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Abstract: Noble metal-free catalysts based on earth-abundant and inexpensive mixed oxides are
active catalysts of all steps of the reaction cascade leading from 5-hydroxymethylfurfural (HMF) to
2,5-furandicarboxylic acid (FDCA) using tert-butyl hydroperoxide (TBHP) as oxidation agent. Cat-
alysts covering the whole range of composition in the Cu-Mn and Co-Fe series have been prepared
and characterised. The nature and composition of the catalyst strongly affect conversion and selec-
tivity. The distribution of products indicates that radical-type oxygen species, deriving from the
activation of TBHP, play a determining role in the reaction. The early steps of reaction mainly follow
the pattern expected for heterogeneous Fenton catalysts. Mixed oxide catalysts are the most effec-
tive in further oxidation steps, leading to the formation of FDCA, both in the Cu-Mn and Co-Fe
systems. This behaviour can be related to the distribution of charge in the mixed oxides, suggesting
a possible implication of the lattice oxygen in the last reaction steps. The results provide indications
on how to optimize the reaction and minimize the formation of byproducts (humins and oligomers).

Keywords: noble metal-free catalysts; HMF; FDCA; renewable resource; cobalt-iron oxides;
copper-manganese oxides; Mdssbauer spectroscopy

1. Introduction

The synthesis of FDCA (2,5-furandicarboxylic acid) is at the center of a wide research
effort as one of the most promising high-added-value biorefinery products [1]. FDCA,
together with ethylene glycol, allows the production of PEF (polyethylene furanoate), a
bio-based alternative to fossil-fuel-based PET (polyethylene terephthalate), one of the
largest volume polymers [2]. Its catalytic synthesis from HMF (5-hydroxymethylfurfural),
a platform molecule derived from renewable resources [3-5], is one of the main ways for
the introduction of renewable feedstocks in polymer production [6,7].

The oxidation of HMF to FDCA is a complex cascade process involving several in-
termediates in parallel or successive reactions (Figure 1) [8]. The first step of the process
can imply either the oxydehydrogenation of the alcohol group of HMF to aldehyde, form-
ing 2,5-diformylfuran (DFF), or the oxidation of the carbonyl group to carboxylic acid into
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5-hydroxymethyl-2-furancarboxylic acid (HMFCA). The successive steps are the oxida-
tion of a carbonyl group of DFF or the oxydehydrogenation of the alcohol group of
HMECA, both reactions forming 5-formyl-2-furancarboxylic acid (FFCA), which is later
oxidised to FDCA. This reaction mechanism, already quite complex from a kinetic point
of view, can be further complexified by several reactions in competition with the oxidation
to FDCA, such as the formation of maleic anhydride by oxydecarboxylation [9], the con-
densation to oligomers and humins [10,11], or the opening of the furanic ring by overoxi-
dation [12-15].

HO/W

HMFCA

Figure 1. Consecutive-parallel reaction pathways in the oxidation of HMF to FDCA. ODH: oxyde-
hydrogenation; ODC: oxydecarboxylation; Ox: aldehyde oxidation.

The largest majority of the catalysts proposed for this process are based on supported
noble metals [16-20]: Pt [21-31], Pd or Pd-alloys [13,32-40], Au or gold-alloys [41-48], Ru
[49-55], and Ag oxide [56-58]. A selection of literature results, presented in Table 1, pro-
vides some indication of the effectiveness of noble metal catalysts and on their different
behaviours. The reaction is usually performed in water under an oxygen atmosphere. The
availability of an oxidant depends on the solubility of oxygen. The time course of the re-
action presents an initial phase of faster oxidation of HMF to FFCA through DFF or
HMFCA intermediates, followed by a phase of slower oxidation of FFCA to FDCA. The
nature of the catalyst and the support affect the relative relevance of the two possible paths
to FFCA, through either DFF or HMFCA. Basic supports are nearly always used. Hydrox-
ide supports especially affect the reaction pathway. DFF intermediates are mainly ob-
served on Pt, Ru, and AuPd alloys on supports without structural hydroxide groups, like
doped carbon or carbon nanotubes. HMFCA is the main intermediate observed on hy-
droxide-supported catalysts and on Au, Pd, and Ag catalysts. It can be remarked that the
observation of an intermediate, either DFF or HMFCA, does not prove that FFCA is
mostly formed through the most observed intermediate, which can just be accumulated
by a very slow rate of reaction towards the final product.
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Table 1. Selected literature results of base-free HMF oxidation on supported noble metal catalysts.

T Time Conversion Productivity Selectivity %
Catalyst Oxidant Solvent °C  h HMF % mmolg'h' DFF HMFCA FFCA FDCA Ref.
" (4'91)2111\4 i (O.SOl\j[Pa) 0 110 137 18060 Z:Zg 206 8 508 11070 [24]
Pt (5%)/N-carbon | l\C/)IZPa) HO 110 fz gg iég 108 8 503 gz [23]
PEA%)LDH m(])j/min) HO -9 é 17040 éigg 8 8 574 2; [39]
PtoaCuos O74%)C | l\C/)IZPa) O 150 é 188 Z;g 106 8 704 999 [31]
wonon gomimin T % 6w o o o 1 s B
N I
Au(%/NIO- I\C/)IZPa) HOo 90 260 ZZ 81?3 8 ?11 ;Lg 431: [47]
Au (1.92%)/LDH ﬂoging O 95 i 19070 é?g 8 503 g 13070 [41]
g%;lédﬁ; (O.SOl\j[Pa) 090 122 16080 3?51 109 8 523 3431 [13]
A(? 337/11)\110033 a 1\(312Pa) HO 90 124 17060 (1)22 3 g 507 13030 471
Amﬁijffllj(é%%) (O.SOl\j[Pa) 0120 045 18060 127..520O g 405 203 12070 (53]
Ru (5%)/C (O.ZOl\jIPa) H:0 120 110 18060 32?8 104 8 705 808 [50]
Ru (2.4%)/LDH (0.25O l\z/IPa) H:0 140 Z 19080 3?8 101 516 EZ ;2 [49]

CNT: carbon nanotubes; LDH: layered double hydroxide; n.a.: data not provided.

In a general way, the use of hydroxide supports significantly increased the rate of
oxidation. This effect has been attributed to the nucleophilic addition of a surface hydrox-
ide to the aldehyde group of HMF, allowing the formation of a gem-diol intermediate,
which can be oxydehydrated to form the carboxylic group of HMFCA [23,36]. A potential
drawback of several layered double hydroxide (LDH) supports is the poor reusability,
due to Mg leaching in the reaction solution [13,59]. The use of MgCaAl LDH or the incor-
poration of other basic oxides has been proposed to improve the reusability of the catalyst
[33]. On the basis of this role of the hydroxide, it is not surprising that dissolved alkalis
were widely used to sustain the activity of HMF oxidation catalysts [12,25,28,39,44,60-62].
Selected literature results are reported in Table 2.
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Table 2. Selected literature results of base-assisted HMF oxidation in water on supported noble
metal catalysts.

