oxidation of the alcohol-
function in HFCA under our reaction conditions. Continuous
flow operation would offer a suitable platform for more
detailed kinetic and mechanistic investigations into the
oxidation of HMF in future studies.

The achievement of an 81% FDCA yield at 120 °C and a LHSV of 31.4
min? corresponds to an impressive productivity of 68 molgpca
molawpg® hl. These values surpassed those reported in other studies
for the continuous flow oxidation of HMF with noble metal-based
catalysts (cf. Table 3).47*° In addition, the productivity exceeded
previously published values for optimized batch processes for HMF
oxidation, e.g. using Au/ZrO, with a productivity of 67 molgpca
molawpg? h'1.2° Considering that after a reaction in a batch process
there is a dead time for draining, cleaning, and reloading the reactor,
as well as a reactivation of the catalyst, the time-dependent
productivity is even higher for a continuous process. Table 3 provides
a comparison of productivity values for various continuous and batch
processes for HMF oxidation. It is essential to note that the results
for the batch process are solely based on the reaction itself and do
not include dead time of the process.

Table 3: Obtained FDCA yields, productivity, and LHSV values
compared with those reported in literature for a) continuous
processes and b) batch processes.

Catalyst FDCA Productivity/ LHSV/ Reference

yield/%  molgpca moly?  mint

h-l

a) Continuous process
AuPd/AC- 81 68 314 This work
ROX
AuPd/TiO, 74 3.8 5 This work
AuPd/zrO, 61 3.1 7.7 This work
Ru/AlL,O; 63 0.2 1 a8
Pt/Al,03 >99 - 4.5 &
Pt/C 99 2.2 - 49
Ru/Clal 47 1.4 - *
b) Batch processes
AuPd/CNT 99 glbl - S
AuPd/zOC >99 25l - 56
AuPd/IRA- 93 0.4 - 5
743
Au/ZrO, 89 67! - »

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

Au/HY >99 18kl =

23
View Article Online

. DOI: 10,1039/D3CY01722B
[a] 6.5 wt.% H,0, as oxidant, [b] does not include dead time

Long-term studies on the catalyst stability

Investigations into catalyst stability were undertaken through a
long-term >90 h ToS experiment with AuPd/AC-ROX (0.1 M
HMF, 6 eq. Na,COs3, 100 °C, 61 + 5 bar, Liquid-Flow: 0.22 mL min-
1 Air-flow: 20 mL min, LHSV: 19.6 min1), to assess the stability
of the catalyst under continuous operation over multiple days
(Figure 7). The FDCA vyield increased to >90% in the initial
reaction hours, but then stabilized at an average of about 75%
after the first night (ToS >16 h). This decrease at the beginning
might be caused by the setting of an equilibrium of surface
adsorbates on the catalyst in the first hours, leading to the
formation of a steady state. In the following days, we
recognized a considerable fluctuation in FDCA yields at different
measurements over the day. This occurred due to pulsing in the
HMF-stream caused by a pump-induced pulsation. Deposition
of minor solid residues in the HMF-feed might have caused the
pulsing effect of the pump, leading to the observed variations.
Hence, the average FDCA yields were determined for each day
and the entire 90 h experiment (cf. Figure 7), and the daily
average yields are reported in Table S2. No decline in FDCA yield
was observed after 90 h of continuous operation, affirming the
high stability of AuPd/AC-ROX in the reaction medium and
under the specified conditions. This persistent stability allowed
for the continuous production of FDCA in high selectivity. Over
the course of the experiment, the average FDCA yield over 90 h
ToS was 75% (£12%), which corresponds to a high productivity

= X HMF Y HFCA
« YFFCA « YFDCA
100 4 [] — - g — -
< 80 - . . i
i _ " LR - * .
e N T Y N O
E ;‘. "'. N o
> 604 «* . .
& FDCA-average: 75.3%
w
§ 404
o
o
= o4

L
014 wah  ¢a  wa* ¢
0 20 40 60 80 100
ToS/h
Figure 7: HMF oxidation with AuPd/AC-ROX (0.1 M HMF, 6 eq. Na,COs, 58 + 5 bar,
Liquid-Flow: 0.22 mL min, Air-flow: 20 mL min, LHSV: 19.6 min). The dashed line
represents the average FDCA yield over 90 h ToS. The average FDCA yield for the

complete experiment is given in the graph.

of 39 molgpca Molapgt hL.

The intermediates HFCA and FFCA were formed with an average
yield of 13% and 3%, respectively, over the course of 90 h ToS
experiment. The remaining 9% might be attributed to either
overoxidation of HMF to CO, or degradation of HMF. By

This journal is © The Royal Society of Chemistry 20xx
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adjusting the catalyst mass in the reactor, achieving operation
at complete conversion of all intermediate oxidation products
is feasible, ensuring a high selectivity to FDCA for at least 90 h
without any detectable catalyst deactivation.

