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Abstract

5-hydroxymethyl-2-furaldehyde (HMF) is a key bio-based platform for the production
of renewable monomers and bio-fuels. However, most of its syntheses are carried out
under not sustainable conditions. In this work, the production of HMF from fructose
and inulin was investigated following the Green Chemistry principles, adopting aqueous
medium, appreciable substrate concentration (10 wt %), low loading of heterogeneous
acid catalyst (niobium or zirconium phosphate) and microwave heating. Both the
catalysts resulted very active and promising, in particular zirconium phosphate and the
performances were related to their different acid characteristics. The optimization of
HMF synthesis with zirconium phosphate was also supported by a statistical modelling,

which shows that the highest yield to HMF (about 40 mol%) is ascertained at high



temperature (190°C) and short reaction time (8 minutes). The catalysts resulted
recyclable maintaining their starting activity almost unchanged.
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1. Introduction

In the last years environmental problems, such as pollution, greenhouse effect and the
dwindling supply of fossil materials, have driven the interest of the scientific
community towards the valorisation of lignocellulosic biomass. This last represents a
renewable, plentiful and cheap material for the industrial production, not only in the
energy field but also as feedstock for the manufacture of chemicals, solvents and
materials. This idea is included in the concept of “bio-refinery”, which aims to a
complete valorization of the lignocellulosic biomass to obtain an array of added-value
products [1-11]. In this scenario 5-hydroxymethyl-2-furaldehyde (HMF) represents a
key molecule, evaluated by the US Department of Energy as one of the most important
bio-based compounds [12]. HMF is referred in the literature as a “sleeping giant” due to
its high potentialities [13-16]. In fact, this platform chemical can be employed as an
intermediate for the synthesis of a number of fine-chemicals, bio-fuels and monomers
[10]. Some polysaccharides and monosaccharides, in particular fructose, represent the
ideal starting materials for HMF synthesis [13-18]. Under acidic conditions, fructose
undergoes a complex set of chemical reactions, leading to intermediates, HMF and
reaction by-products. HMF is formed by fructose dehydration, and then is converted (at
least in part) into by-products. HMF rehydration results in the formation of levulinic
(LA) and formic (FA) acids, whereas humins are obtained from HMF polymerization
[19-20]. These reactions are favoured by the presence of water, compelling many

2


mailto:anna.maria.raspolli.galletti@unipi.it

researchers to carry out the fructose dehydration in organic solvents [21-25], ionic
liquids [26,27] and biphasic systems [28-31]. Considering safety, economic and
environmental reasons, these solvents are less sustainable than water from the green
chemistry perspective. Several mechanisms for the formation of HMF by acid-catalyzed
dehydration of hexoses have been reported in the literature [15]. The mechanistic
pathways can be divided in two groups. The first one assumes the reaction to proceed
via acyclic intermediates, whereas the second type, largely reported in the literature,
hypothesizes cyclic intermediates [32]. Scheme 1 shows the possible mechanism
involving cyclic intermediates for the conversion of fructose to HMF and then to LA
and FA. The dehydration of fructose is initiated by the protonation of the most basic
hydroxyl group of the molecule, directly attached to the ring in the alpha position to the
oxygen. The protonated form undergoes spontaneous dehydration and generates the
cyclic intermediate enol, 2,5-anhydro-D-mannose, formed in the tautomerization step.
The loss of water leads to the formation of HMF.
Scheme 1, near here

Both homogeneous and heterogeneous acid catalysts have been employed for the HMF
synthesis but nowadays increasing research is focused on the use of heterogeneous ones.
In fact, they are more suitable from an industrial perspective because avoid corrosion
problems and facilitate catalyst separation and recycling. The most studied
heterogeneous catalysts are ion-exchange resins [33,34], zeolites [35-37] and
phosphates of transition metals (such as Nb, Zr, V, Cu, Ti) [38-45]. In particular, this
last type of heterogeneous catalysts is very interesting because these systems keep their
strong acidic properties in polar liquids [45], including water, also at high temperature
[42,47,48]. Moreover, they can be easily reactivated by thermal treatments, as reported
in the literature [45,49]. Carlini et al. [41] have carried out several studies regarding the