T Time Conversion Productivity Selectivity %
Catalyst Oxidant Base °C h HMF % mmol g' h-* DFF HMFCA FFCA FDCA Ref.
O:  NaOH/ 1 99 10.20 0 31 15 47
Pt (20% 1
(20%)/C (1MPa) HMF20 2 8 100 1.30 0 13 1 g3 61
Pt(34%)Bi (0.7%)  air  NaCOy | .~ 05 100 34.90 0 13 %5 g
TiO: (4MPa) HMEF?2 4 100 435 0 0 0 99
O:  Na:COs/ 2 100 5.10 na 38 na 62
Auo.6Pto.s (1% 44
wePa(1%/C 6 3 vpay avr2 0 6 100 1.70 n.a 6 na o [l
. air  Na:OH/ 1 100 19.80 0 98 0 1
Au@6%)CeO2 o ypy pvEa g 100 2.48 0 0 0 99 12
O:  Na:OH/ 0.5 100 15.20 0 1.7 67 30
Au (1.5%)- 2
u(15%)-CeO: g Vipay HME4 3 100 2.50 0 0 14 og [0
AuossPdois(L5%)/ O Na:OH/ .= 05 100 16.30 0 43 4 52
TiO: (1MPa) HMEF2 4 100 2.00 0 13 4 85
O  Na:HCO 0.5 74 1950  traces 25 55 19
Auo.sPdos 2%)/Z 2
wosPdos2%)/ZOC 3 nipay yHMF4 0 4 100 330  traces 0 0o 100 DA
Auo.5Cuo.5 (1.5%)/ O NaOH/ . 1 100 1150 na. 90 0 % 0]
TiO: (1MPa) HMF 4 4 100 290 na 2 0 98

ZOC: Zn hydroxycarbonate; n.a.: data not provided.

The use of a dissolved base has clearly brought an increase in productivity. The ab-
sence of detected DFF indicates that the aldehyde oxidation reaction Ox1 has prevailed
on the alcohol oxydehydrogenation ODHI1 (see Figure 1). Despite the observed increase
in productivity, the use of alkaline solutions requires special care in order to balance the
effects of the oxidation catalyst with the base-catalysed degradation of HMF, leading to
ring-opening and condensation products, with a significant worsening of the carbon bal-
ance [29,60,61]. The base-induced Cannizzaro disproportionation of aldehydes to alcohols
and acids can introduce reaction pathways in competition with oxidation, with the for-
mation of BHMF (2,5-bis(hydroxymethyl)furan) and HMFCA by disproportionation of
HMEF [63], the formation of FFCA and HMF by disproportionation of DFF, or the dispro-
portionation of FFCA and HMF to FDCA and BHMF [39]. The esterification of aldehyde
groups by Tishchenko coupling [64] can contribute to the formation of condensation prod-
ucts by a pathway different from the acid-catalysed aldol condensation to humins [10,65].
The realisation of the superposition of so different reaction pathways has relegated several
interpretations of the kinetics of HMF oxidation to obsolescence.

The intrinsic reactivity of the substrate and the different possible reaction pathways
under comparable reaction conditions question the specific role of the catalyst in the reac-
tion mechanism, for example, the reactivity of surface oxygens as Me-OH sites as indi-
cated by Davis et al. [42], or the specific activation of the reactants over the metal surface
[33,58]. An alternative interpretation is based on the generation of the peroxo species by
oxygen activation (which is less dependent on the nature of the noble metal particles),
these species being then responsible for the catalytic transformation. This second interpre-
tation is supported by some studies which use i) H2O2 or organic peroxides as the oxidant
[15,66] or ii) typical systems for homogeneous catalytic oxidation in the liquid phase
(Co/Mn/Br catalyst) [67-70], where a radical mechanism is prevailing.

Understanding whether a radical-type mechanism activated from the generation of
a peroxo-type oxygen species is present is a relevant question not only from a fundamen-
tal perspective but also for the possible development of novel, noble-metal free, catalysts
for this reaction. There are, in fact, various motivations to develop this type of catalyst,
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the main one being related to the prevention of the use of critical and expensive raw ma-
terials (such as noble metals) to develop environmentally friendly catalysts, an aspect par-
ticularly relevant in the production of bio-based chemicals where societal and environ-
mental impacts are determining factors. This has motivated the existing studies on cata-
lysts for FDCA synthesis not containing noble metals. However, some of them contain
other critical raw materials such as cerium [12,62,71,72]. A limited number of studies were
based on mixed oxides of widely available transition metals such as Mn, Fe, Co, or Cu
[73-76]. Some selected literature results are reported in Table 3. The productivity of mixed
oxide systems was largely comparable with the results obtained on supported noble metal
catalysts in the absence of bases (Table 1). Transition metals were also incorporated in
porous matrices [77,78], and especially high productivity was measured on very low-den-
sity porous organic polymers or graphene, which could require further support for scaled-
up use [79,80].

Table 3. Selected literature results of HMF oxidation on non-noble metal catalysts.

T Time Conversion Productivity Selectivity %
Catalyst Oxidant Solvent °C h HMF % mmol g'h-* DFF HMFCA FFCA FDCA Ref.
TBHP/ 2 39 1.08 33 12 0 51
DMSO 80
HMEF 7 12 97 0.45 8 0 0 70
Co (7%)Orfa-Fe:Or—5— [73]
’ . DMSO 80 12 13 0.06 50 0 0 32
mL/min
TBHP/ TBA 30 1 39 1.08 13 0 57 28
Cu (2.6%)-MnO2  HMF 65 12 99 0.41 0.4 0 3 96  [81]
02 (0.1 MPa) TBA 80 12 57 0.24 73 0 24 3
TBHP/ 4 100 5 8 8 55 29
Cubn:0s aME1s O N 80y 100 1.43 0 0 3 95 70
Co (0.12%)-Py- TBHP/ 3 40 1.48 51 3 n.a 39
resin HMF 9 CH:CN- 110 24 78 0.36 15 2 n.a 78 [77]
FeNP@NH>-SBA- O 6 86 24 0 37 14 47
H 12 7
15 (0.6 MPa) 0 0 14 100 12 0 5 5 gg 8l
Oz 2 85 75 42 n.a 17 42
3+ 00
Fe3+(0.015%)/POP (1 MPa) H0 100 10 100 % 3 na 3 85 [79]
Cu (0.62%)/ TBHP/ 2 100 25 4 3 82 7
H 7
N-graphene pvpg PN 70, 100 2.1 0 0 30 60 180

TBA: tert-butyl alcohol; TBHP: tert-butyl hydroperoxide; DMSO: dimethylsulfoxide; Py-resin: por-
phyrin on Merryfield resin; POP: porphyrin porous organic polymer; n.a.: data not provided.