To test the stability of the catalyst properties, a spent AuPd/AC-
ROX catalyst after oxidation of HMF (0.1 M HMF, 6 eq. Na,COs,
100 °C, 67 = 5 bar, LHSV: 31.4 min, 6 h time on stream) was
characterized by XRD (Figure S8) and adsorption of HMF and
FFCA (Table S3). The AuPd alloy showed a good stability with no
indications for phase segregation in XRD. Slight sintering of
AuPd was observed, however, the high stability over 90 h ToS
indicates that this is not a major cause of deactivation. A high
capacity for the adsorption of HMF was retained, indicating a
good stability of the activated carbon under reaction
conditions. The results are described in detail in the supporting
information.

To simulate catalyst deactivation by the formation of humins,
another long-term study (0.1 M HMF, 6 eq. Na,CO3, 100 °C, 58
+ 4 bar, Liquid-Flow: 0.22 mL min-?, Air-flow: 20 mL min-%, LHSV:
19.6 min') was conducted over 50 h ToS. To allow for the
formation of humins in the zone prior to the catalyst bed and
within the reactor, the flow was intentionally paused after 16 h
for about 4 h (Figure 8). Prior to the deactivation of the catalyst,
the FDCA yield was about 87%. After the deactivation of the
catalyst by humins, the FDCA yield steadily decreased over the
next 35 h, stabilizing at a final yield of about 42%. At the same
time, the HFCA yield gradually increased, reaching a final value
of 38%. Interestingly, the FFCA yield remained stable over the
35 h period, averaging 12%. Hence, the decline in FDCA yield
was attributed to a slower oxidation of the alcohol function of
HFCA. The FDCA yield in this scenario was considerably lower
compared to the 90 h experiment, underlining how the
decomposition of HMF and the formation of humins can result
in the catalyst deactivation. These observations emphasize the
importance of operating continuous flow oxidation of HMF
under conditions that favour high selectivity towards the
oxidation products while suppressing humin formation, rather
than pursuing the highest possible short-term productivity.

= X (HMF) Y(HFCA)
« Y(FFCA) + Y(FDCA)
100 T T Y
4 ! -
§ 80 I Stop of HMF flow
o » .
o Ie
> 60 [ R
8 ! :'.."'-.._ . o
7 | re TTeee gl 420
g 40 1 .--_--____...l'—' 37.5
c I
3 |
© 204 ;.
| ..:..: *»D -f_';.“
0 ¥ I T T T T
0 10 20 30 40 50
ToS/h

Figure 8: HMF oxidation with AuPd/AC-ROX (0.1 M HMF, 6 eq. Na,COs, 58 + 5 bar,
Liquid-Flow: 0.22 mL min’, Air-flow: 20 mL min, LHSV: 19.6 min'). The flow was
stopped at dashed line for about 4 h to induce the formation of humins in the reactor.
Dashed lines represent the fitted average conversion and yields.

Catalysis Science:& Technology

Such an approach ensures the long-term stability gf the.catalyst
in the continuous flow process. DOI: 10.1039/D3CY01722B

Conclusions

The utilization of AuPd-alloys supported on activated carbon
exhibited remarkable efficiency in the continuous flow
oxidation of HMF, yielding the renewable monomer FDCA.
Transitioning to a continuous process offers notable advantages
regarding green chemistry, leveraging superior heat and mass
transfer, easier scalability, and improved safety through the use
of smaller reactor volumes. The achieved productivity, reaching
up to 68 molgpca Molawpga™ h, surpassed existing benchmarks for
continuous flow HMF oxidation by an order of magnitude.
Moreover, this productivity level was comparable to optimized
batch processes for HMF oxidation. The absence of significant
dead time, characteristic of batch processes due to draining and
filling of the reactor, positions continuous flow operation at
these productivity rates as a promising alternative for HMF
oxidation with heterogeneous catalysts.

The AuPd/AC-ROX catalyst demonstrated robust activity and
stability over 90 h ToS, establishing AuPd alloys as well-suited
catalysts for continuous processes. This investigation addresses
a critical gap in current knowledge, shedding light on the
durability and robustness of the AuPd-based catalysts under
continuous flow conditions, thereby contributing valuable
insights to the broader scientific community and advancing the
prospects of sustainable monomer synthesis. Future
investigations should delve into a comprehensive assessment
and optimization of internal and external mass transport
limitations for such a continuous process to facilitate up-scaling.
In addition, efforts should focus on increasing the maximum
concentration of HMF in the feed. The study also revealed
steady catalyst deactivation due to the formation of humins in
the feed and their adsorption on the catalyst’s surface. Hence,
meticulous selection of reaction conditions and feed
composition is imperative to suppress humin formation. In
summary, the continuous flow oxidation of HMF emerges as a
promising approach to up-scaling of the oxidation process,
offering potential applications in decentralized plants crucial for
converting agricultural by-products into important bio-based
monomers.
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