fructose dehydration employing metal phosphates. They performed experiments on



aqueous solutions containing 6 wt% of fructose at 100°C in the presence of commercial
niobium phosphate, employing substrate/catalyst ratio (RAC) from 1.4 to 1.7 wt/wt.
Although the amount of catalyst was high, the reaction turned out to be slow but very
selective, leading to 48 mol % conversion of fructose into HMF at 67 mol % selectivity.
When they employed a more concentrated fructose solution (10 wt%), a decrease of
HMF selectivity was ascertained. The same authors [40] investigated the fructose
dehydration with zirconium and titanium phosphates under similar experimental
conditions (100°C, 6 wt% fructose in aqueous solution, RAC of 1.8 wt/wt) achieving
higher HMF yields than those obtained with niobium phosphate, accounting for around
44 mol% for zirconium phosphate and 41 mol% for titanium phosphate. The same
group considered the catalytic conversion of inulin into HMF under similar reaction
conditions, reaching results similar to those reached from fructose. Recently, Zhang et
al. [45] have studied the fructose dehydration, employing a synthetized niobium
phosphate catalyst, working at 130°C for 30 minutes with 8 wt% fructose in water. The
authors reported high yields, up to 45 mol%, but adopting a too low substrate/catalyst
ratio (1 wt/wt), which cannot be applied. Finally, Asghari et al. [38] claimed very high
HMF yields, up to 50 mol%, when fructose was dehydrated for very short times,
ranging from 60 seconds to 240 seconds, in aqueous medium using zirconium
phosphate as a catalyst. However, also in this case, the adopted conditions are not
acceptable from an applicative perspective because of the very low fructose
concentration (1 wt%), and too low substrate/catalyst ratio (2 wt/wt).

On the other hand, microwave heating has recently become a fast growing research area
because it can improve the efficiency of many processes. In fact, thanks to the
interaction between the microwaves and the polar molecules, the heating starts from the

core, resulting in faster temperature increase, thus reducing the reaction time and the



energy consumption. Moreover, microwave irradiation enables a more efficient reaction
control, generally affording higher yields of the target products [51-53].

In this context, now we have studied the catalytic dehydration of fructose and inulin to
HMF in water adopting MW heating and heterogeneous acid catalysis. The effect of the
main reaction parameters has been studied using two different heterogeneous catalysts
(niobium and zirconium phosphate). To the best of our knowledge, this is the first work
that reports the HMF synthesis in water under microwave heating with these catalytic

systems.

2. Materials and Methods

2.1 Materials

5-hydroxymethyl-2-furaldeyde (98%), formic acid (99,8%) and levulinic acid (98%)
were purchased from Sigma-Aldrich and used as received. Fructose was food grade and
used without any further purification. Inulin from Dahlia Tubers ([«]2%=-37.0 and M, =
5,000) was purchased from Fluka and used as received. Niobium phosphate, kindly
provided from CBMM (Companhia Brasileira de Metalurgia e Mineracdo), was treated
at 255°C for 6 hours under high vacuum (5 Pa) before reaction.

2.2 Synthesis of zirconium phosphate

Zirconium Phosphate (ZrPO) was prepared as reported by Kamiya et al. [54] through
the precipitation of ZrOCl,-8H,0 (32 mL of 1 M aqueous solution) and NH4H,PO, (64
mL of a 1 M solution), at a molar ratio of P/Zr = 2. The precipitate was filtered, washed
with water, dried at 100°C, and calcined at 400 °C for 3 h before reaction.

2.2 Dehydration reaction

The dehydration reactions were carried out in a monomodal microwave reactor CEM
Discover S-class System. In a standard reaction, aqueous fructose or inulin solutions (5
ml, 10% wt) were charged in the microwave reactor (10 mL) with the proper amount of
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the catalyst. The vessel was placed in the chamber of the MW reactor and heated at the
desired temperature for the selected time under magnetic stirring. At the end of the
reaction, the vessel was cooled at room temperature through an external air flow that
allows a fast cooling and a portion of the sample was taken for analysis. The sample
was filtered through a syringe filter (Whatman 0.45 um PTFE) and analysed using a
high-performance liquid chromatograph Perkin Elmer Flexer Isocratic Platform
equipped with a column Benson 2000-0 BP-OA (300mm x 7.8 mm) kept at 60 °C,
employing 0.005 M H,SO, as a mobile phase (flow-rate, 0.6 ml/min). The
concentrations of the products were determined from calibration curves obtained with
standard solutions. Fructose conversion, yield and selectivity was expressed in moles %.
The unidentified products include humins, other soluble and insoluble compounds and
gases. Their yield (mol%) was determined through the following equation: [(converted
fructose moles - HMF moles - FA moles)/starting fructose moles] x 100. Starting from
one mole of fructose, the dehydration reaction leads to one mole of HMF, and further
HMF rehydration generates formic and levulinic acids in equimolar amounts. All the
experiments were carried out in triplicate and the reproducibility of the technique was
within 5%. For the recycle test, the used catalyst was recovered by filtration, washed
with acetone and reused in two successive reactions. The washing solutions of the used
catalysts were concentrated, dried under nitrogen flow and then analyzed by EGA-MS
and Py-GC/MS (see Section 2.5).