Tert-butyl hydroperoxide (TBHP) was extensively used as the oxidant, providing
higher oxidation yields than molecular oxygen [73,75,81], essentially due to the limited
solubility of the latter. However, it was observed that TBHP could easily lead to the deg-
radation and condensation of furanic compounds [82]. In several cases, also on this kind
of catalyst, dissolved bases were used to foster the aldehyde oxidation [83,84].

The performances of the catalysts should still be improved. A better understanding
of the mechanism and the role of the catalysts, innovative processes, and the direct injec-
tion of energy into the reaction system [54,61,85-87], can enhance selectivity and produc-
tivity. Another motivation to develop novel catalysts for HMF oxidation derives from an
aspect that is not extensively investigated in the literature but instead is a critical question
from an industrial perspective: the formation of products of poly-condensation during the
liquid phase catalytic oxidation of HMF to FDCA. These products are difficult to analyse
and thus they are often not considered in reporting the catalytic performances, especially
when a careful carbon balance is not considered. However, in the industrial process, they
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represent a major problem, because they are responsible for carbon loss and catalyst de-
activation by fouling. These products, in addition to humins formed by acid-catalysed
reactions followed by aldol addition and condensation [10], likely derive from radical-
type reactions and it is important to understand the role of these reactions in the FDCA
synthesis. Limiting these reactions is thus both relevant from the environmental perspec-
tive (to limit waste products) and to improve the stability of the catalyst.

In order to obtain information on these aspects and develop environmentally friendly
catalysts, this work will investigate noble-metal-free mixed spinels of the Cu-Mn and Co-
Fe series, not yet extensively investigated in the HMF oxidation to FDCA. Tert-butyl hy-
droperoxide is used as an oxidant because the aim is to understand the role of the peroxo
species in the reaction mechanism. The comparison of the behaviour in the two series of
spinel-type catalysts, with respect to their structural and redox characteristics, provides
indications regarding the role of the radical-type species in the different steps of the reac-
tion network. Together with the analysis of the effect of the reaction conditions, it is also
possible to obtain an indication of how to minimize side reactions and maximize FDCA
formation.

2. Results
2.1. Characterisation of Catalysts
2.1.1. Copper-Manganese Oxides

Cu-Mn catalysts in the field of the atomic ratio Mn/(Cu + Mn) between 0 and 1 were
prepared by coprecipitation and were calcined at 450 °C. The X-ray diffraction patterns of
the catalysts are reported in Figure 2, the samples being called by their cation percent
atomic ratio, for instance, Mn33Cu67. The formation of solid solutions with an extended
field of continuous variation of composition is not favoured in the copper-manganese sys-
tem [88]. The phase ratios observed for different global compositions of the samples are
reported in Table S1. In the sample Cul00, the only observed phase is CuO tenorite. For
Cu67Mn33 and Cu50Mn50, the phases observed are CuO and a cubic spinel. The increase
of the manganese content brings about an increase in the fraction of spinel until the cubic
spinel is the only observed phase for the sample Cu33Mn67. The phases observed in
Mn100 are tetragonal haussmannite Mn3Os and MnsO:s.

Cu33Mn67

counts

O

Cu50Mn50

Cu67Mn33

Cu100

15 20 25 30 35 40 45 50 55 60 65
deg 26

Figure 2. Powder XRD patterns of the Cu-Mn catalysts. CuO tenorite (0), cubic spinel (o), MnsOas
haussmannite (¢), MnsOs (A).
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It is worth recalling that the cation distribution in copper-manganese spinels repre-
sents a special case of internal redox equilibrium between Cu*tetr + Mn*oe and Mn® e +
Cu?*oct [89]. This equilibrium is shifted as a function of the Mn/Cu ratio and copper be-
comes virtually completely oxidized to Cu? for Mn/Cu ratios lower than 1 [88,90]. How-
ever, copper-rich samples retain a significant amount of Mn** along Mn?, which will cor-
respond to the creation of cation defects in the spinel structure [90,91]. The cell parameter
of spinel, reported in Table 4, increases with manganese content but the less-than-ex-
pected increase corresponds to the presence of cation defects [92,93].

Table 4. Textural characterisation and spinel crystallographic data of Cu-Mn oxide catalysts.

Catalyst S(BET)/m? g! Grain Size/nm Spinel Cell/A
CuO Spinel MnsOs MnsOs
Cul00 11 38
Cu67Mn33 106 11 11 8.286 (4)
Cu50Mn50 75 15 14 8.290 (0)
Cu33Mn67 51 15 8.291 (4)
Mn100 24 22 25

The surface area and grain size of the Cu-Mn samples are reported in Table 4. Further
data from N2 sorption are reported in Table S2 and Figure S1. In this system, the mixed
oxides present a higher surface area than the copper and manganese end-terms. However,
the surface area significantly varies with the composition of the oxides. The surface area
features a maximum of more than 100 m2 g for Cu67Mn33 and steadily decreases for
higher Mn contents. It is remarkable that the grain size of tenorite is much smaller in the
mixed samples than for CuO crystallised alone in Cul00 and is comparable to the grain
size of spinel. This strongly suggests that the presence of foreign cations increases the ratio
between nucleation and growth rates of the oxide. The grain size of each phase of the
mixed samples slightly increases with the Mn content.

The TPR profiles of the Cu-Mn catalysts are reported in Figure 3. The consumption
of H2 in the tests is reported in Table S3. The reduction of the CuO sample to metallic Cu
begins at nearly 125 °C and is completed at 365 °C after a highly skewed peak with a
maximum of 310 °C. In the case of the mixed Cu-Mn samples, the onset of the reduction
is always observed at nearly 125 °C and develops into a shoulder at about 220 °C, with
intensities decreasing as the copper content decreases. This initial reduction signal prob-
ably corresponds to the fast reduction of small-crystal CuO (see Table 4). The main reduc-
tion peak corresponds to the reductive decomposition of spinel. The maximum tempera-
ture of the main peak of the reduction of spinel increases from 275 to 305 °C at the increase
of the manganese fraction. It seems likely that the presence of metallic copper catalyzes a
faster reduction of the manganese species to metal [94]. The reduction of the Mn100 sam-
ple, in the absence of copper, begins at nearly 160 °C and is composed of two peaks with
maximums at 315 and 455 °C, which can be attributed to the reduction of Mn# and Mn3*
cations to Mn?, respectively.
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] Cu100
5 Cu67Mn33
w
]
O Cu50Mn50
\/\ Cu33Mn67
J \ Ma1og
0 100 200 300 400 500 600 700 800

Temperature ("C)

Figure 3. H>-TPR profiles of Cu-Mn oxide samples.

2.1.2. Cobalt-Iron Oxides

The X-ray diffraction patterns of the Co-Fe catalysts in the field of the atomic ratio
Fe/(Fe + Co) between 0 and 1 are reported in Figure 4. Data from the textural and phase
characterisation of the catalysts are summarized in Table 5. Further data from N2 sorption
are reported in Table S2 and Figure S2. The formation of cubic spinel solid solutions on
the whole composition domain can be evidenced, with the only exception of the all-iron
sample. The cell parameter of spinel changes with the iron content from 8.09 A for CosOs
direct spinel to 8.36 A for the mostly inverted cobalt ferrite CoFe>Os. The all-iron sample
contains only hematite (a-Fe20s), as expected from the phase diagram in oxidising condi-
tions. The surface area of the mixed spinels, reported in Table 5, is about 80 m? g1, nearly
twice the surface area of the cobalt and iron oxides end-terms.

Fe100 A
N,

o) Co33Fe67
g M—/\&ﬁ/\
=1
(=]
°© W
Co50Fe50
O
Co67Fe33
O = D O e
Co100 a O
j\\._ ' £ -—/\—M'j\a.-—\&/\\——-
15 20 25 30 35 40 45 50 55 60 65

deg 206

Figure 4. Powder XRD patterns of the Co-Fe catalysts. Spinel (0), a-hematite (0).
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Table 5. Phase and textural characterisation of Co-Fe oxide catalysts.

Grain Size/nm

Catalyst Phase Cell Size/A S(BET)/m2 g Spinel Hematite
Co100 spinel 8.086 (3) 35 29

Co67Fe33 spinel 8.167 (4) 81 7

Co50Fe50 spinel 8.263 (4) 78 11

Co33Fe67 spinel 8.360 (1) 84 11
Fel00 a-hematite 5.04, 13.76 43 25

The increase of the cell parameter is not linear with the iron fraction, as indicated in
Table 5 and highlighted in Figure 5. The cell size of the samples Fe33Co67 and Fe50Co50
is smaller than the value expected for a Vegard’s law solid solution between cobalt spinel
C0304 and cobalt ferrite CoFe20s.

8.40 1.5
8.35 -
< + 145 2
& 830 1 £
e S
5§ 825 114 3
2 — 5
g 820 1135 2
x
o (@]
2 815 1
> +13
8.10 |
8.05 ‘ ‘ ‘ 1.25
0O 02 04 06 08

Fe/(Co+tFe)

Figure 5. Cell size and oxygen/cation ratio of the Co-Fe spinels. The lines are a guide for the eyes.

5Fe Mossbauer spectra of two mixed oxides are shown in Figure 6, while the corre-
sponding hyperfine parameters are reported in Table 6. The spectrum of the sample
Co67Fe33 is a large quadrupole doublet typical of trivalent iron which can be simply fitted
using two spectral components, whereas one of the samples of Co50Fe50 consists of a
dominant magnetic distribution component with hyperfine parameters in the typical
range of spinels [95], accompanied by a trivalent iron quadrupole doublet. In both cases,
they correspond to the typical signature of Fe?* and no distinctive signals of Fe?* or inter-
change between Fe?* and Fe® are detected. Taking into account the absence of Fe?, the
anomalous cell parameters of mixed spinels can be accounted for by the cation distribu-
tions reported in Table 7, which imply a substoichiometric cation content. Cation vacan-
cies in non-stoichiometric spinels are known to account for smaller than expected unit
cells [96]. The amount of cation vacancies, also reported in Table 7, is a non-linear function
of the composition and reaches a maximum for the sample Co67Fe33, viz. the sample with
the higher deviation from Vegard’s law.
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Figure 6. ¥Fe Mossbauer spectra of the mixed Co-Fe spinels (a) Co67Fe33 and (b) Co50Fe50.
Table 6. Room temperature ¥Fe Mossbauer parameters of the Co-Fe oxide catalysts.
Catalyst Bur (T) A(mm/s) O (mm/s) T (mm/s) Area (%) Site
0.95 (8 0311 0.65 (3 519 Fe3+
Cot7Fe33 (8) ) ©) ©) e
- 0.53 (2) 0.33 (1) 0.32 (3) 49 (9) Fed
52-2 0.00 (1) 0.30 (1) 0.6 88 (1) Fe3+
Cob50Fe50
oovre - 060(2)  032(1)  040(3) 12 (1) Fe
Table 7. Cation distribution per 4 oxygen atoms in cobalt-iron spinel phases.
Catalyst Co?* Tetr Fe3* Tetr Co? Oct Fe3* Oct Co?** Oct Cation Vacancies
Co100 1 0 0 0 2 0
Co67Fe33 0.50 0.50 0.17 0.46 1.26 0.110
Cob50Fe50 0.35 0.65 0.43 0.81 0.68 0.072
Co33Fe67 1 0.90 0.82 1.08 0.07 0.026

Cation vacancies imply an increase in the oxygen/cation ratio, reported in Figure 5,
and the corresponding increase in the average charge of the cations. The increase of the
average cation charge brings about a significant decrease in the cell size because trivalent
cations are significantly smaller than divalent cations, as is the case for magnetite FesOs
and maghemite y-Fe20s, sharing the same spinel structure with cell size 8.39 and 8.34,
respectively.

The strong preference for divalent Co?* over trivalent Co® in the tetrahedral site [97]
is an important factor in the variation of the number of vacancies with the Fe/(Fe + Co)
ratio. In the case of the direct cobalt spinel sample, the energy expenses of introducing
Co? in the tetrahedral site render any increase of the average cation charge difficult as the
octahedral site is already completely occupied by Co?*. For samples of different composi-
tions, the introduction of iron in the material allows the incorporation of trivalent Fe3* in
the tetrahedral site. The corresponding increase of the inversion degree and the retention
of Co* in the octahedral site make possible the increase of the average charge of cations
and the corresponding formation of cation vacancies, as observed in the sample Co67Fe33.
Further increases in the amount of iron correspond to a decrease of the Co** content and
a corresponding decrease in average cation charge and amount of cation vacancies.

The TPR profiles of the Co-Fe catalysts are reported in Figure 7. The consumption of
H: in the tests is reported in Table S3. The Co100 sample presents a first reduction peak
with onset at 225 °C and maximum at 325 °C. This first reduction corresponds to 22% of
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the hydrogen demand for total reduction and corresponds to the reduction of the cobalt
spinel to CoO. The reduction of CoO to cobalt metal is completed in a second peak with a
maximum of 425 °C.