2.3 Analysis of catalyst properties

Ammonia-TPD characterization was carried out in order to determine the acidity of the
catalysts used employing a Micromeritics TPDR Instrument. Samples were pretreated at

500-C in He flow to remove contaminants. Then pulses of NH3 (10% in He) were fed at
100-C on the sample, until saturation. Then the sample was heated (at 10°/min) from

room temperature up to 650-C, and the desorption of ammonia was recorded by using a
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TC detector and a quadrupole MS. FT-IR spectra of pyridine adsorbed on samples were
recorded according to the following procedure: first the pure sample was shaped in the
form of a thin layer by pressing the powder at 10 ton/cm?; then the sample was
pretreated under vacuum (10° mbar) up to 500°C (steps of 100°C for 30°), and
adsorption of pyridine was carried out under vacuum at room temperature. Finally, the
sample was heated under vacuum at increasing temperatures (steps of 100°C) up to
400°C, and FT-IR spectra were recorded at the intermediate and final temperatures.
Gas-phase dehydration of ethanol was studied in order to investigate the surface acid
properties of the two metals. The reaction was carried out in a fixed-bed reactor (20 mm
I.d. x 30 cm length) continuously fed with gaseous ethanol at 15.6% v/v concentration
in nitrogen flow, loading 400 mg of catalyst. The tests were performed in function of
time at 250°C, with a contact time of 0.4 s.

The gaseous flow exit from the reactor was analyzed on-line with a micro-GC Agilent
3000A, equipped with an Agilent Plot Q column (stationary phase polystyrene-
divinyloenzene) and an Agilent OV1 column (stationary phase 100%
dimethylpolysiloxane).

The IR spectra of both fresh and spent catalysts were recorded in ATR mode with a
Spectrum Two Perkin Elmer FT-IR spectrometer in the range of wavenumber 4000-450
cm™,
XRD analyses were carried out using a vertical goniometer diffractometer Philips PW
1050/81. The analyses were performed using the CuKa radiation, made monochromatic
using a nickel filter, with A = 0.15418 nm. The interval used was 5°< 20 <80°, with
steps of 0.2°; the count of intensity was carried out every 2 seconds.

XRF analyses were performed employing a wavelength dispersive spectrometer

Panalytical Axios Advanced equipped with tube rhodium and with a power of 4kW.



Inductively Coupled Plasma Optical Emission Spectroscopy analyses (ICP-EOS) were
carried out with a Spectro-Genesis instrument equipped with a software Smart Analyzer
Vision.

Thermogravimetric analysis (TGA) was carried out in flowing air by means of a
PerkinElmer TGA7 apparatus.

'H NMR of 5-HMF in deuterated chloroform was carried out employing a Varian
Gemini 200 BB spectrometer (200 MHz).

2.4 Extraction and purity grade of HMF

The isolated yield of 5-HMF obtained in run 9 was determined by continuous
liquid/liquid extraction, adopting dichloromethane as extraction solvent on the aqueous
reaction solution. The extraction proceeded for 4 hours, then, dichloromethane was
removed by distillation under reduced pressure and finally the isolated yellow solid was
weighted. Finally, a little portion was dissolved in deuterated chloroform and analysed
by 'H-NMR, and a purity grade of 94 % was ascertained. Detailed 'H NMR data
(200MHz, CDCl3): & = 2.99 ppm (s, 1H, -OH), 4.73 ppm (s, 2H, -CH,0H), 6.53 ppm
(d, 1H, -CH=), 7.21 ppm (d, 1H, -CH=), 9.59 ppm (s, 1H, -CHO).