=
.UE; Cob7Fe33 \
(o]
o
= Co50Fe50
Co33Fes7
0 100 200 300 400 500 00 700 800 Q00

Temperature (°C)

Figure 7. H2-TPR profiles of Co-Fe oxides.

The three mixed spinel samples present an initial reduction step with an onset at
about 260 °C, corresponding to the reduction of Co®* to Co?. It is interesting to observe
that the delayed onset of reduction of the mixed spinels is similar to what was observed
for maghemite-like phases [98]. The temperature of the maximum of this first peak de-
creases and the corresponding fraction of consumed H: decreases from 14 to 5% with the
decrease of the amount of cobalt in the sample. The reduction of Co*" and the exsolution
of CoO destabilize the charge balance of the mixed spinel phase, which decomposes to
CoO and an iron spinel phase [94]. The reduction of CoO to metallic Co and that of the
iron spinel to FeO are superposed in a complex way and contribute to a signal with a
maximum between 480 and 560 °C. The reduction of FeO is completed between 740 and
840 °C.

The reduction of the Fel00 oxide follows the literature pattern [99]. The first peak
with an onset at 300° and a maximum at 400 °C consumes 13% of the total hydrogen and
corresponds to the reduction of Fe2Os to FesOs. A second broad peak with a maximum of
590 °C corresponds to the reduction of FesOs to FeO and is partially superposed with the
subsequent reduction of FeO to metallic iron. The reduction of the sample is not com-
pleted at the final temperature of 900 °C.

2.2. HMF Oxidation
2.2.1. Blank Tests in the Absence of Catalyst

HMEF is very slowly oxidized in aerobic conditions, a degradation rate of about 1%
per hour having been observed in aqueous solution at 100 °C under 4 MPa air in the ab-
sence of a catalyst [25]. A higher reactivity is observed in the presence of hydroperoxides:
HMF in a tert-butyl alcohol solution was converted at 45% by TBHP (molar ratio
TBHP/HMEF 60) in 12 h at 80 °C, with the formation of DFF, FFCA, DFCA with selectivity,
respectively, 23, 60, and 15% [81]. The reactivity was highly solvent-dependent: HMF con-
version in DMSO (DMSO/HMF 70) was 8.5% in 12 h at 80 °C, with a selectivity of 15% in
DFF and 5% in FDCA.
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In our experiments without a catalyst, HMF in the CH3CN solution was converted at
61% in 3 h at 60 °C at TBHP/HMF ratio 14. In Figure 8, the conversion of HMF and the
selectivity of products are reported at 1 and 3 h reaction times. The conversion increased
with reaction time from 39 to 61%. The main products were DFF and HMFCA, the latter
with a selectivity slightly higher than the former, 44 and 36%, respectively. The selectivity
of both primary oxidation products decreased with the increase of conversion. At the
same time, the selectivity of FFCA increased from 9 to 14%, and the selectivity of MA from
2.5 to 5%. The carbon balance correspondingly decreased from 98 to 91%.
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Figure 8. Conversion of HMF and selectivity of products in the absence of a catalyst as a function of
reaction time. HMF 0.55 M in CHsCN, TBHP/HMF 14, 60 °C.

The dependence of HMF conversion by the amount of oxidant in the absence of a
catalyst has been investigated at 40 °C (Figure 9). The conversion steadily increases with
the TBHP/HMF ratio, suggesting an order of reaction from TBHP near 1. At the lowest
oxidant amount, DFF and HFMCA present a nearly identical 44% selectivity. FFCA and
FDCA are present with about 2% selectivity. In increasing oxidative conditions, the selec-
tivity of HMFCA remains virtually constant, whereas the selectivity of DFF decreases, and
the selectivity of FFCA and FDCA increases. This behaviour could be attributed to a mod-
erately higher order in the oxidant of the rate of oxidation of DFF (Ox2 in Figure 1) than
the rate of oxydehydrogenation of HMFCA (ODH2 in Figure 1). However, it has to be
taken into account that the measured amount of primary intermediates, DFF and HMFCA,
is the result of the sum of the rates of formation and the further conversion of each of
them. A lower order in the oxidant of ODH1 than Ox1 reaction in Figure 1 could also
justify the observed trend.
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Figure 9. Conversion of HMF and selectivity of products in the absence of a catalyst as a function of
TBHP/HMF molar ratio. HMF 0.55 M in CH5CN, 40 °C, 1 h.

2.2.2. Catalytic Tests on Copper-Manganese Oxides

Before comparing the catalytic activity of Cu-Mn catalysts with different composi-
tions, it is useful to follow the temperature dependence of the activity on a typical catalyst,
Cu67Mn33, the acronym of the catalyst indicating the cation percent ratio. At TBHP/HMF
ratio 7 and 1 h reaction time, conditions milder than the ones used in most tests, the con-
version of HMF rises from 15% at room temperature to 95% at 60 °C and 100% at 80 °C

(Figure 10).
Cu66Mn33 1h
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Figure 10. Conversion, selectivity, and carbon balance on catalyst Cu67Mn33 as a function of the
temperature of the reaction. The lines are a guide for the eye. Reaction conditions: TBHP/HMF 7
(molar ratio), HMF/catalyst 4 (w/w), 1 h.
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At 25 °C, the selectivity of DFF and HMFCA are, respectively, 38 and 23%, and only
5% for further oxidation products. At increasing temperature, the selectivity of DFF de-
creases, and the selectivity of HFMCA increases, in parallel with the increase of FFCA
selectivity to 14%. This trend allows several interpretations, differing by the step of oxi-
dation, which is considered prevalent. On one hand, the higher activation energy of the
formation of FFCA by Ox2 reaction of DFF than by ODH2 reaction of HMFCA could jus-
tify the data. On the other hand, the higher activation energy of the Ox1 formation of
HMEFCA than ODH1 formation of DFF could also account for the observed trend. Indeed,
the higher activation energy for the oxidation of aldehyde than for the oxidation of alcohol
was classically observed in the gas phase [100].

The selectivity of FFCA increases with temperature from 5% at 25 °C to 30% at 60 °C.
It starts to decrease when it is overcome by its conversion to FDCA, whose selectivity
increases from 1% at 40 °C to 27% at 80 °C. The sequential nature of the reactions depicted
in Figure 1 is clearly shown by the comparison of the results at an increasing temperature
in Figure 10. It also appears that the activation energies of the Ox1 and ODH1 reactions of
HMF oxidation are lower than the activation energies of FFCA formation, which is itself
lower than the activation energy of the Ox3 oxidation of FFCA to FDCA.

The carbon balance is 90% for reaction temperatures up to 40 °C and worsens to 72—
75% at 60 or 80 °C. Humins, oligomers, or products deriving from condensation/transfor-
mation of the reaction intermediates are critical by-products in most processes involving
HMF. Some of these by-products form by a complex mechanism involving the hydration
of the carbon in a to the enol group of HMF, followed by the opening of the furanic ring
with the formation of 2,5-dioxo-6-hydroxy-hexanal (DHH) and keto-enol condensation
[101,102]. It has been suggested that the propagation of the oligomers can occur by con-
densation of the enol groups of DHH or of the oligomers themselves with any ketone or
aldehyde present in the system. However, the unclear question is whether these by-prod-
ucts form only from HMF, or from also the reaction intermediates and whether the gen-
eration of radical-type oxygen species promotes their formation. Indeed, in our experi-
ments, oligomers are more and more formed from the onset of the reaction up to a high
degree of advancement of the oxidation, when the concentration of HMF is no more sig-
nificant. This suggests that they are formed by condensation not just of HMF, but also of
all carbonyl-bearing molecules involved in the process, namely HMF, DFF, and FFCA.

The dependence of the activity on the composition of the catalyst in the Cu-Mn series
is shown in Figure 11 for 3 h conversion of HMF at 60 °C with TBHP/HMF ratio 13. In
these conditions, all the copper-bearing catalysts present a conversion near 100%. The
Cul00 catalyst, with only the CuO phase, is highly active despite its low surface area of
11 m? g, the lowest among our catalysts. The oxidation ratios (FFCA + FDCA)/(HMFCA
+ DFF) and FDCA/FFCA, reported in Table 8, are two useful tools for a first-glance evalu-
ation of the oxidation activity. In the reaction scheme of Figure 1, the two ratios are related
to the degree of advancement of, respectively, the conversion of the primary oxidation
products to FEFCA and the conversion of FFCA to FDCA. Among the Cu-bearing catalysts,
the two ratios evolve with the composition of the catalyst in a parallel way, the lowest for
Cul00 and the highest for Cu67Mn33. The oxidation ratios of Cu50Mn50 and Cu33Mn67
progressively decrease with the decrease of the copper content (Table 8), accompanied by
a decrease in the specific surface area of the samples, from 106 m? g-! for Cu67Mn33 to 51
m? g for Cu33Mn67 (Table 4).
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Figure 11. Conversion, selectivity, and carbon balance on Cu-Mn oxide catalysts and in the absence
of a catalyst. The lines are a guide for the eye. Reaction conditions: TBHP/HMF 13 (molar ratio),
HMF/catalyst 4 (w/w), 60 °C, 3 h.

Table 8. Product ratios and HMF reaction rates on different catalysts.

(FFCA + FDCA)/ HMF Reaction Rate
Catalyst (HMECA + DFF) FDCA/FFCA (mmol g h-)
Cul00 2.00 0.40 10.1
Cu67Mn33 23.30 1.26 10.2
Cu50Mn50 10.05 0.91 11.4
Cu33Mn67 3.78 0.60 11.2
Mn100 0.52 0.18 8.9
Co100 0.87 0.26 9.4
Co67Fe33 8.70 0.79 11.2
Co50Fe50 1.73 0.43 10.3
Co33Fe67 0.53 0.20 9.6
Fel00 0.25 0.18 5.5
no catalyst 0.26 0.12 -

Reaction conditions: TBHP/HMF 13 (molar ratio), HMF/catalyst 4 (w/w), 60 °C, 3 h.

The definition of a correlation between the composition of the catalyst and the activ-
ity is complicated by the polyphasic nature of the samples. In the case of the only mo-
nophasic catalyst, CuO, high activity as a Fenton catalyst is not unexpected [103,104]. Sig-
nificant fractions of CuO with grain sizes much smaller than in Cul00 are present in
Cu67Mn33 and Cu50Mn50 samples. However, the pattern of activity of these catalysts is
very different from Cul00, with the (FFCA + FDCA)/(HMFCA + DFF) ratio up to an order
of magnitude higher.

The carbon balance is quite poor on all Cu-bearing samples, following a trend in-
versely proportional to the trend of the oxidation ratios, with the worse value on
Cu67Mn33, the most FDCA-producing catalyst. This strongly suggests attributing most
of the deficit of carbon balance to the condensation or conversion of highly oxidized prod-
ucts. The Mn100 catalyst presents a lower activity (81%) and lower oxidation ratios than
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any Cu-bearing catalyst (Table 8). It is indeed known that manganese oxides are quite
effective Fenton catalysts but they can also lead to a decrease in the availability of the
oxidant by unselective degradation of the hydroperoxide [105-107].

It can also be observed that, at 60 °C and a high oxidant ratio, HMFCA and DFF were
measured in similar amounts on all our catalysts, despite minor variations. This behav-
iour, which suggests a similar rate between reactions of aldehyde oxidation and alcohol
oxydehydrogenation, is relatively uncommon in HMF oxidation catalysis and has already
been observed only on mixed oxide catalysts [73,76,81]. The observation of relatively sim-
ilar amounts of HMFCA and DFF also in the blank tests could suggest an important radi-
cal contribution to the first steps of oxidation, unhindered by the presence of the catalyst.
It has been observed that the adsorption of organic acids has an inhibiting effect on the
activity of heterogeneous Fenton catalysts [108]. This could justify the poor oxidation ra-
tios in the blank and on the CuO and manganese oxides, the Fenton catalysts are expected
to be the best. Conversely, this could suggest a direct implication of the oxygen of the
catalyst in the mixed oxides, the most effective FDCA producers.

2.2.3. Catalytic Tests on Cobalt-Iron Oxides

The dependence of the activity on the composition of the catalyst in the Co-Fe series
is shown in Figure 12. The change of the activity with the composition of the catalyst fol-
lows a volcano-type trend, with a low activity of the single-cation end-term oxides and
higher activity of the intermediate mixed oxides, featuring a maximum for an iron fraction
of 0.33. The carbon balance follows a trend opposite to the conversion, confirming the
implication of oxidation products in the formation of converted species. The comparison
of the activities of the three mixed Co-Fe spinels suggests some peculiarities of the Co-Fe
system. Indeed, the three solid solution materials present nearly identical surface areas
(see Table 5), but very different activities. A sharp decrease in conversion, with a corre-
sponding improvement of the carbon balance, is observed for Fe fractions higher than
0.33, interestingly following the same trend of variation in the number of cation vacancies
(see Figure 5).
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Figure 12. Conversion, selectivity, and carbon balance on Fe-Co oxide catalysts and in the absence
of a catalyst. The lines are a guide to the eye. Reaction conditions: TBHP/HMF 13 (molar ratio),
HMF/catalyst 4 (w/w), 60 °C, 3 h.
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Fel00, the Fe end-member of the series of catalysts with a-hematite structure, pre-
sents the same product distribution as the blank test, with a 10% lower conversion. Hem-
atite has been used as a cheap Fenton catalyst [109], and its anti-catalytic behaviour could
be attributed to unselective hydroperoxide degradation.