On the basis of weighted amount and taking into account the purity grade of HMF, the
isolated yield of HMF of 27.1 mol % for run 9 was obtained, while the HPLC-
determined yield was 33.9 mol %. The same procedure was repeated for run 10 carried
out in the presence of ZrPO obtaining the isolated yield of HMF of 29.6 mol % while
the HPLC-determined yield of 36.6 mol %.

2.5 Statistical modelling

HMF synthesis in aqueous media, using ZrPO as catalyst was optimized using the
response surface methodology (RSM). The set of experiments corresponded to an
incomplete, factorial, centered experimental design. The selected independent variables

and their respective variation ranges were established as follows: the substrate/catalyst



ratio (RAC), 6-15 wt/wt; reaction time (t), 5-20 minutes; and temperature (T), 150-190
°C. For calculation purposes, the dimensionless and normalized variables,
dimensionless substrate/catalyst ratio RAC (denoted x;), dimensionless time (denoted
X2) and dimensionless temperature (denoted x3), with variation ranges (-1, 1), were

defined as follows:

x1 = 2-[ RAC (wWt/wt) — 10.5]/(15-6) (. 1)
X» = 2-[ t (min) — 12.5]/(20-5) (eq. 2)
X3 = 2[T (°C) — 170]/(190-150) (eq. 3)

The structure of the experimental design allowed the development of empirical models,
in which the dependent variables were evaluated as the sum of the contributions of the
independent, dimensionless variables (including first order, interaction and second-

order terms), according to the generalized expression:

Yi= boj + Zibini + ZiZkbiijiXk (eq 4)

where:

e Vj(j: 1 to 2) stand for the considered dependent variables,

e X;orxg(iork:1to 3, k>i) are the independent, dimensionless variables,

e hy;....bi are the regression coefficients, calculated from the experimental data by

multiple regression using the least-squares method.

The considered dependent variables to define the chemical changes taking place in the
media were as follows: y;: fructose conversion, defined as moles of fructose
converted/100 moles initial fructose; y,: HMF yield, defined as moles HMF/100 moles
of initial fructose; ys: total yield in valuable products, defined as moles of HMF, FA and
LA/100 moles of initial fructose. Their statistical significance was defined on the basis
of a Student’s t-test, the statistical parameters measuring the correlation (R?) and the

statistical significance of the models (based on the Fisher’s F-test).



2.6 Analytical instrumentation

Evolved gas analysis-mass spectrometry (EGA-MS) measurements were carried out in a
micro-furnace pyrolyzer (Multi-Shot EGA/PY-3030D Pyrolyzer, Frontier Lab) directly
coupled with a 5973 Mass Selective Detector (Agilent Technologies, Palo Alto, CA,
USA) single quadrupole mass spectrometer via a deactivated and uncoated stainless
steel transfer tube (UADTM-2.5N, 0.15mm i.d.x2.5m length, Frontier Lab). The
temperature of the micro-furnace pyrolyzer was programmed from 50°C to 800°C at a
heating rate of 12°C/min under a helium flow (1mL/min) with a split ratio 1:50.
Samples of about 0.5 mg were placed into a steel sample cup. Py-GC/MS measurements
were carried out in a micro-furnace pyrolyser (Multi-Shot EGA/PY-3030D Pyrolyzer,
Frontier Lab). The pyrolysis temperature was 600°C for a period of 20 seconds.
Roughly 100-200 pg of each sample were put into a stainless steel cup and placed into
the micro-furnace of the pyrolyser. The pyrolyser was connected to a gas
chromatograph 6890 Agilent (USA) equipped with a split/splitless injector (used with a
split ratio of 1:10 at a constant temperature of 280°C), an HP-5MS fused silica capillary
column (stationary phase 5% diphenyl and 95% dimethyl-polysiloxane, 30 m x 0.25
mm i.d., Hewlett Packard, USA) and a deactivated silica pre-column (2 m x 0.32 mm

i.d., Agilent J&W, USA).