3. Discussion

The importance of blank tests in the evaluation of HMF oxidation by TBHP has to be
stressed. In the absence of catalysts, HMF conversion as high as 60% has been observed
(Figure 8). The products formed were essentially HMFCA and DFF, while few FFCA and
virtually no FDCA were observed. This suggests that HMF is a more effective substrate
for alcohol oxidation or aldehyde oxydehydrogenation than, respectively, HMFCA or
DEFF (see Figure 1). Another possible interpretation is that the formation of acid groups by
the initial oxydehydrogenation reaction decreases the pH of the solution and stabilizes
TBHP in the absence of a catalyst.

The presence of oxide catalysts affected the oxidation reactions in a way highly de-
pendent on the nature of the oxide. In the case of the Fel00 catalyst (a-hematite), the most
acidic of our catalysts [110], conversion and selectivity were comparable to the blank test
results (Figure 12). For other single-cation oxides, like Co100 and Mn100, the activity was
slightly higher than the blank, a result already observed in aerobic oxidation of HMF on
Co and Mn oxides [111].

It has to be remarked that the patterns of variation of the catalytic activity with the
composition of the mixed oxides are very similar in the two different systems, Cu-Mn and
Fe-Co. The Co-Fe catalysts present a lower activity compared to the Cu-Mn ones but the
two systems present a maximum of oxidation activity for a 0.33 fraction of the more
charged cation, with a decrease of activity when this fraction increases. In the case of the
Cu-Mn system, this pattern could be tentatively justified by a different surface area and
tenorite content in the samples. In the case of the Co-Fe system, however, the samples
from Co33Fe67 to Co67Fe33 are monophasic spinels and present the same surface area. In
this case, no other factors beyond the pattern of cation vacancies seem to affect the trend
of oxidation activity. Quite interestingly, the literature on the site occupancy in the Cu-
Mn spinels suggests a pattern of cation vacancies similar to the one observed in the Co-Fe
spinels [90].

The increase of oxidation activity with the number of cation defects is not suggestive
of a radical mechanism, as more cation defects in a spinel structure correspond to a higher
oxidation state of the cations. In these conditions, it seems unlikely that the reaction rates,
at least for the oxidation of DFF and HMFCA, depend on a surface radical mechanism. It
has been shown that maghemite y-Fe20s, with only Fe® cation, is less active in radical
promotion than magnetite a-FexOs, with both Fe?* and Fe3* cations [112-114].

The implication of lattice oxygen in the mechanism is a tempting alternative hypoth-
esis. Admittedly, the onset of catalyst reduction, as derived from TPR experiments (see
Figures 3 and 7), is virtually constant with the composition of the mixed spinels, either in
the Cu-Mn or Co-Fe systems. It is evident that no simple specific relation could be ob-
served between catalyst redox properties and the catalytic behaviour. Indeed, the role of
cation vacancies in oxidation catalysts has been evocated several times but never solidly
established. Cation defects have been related to the formation of peroxo and superoxo
species at the surface of spinels and have been suggested to favour the implication of lat-
tice oxygen in oxidation reactions at relatively high temperatures [115,116]. Cation vacan-
cies in mixed scheelite have been suggested to favour the extraction of olefin a-hydrogens,
but this effect has been seriously questioned [117]. Interestingly, cation vacancies in FeV
spinel catalysts for methanol oxidation have been shown to increase the selectivity of for-
maldehyde by increasing the basicity of the catalyst [118]. The possible role of spinel cat-
ion vacancies in the oxidation of HMF seems clearly worthy of further investigation. In-
deed, a mixed spinel usually presents both higher basicity and higher acidity than their
single-oxide end-terms [119,120].
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HMF oxidation rate in our tests was systematically higher than in experiments on
other unsupported oxide catalysts (see Tables 3 and 8). In the cases in the literature, high
conversion was reached at a higher temperature than in our reaction conditions
[73,75,76,81,121], suggesting that a relatively low reaction temperature represents an op-
timum between oxygen development from TBHP and catalytic activity. However, the car-
bon balance of our tests at high conversion was definitely poor (Figures 11 and 12). The
carbon balance presented an inverse correlation with the conversion and selectivity of
FDCA. It is likely that most loss of carbon has to be attributed to consecutive reactions of
condensation or overoxidation of the analysed oxidation products [122-124]. Reports in
the literature indicate that most condensation products from HMF oxidation can be re-
moved from mixed oxide catalysts by solvent washing, providing satisfactory recyclabil-
ity of the catalysts [73,75,81,125].

The observed unfavourable selectivity-conversion correlation suggests that better re-
sults could be obtained by a moderation of the reaction conditions. Dong observed a sig-
nificant decrease in the formation of coproducts with a decrease in the surface area and
the oxygen adsorption of the biphasic (Cu, Mn)30s and MnO:z catalyst [125]. In our system,
a possible pathway to improve selectivity could be a change of oxidant from TBHP to
molecular Oz. TBHP has been systematically shown to increase the reaction rate of oxida-
tion by comparison with the use of dissolved oxygen [73,75,81]. An expected decrease of
conversion with a shift to aerobic oxidation could be compensated by the introduction of
a dissolved hydroxide [83,84], despite that it could be difficult to foresee in which way an
added base could influence the properties of the surface sites of the catalyst [126].

4. Materials and Methods
4.1. Synthesis of Catalysts

Two series of mixed oxide catalysts with nominal composition M*3-«MBxOs have been
prepared, with M4 = Co and MP = Fe or M# = Cu and MP = Mn. In each series, cation frac-
tions MB/(MA + M™®) were targeted as 0.00, 0.33, 0.50, 0.67, and 1.00. The catalysts were
named from their cation percent ratio, for instance, Cu67Mn33. The reagents used were
Fe(NOs)39H20, CoCle, CuClH20, Mn(NOs)2:4H20, and NaOH from Sigma-Aldrich
(Saint Louis, MI, USA).

Nanoparticulate oxide catalysts were prepared by coprecipitation in an alkaline so-
lution [127,128]. In total, 0.5 M aqueous solutions of M! salt and 1 M aqueous solutions of
MU salt in the stoichiometric desired ratio were mixed and added dropwise into 0.8 M
aqueous solution of NaOH at room temperature in 2 h of stirring with a pH kept at 12.
The precipitate was isolated by vacuum filtration and washed with demineralized water
toremove Na* and anions, then dried overnight in the air at 120 °C and calcined in flowing
air at 450 °C for 6 h.