3. Results and discussion

3.1 Characterization of catalysts

Niobium phosphate (NbPO) and zirconium phosphate (ZrPO) are heterogeneous
catalysts widely used for the conversion of renewable feedstocks due to their acidic
properties, maintained also in polar media and at high temperature [46,48,54]. Several
literature studies have been carried out to determine the acidic properties of metal
phosphates catalysts. Studies have shown that the amorphous form of M** phosphates
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demonstrate higher activity due to increased overall acidity and surface area compared
to their crystalline analogues [53,55,56]. Hattori et al. have investigated the source of
the active sites on this class of catalysts. In their study on Zr phosphate, they concluded
that the catalyst possesses weak and strong acid sites, deriving from P(OH) groups [57].
On the other hand, the Lewis acid centers could be attributed to Zr**, as suggested by
Spielbauer et al. [58].
The nature of acid sites in the Nb phosphate supplied by CBMM has been deeply
investigated. Recently Carniti et al [47] confirmed the presence of both water-tolerant
Lewis acid sites and residual Brgnsted acid sites. Nb phosphate results a higher protonic
solid than the well-known niobic acid catalyst [59]. Lewis acidity can be assigned to
unsaturated Nb°* sites, while Bransted acidity is mainly originated by P-OH groups and,
in lesser extent, by Nb-OH sites. The comparison of the acidity of ZrPO (surface area
108 m?/g) and NbPO (133 m?%g) samples was now performed by means of both NHs-
Thermal Programmed Desorption and FT-Infrared Transmission Spectroscopy after
adsorption of pyridine vapours and desorption at increasing temperatures. Figure 1
compares the NH3-TPD profile of the two samples; they show similar profiles, with a
predominant fraction of sites of low-medium strength and a relatively smaller fraction
of stronger sites. However, the number of acid sites per unit weight is greater for the
ZrPO catalyst, despite its lower surface area. Therefore, ZrPO holds a much greater
aerial surface density of acid sites (measured as the number of sites/m?) than NbPO.
Figure 1, near here
Figure 2 compares the transmission FT-IR spectra recorded at increasing temperatures
for ZrPO and NbPO catalysts after room-T adsorption of pyridine (Figure 2a) and after
room-T adsorption of pyridine and water (Figure 2b).

Figure 2, near here
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ZrPO catalyst displays a greater concentration of Lewis-type sites (L) (1450 cm™)
which are of moderate strength. Conversely, in the case of NbPO, the Lewis sites are
somehow stronger, since their concentration still is relevant even after treatment at
400°C. The two samples show a similar concentration of Bronsted sites (B) (1545 cm™)
of similar strength.

When pyridine and water were co-adsorbed, and the FT-IR spectra were registered after
evacuation at increasing temperature, the two samples showed a different behavior, as
shown in Figure 2b. In the case of ZrPO, only a minor variation of the B/L intensity
ratio was observed, compared to the case of pyridine-only adsorption. In the case of
NbPO the concentration of L sites decreased and the one of B sites increased, with a
relevant increase of the B/L ratio. Moreover, these B sites generated by water
adsorption have a comparatively higher acidity. These data suggest that under hydrous
conditions, NbPO is able to generate strong Bronsted-type acid sites. Conversely, in the
case of ZrPO, acid sites seem to remain mainly of the Lewis type, whereas the B sites
show a comparatively lower strength. A further insight of the type of surface acidity of
the two phosphates in the presence of water was obtained by the gas-phase dehydration
of alcohols. Figure 3 shows the results achieved when a fixed-bed reactor was
continuously fed with ethanol at 15.6% v/v concentration in nitrogen flow.

Figure 3, near here

Tests were carried out in function of time, with a contact time of 0.4 s at 250°C. The
results show that, despite the higher number of acid sites (both per unit of weight and
unit of surface area), ZrPO displays a lower activity than NbPO. Also the diethylether
(DEE)/ethylene (E) yield ratio was very different in the two cases: close to 2.0 for
ZrPO, but to 3.0-4.0 for NbPO. Br¢nsted acid sites are known to play an important role
in the dehydration of ethanol to DEE and catalyst activity is closely related to acid
strength [60]. Therefore, the higher activity and the higher DEE/E ratio shown by NbPO
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can be attributed to the stronger Bronsted-type acidity which is generated in-situ by
interaction between Lewis sites and water formed by ethanol condensation and
dehydration.
The IR spectra of NbPO and ZrPO are reported in Figure 4.