4.2. Characterisation Methods

The solids were characterised by X-ray powder diffraction (Bragg-Brentano 6-0
Bruker D8 Advance diffractometer, Bruker Lynx Eye detector, Cu Ka radiation), energy-
dispersive X-ray analysis (Quanta 200F SEM EDS FEI, 15 kV accelerating voltage), H: tem-
perature programmed reduction (TPR, Micromeritics AutoChem-II 2920 equipped with a
TCD detector), and N2 physisorption (Micromeritics Tristar apparatus with improved vac-
uum system, samples preactivated at 250 °C under vacuum).

%Fe Mossbauer spectra were measured with a ¥Co source embedded in a rhodium
matrix. The measurements were performed keeping the source at room temperature while
the absorber temperature has been varied between 5 and 300 K using a helium-flow cry-
ostat. The spectrometer was operated with a triangular velocity waveform, and a gas-
filled proportional counter was used for the detection of the gamma rays. Velocity cali-
bration was performed with an a-Fe foil. The spectra were fitted with an appropriate com-
bination of Lorentzian lines. In this way, spectral parameters such as the isomer shift (),
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the electric quadrupole splitting (A), the linewidth at half maximum (I'), the hyperfine
fields (Brr), and the relative absorption areas (Area) of the different components were de-
termined.

For all samples, the elemental analysis indicated a composition within 1% of the ex-
pected cation ratio. The surface area of the samples was evaluated by the BET method,
grain size from Williamson-Hall plots for monophasic samples, and the Scherrer method
for multiphasic samples.

The cation distribution in the spinel phases was evaluated by best-fitting the cell pa-
rameter by the formula a = (8/(11:3%%))(5da-o + (33ds-0? — 8da-0%)*% [93,129,130]. The A-O
bond lengths of the tetrahedral site were assumed as 1.865 and 1.975 A, respectively, for
Fe* and Co?. The B-O bond lengths of the octahedral site were assumed as 1.9, 2.025, 2.1,
and 2.12 A, respectively, for Co*, Fe3*, Co?, and Fe? [93,131]. The parameters of Lavina et
al. [86] have been used for the influence of cation vacancies on cell size. Redox properties
were evaluated by Hz-TPR, for which 50 mg of catalyst in 200 mg of SiC was pretreated
with He at 150 °C for 90 min prior to the analysis in 5% Hz in Ar from room temperature
to 850 °C with a ramp of 20 °C/min.

The surface area was evaluated by the BET method. Pore size distribution was deter-
mined by a DFT kernel [132]. Pore volume was measured by the aS method when a de-
fined adsorption plateau was present. In other rare cases, the pore volume was assumed
as the adsorbed amount at p/p° 0.975, corresponding to the adsorbed amount in pores
with a diameter of 50 nm.

4.3. Catalytic Tests

The reagents and standards used were HMF, tert-butyl hydroperoxide (t-BuOOH,
5.5 M in decane), acetonitrile (MeCN), decane, methanol (MeOH), maleic anhydride (MA),
FDCA, 2,5-diformylfuran (DFF) from Sigma-Aldrich (Saint Louis, Missouri, USA), 5-hy-
droxymethyl-2-furancarboxylic acid (HMFCA) from abcr (Karlsruhe, Germany), and 5-
formyl-2-furancarboxylic acid (FFCA) from TCI Chemicals (Tokyo, Japan), respectively.

The oxidation of HMF was carried out in a Parr 5000 Multiple Reactor System (Parr
Instrument Company, Moline, Illinois, USA) equipped with 6 autoclave reactors (75 cm?
stainless steel T316), each with a mechanical stirrer and measurement tools for tempera-
ture and pressure. In a typical activity test, 126 mg of HMF (1 mmol) was dissolved in 2
mL of MeCN. Subsequently, a catalyst (30 mg, about 0.1 mmol of M3-M"xO4) and 1.3 or
2.6 mL of t-BuOOH solution (respectively 7 or 14 mmol) were added to the reactor. Reac-
tions were conducted for 1 to 3 h at a temperature from 20 to 60 °C under constant mag-
netic stirring (450 rpm). Blank tests were carried out in the same conditions in the absence
of a catalyst. At the end of the reaction, 1.7 mL of MeOH was injected in order to dissolve
the precipitated FDCA [133]. The catalyst was separated by centrifugation and the recov-
ered solutions were analysed by HPLC on a Shimadzu (Kyoto, Japan) LC-20AD apparatus
equipped with Bio-Rad (Hercules, CA, USA) 125-0131 Cartridge Holder (30 mm x 4.6 mm)
and Bio-Rad Aminex HPX-87H (300 mm x 7.8 mm) pre-packed column and UV detector
at 254 nm. A 0.005 M H2S0: mobile phase was employed as eluent at 30 °C with a flow
rate of 0.6 mL/min for 60 min.

The average standard error between duplicated activity tests was lower than 1%. The
species analysed were HMF, DFF, HMFCA, FFCA, FDCA, and MA. Part of maleic anhy-
dride formed methylated species during the recovery of the products by methanol wash-
ing. This amount was taken into account in the evaluation of maleic anhydride. The con-
version was measured from measured concentrations as (Crwmrinitial — Cpvrfinal)/Crmrinitial and
selectivity as Cproductina!/(Crmefinal — Crwmrinitial), The carbon balance was evaluated as the dif-
ference between the conversion of HMF and the sum of analysed products.
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5. Conclusions

Noble metal-free catalysts based on earth-abundant and inexpensive mixed oxides
are active catalysts of all steps of the reaction cascade leading from HMF to FDCA using
TBHP as an oxidation agent. The nature and composition of the catalyst significantly affect
the reactivity and the distribution of the products. In most cases, the analysis of the results
provides evidence that radical-type oxygen species, deriving from the t-BuOOH activa-
tion, play a determining role in the performances. The role of the catalysts is thus mainly
to promote the activation of t-BuOOH and the generation of active oxidizing species.
However, beyond the initial steps of HMF oxidation, the trend of reactivity with the de-
gree of oxidation of the material does not correspond to the expected behaviour of a het-
erogeneous Fenton mechanism, and some implications of the lattice oxygen in the reaction
mechanism can be postulated.

The similar rate of oxidation of the alcohol and aldehyde groups of HMF, both in the
presence and the absence of the catalyst, indicates that the oxides do not significantly af-
fect the selectivity of the early steps of HMF oxidation. The examined mixed oxides do not
appear as effective catalysts for the selective formation of DFF. Degradation and conden-
sation of the oxidation products remain an important issue, which is to be mainly dealt
with by the choice of process conditions. The increase of the activation energy of oxidation
with the advancement of the reaction cascade suggests temperature as a valuable tool to
control the relative selectivity of the formation of FFCA and FDCA.
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