Figure 4, near here
Broad bands at 1007 cm™ and 1016 cm™, respectively of niobium phosphate and
zirconium phosphate, can be assigned to asymmetric stretching of phosphate ion
O=P=0 [61]. Regarding the NbPO spectra, the second broad band at 591 cm™ may be
related to vibration of Nb-O bond, as already reported by Rocha et al. [62]. In the ZrPO
spectra, instead, two adsorption bands can be identified: one at 510 cm™ due to the
asymmetric stretching of Zr-O bond, and one at 594 cm™ due to the bending out of
plane of P-OH bond [63]. Moreover bands at 3418 cm™ and 1622 cm™ are present in
both spectra and related to adsorption of water on the catalyst surface [59].
The spectroscopic analysis of X-ray diffraction (XRD) allows us to determine the
crystal structure and the nature of crystalline domains present in the catalysts. Figure 5
shows the XRD spectra of the NbPO and ZrPO.

Figure 5, near here
The XRD pattern of both samples shows two broad peaks in 26 range of 10-40° and 40-
70° indicating the amorphous nature of these phosphates.
The phosphorus (P)/metal (Zr or Nb) ratio present in the catalytic systems was
determined by XRF analysis, resulting equal to 1.9+0.1 and 0.33£0.05 respectively for
ZrPO and NbPO. Regarding ZrPO, the obtained ratio corresponds to the compound
Zr(HPQOy),. This catalyst was previously reported as highly stable even in hydrolyzing
conditions [53], and more active than crystalline compounds with similar composition,
i.e., a-Zr(HPOy), and C-Zr(HPQO,),. The experimental P/Nb atomic ratio found for
NDbPO is in agreement with that reported by the CMBB (P/Nb atomic ratio 0.29).
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3.2 Fructose conversion with niobium and zirconium phosphates
ZrPO and NbPO were employed in the HMF synthesis from a 10 wt% fructose aqueous
solution. The fructose concentration adopted in this work is higher than most
concentrations reported in literature for aqueous systems [13-16]. Several parameters,
such as amount of catalyst, temperature and reaction time, were investigated and the
results are reported in Table 1.

Table 1, near here
A preliminary fructose dehydration experiment was performed in the absence of catalyst
at 150°C for 15 minutes under MW heating (run 1, Table 1). Under this condition, a
negligible fructose conversion was achieved. On the other hand, the results obtained in
the catalytic runs carried out at the same time and temperature (runs 2-6, Table 1)
showed fructose conversions and HMF yields in the range of 47.6-90.4 mol% and 11.6-
32.0 mol%, respectively, confirming the fundamental role of the catalyst. This role was
better exerted adopting high amounts of the catalyst itself (RAC = 1.25-2.5). When
RAC was increased up to 20 the yield to HMF significantly decreased and humins by-
products prevailed. It is well-known that the acid-catalyzed decomposition of fructose is
expected to proceed according to a number of series-parallel reactions [64], as shown in
Scheme 2.

Scheme 2, near here
A kinetic modelling of this process in the presence of the adopted catalysts has not
been performed and experimental activation energies are still unknown. Working at
150°C with low NbPO loading the substrate decomposition (reaction 1, Scheme 2)
seems prevailing. Indeed, run 6 carried out at the employed highest RAC value, equal
to 20 wt/wt, shows the highest selectivity towards unidentified products. When the
temperature was increased to 180°C, higher formation of HMF and also of LA and FA

was ascertained. This indicates a higher extent of reactions 2 and 4 (Scheme 2), which
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are significantly favoured by the increase of temperature. At higher temperature the
increase of RAC from 5 to 10 (runs 7 and 8, Table 1) led to a slight decrease of fructose
conversion but the selectivity to HMF was significantly improved (from 23.2 to 34.0
mol %). Correspondingly, the humins formation due to the reactions 1 and 3 dropped,
due to the reduction of the amount of introduced stronger Br¢nsted acid sites. Surely,
the novelty of the results reported in this work, respect to those up to now shown in the
literature, comes from the comparatively higher fructose concentration employed. In
fact, the substrate concentration generally ranges from 1 wt% up to 6 wt%.
Additionally, the substrate/catalyst ratio employed here is significantly higher than the
one reported by other groups, which are usually in the range 1-5 wt/wt [13-16]. When
run 9 was replicated in the presence of ZrPO, it resulted slightly less active, leading to a
lower fructose conversion (run 10, Table 1). In fact, a substrate/catalyst ratio of 7.5 (run
11, Table 1) was needed to achieve a fructose conversion similar to that achieved in run
9 with NbPO. This can be ascribed to the fact that ZrPO presents a lower amount of
strong Bronsted acidic sites (which are responsible for fructose dehydration) than
NDbPO, especially under hydrous conditions. Therefore, in comparison with NbPO, a
greater amount of ZrPO was necessary to achieve similar fructose conversion and
product yield. On the other hand, the experiments with ZrPO provided higher HMF
yield and selectivity, with decreased generation of unidentified products. This result
confirms that a milder Br¢nsted acid strength leads to a more selective formation of
HMF. To assess the role of the catalyst at higher temperature, a blank run was
performed at 180°C for 10 minutes (run 12, Table 1). The reaction was slower than the
catalytic runs carried out under the same experimental conditions in the presence of
NbPO and ZrPO (runs 9 and 11 in Table 1), and a limited fructose conversion (35.3
mol%.) was achieved. These results confirm the efficiency of the catalysts for
accelerating the reaction and for improving the HMF yield, in particular when ZrPO
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was employed. In this last case, the HMF selectivity was similar to the one attained in
the blank run 12 (47.0 mol% in the catalytic test, and 47.6 mol% in the blank one, see
Table 1).

From the collected results, it is possible to correlate the achieved catalytic performances
of NbPO and ZrPO with the acid properties of these systems, hypothesizing that strong
Bronsted acid sites are responsible for the fructose conversion, whereas medium
strength Brénsted acid sites drive into a more selective formation of HMF. It must be
emphasized that part of the interest of the results reported in this work comes from the
adopted experimental conditions. In fact, both NbPO and ZrPO catalysts have been
widely tested in fructose dehydration to HMF, also by our research group, but under
less sustainable conditions than those adopted in this work. Many authors carried out
the reaction in organic medium [65] or in a biphasic system [49] in order to increase
HMF selectivity, limiting rehydration reaction to levulinic acid and formic acid and
polymerization reaction to humins [20]. However, these are not sustainable reaction
media, due to their high boiling points that complicate HMF isolation, high cost and,
sometimes, toxicity. In this work, water is employed as reaction solvent even if it leads
to lower HMF selectivity because it is the greenest inexpensive solvent, without
drawbacks for environment and health. On the other hand, the most important
investigations adopting aqueous medium and reaction conditions near to those adopted
by us in this work are summarized in Table 2 [38, 40-41,45].

Table 2, near here

All these works adopt low fructose concentrations (under 8 wt%), and, above all, low
RAC value (under 2 wt/wt). It is well known that an increase of the substrate
concentration leads to a drop of HMF yield due to a greater humins formation [21] and
the achievement of high HMF yield starting from concentrated substrate solution is still
an unsolved challenge. On the other hand, high loadings are necessary for industrial
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application, making easier and cheaper the product recovery. In this perspective, the
yields obtained in this work (up to 33.9 mol% with NbPO and 39.5 mol% with ZrPO)
are of great relevance, because they are similar to those reported in literature but
reached starting from much more concentrated fructose solutions (10 wt%) and with a
higher RAC (10 wt/wt for NbPO and 7.5 wt/wt for ZrPO).

In the literature, the dehydration of fructose with niobium phosphate is also reported in
a flow reactor. Carniti et al. [42] carried out the reaction at temperature between 90-110
°C continuously feeding a 5 wt% fructose aqueous solution, changing the flow rate in
order to have contact times from 5 to 55 min g ml™. Under the best experimental
conditions, they reached a HMF yield around 26 mol%, which is lower than that
reported in this work, notwithstanding it was obtained starting from a lower
concentrated fructose solution.

On the basis of the comparatively better results obtained using ZrPO, an in-depth study
regarding the optimization of HMF synthesis with this catalyst was carried out.

3.3 Optimization of HMF synthesis from fructose through statistical modelling

HMF synthesis from fructose using ZrPO as a catalyst under microwave heating
depends on a large number of variables. In complex problems like this, where the target
variables depend on a number of independent factors, the Response Surface
Methodology (RSM) may be a useful tool for achieving a quantitative interpretation of
the studied phenomena using experimental plans affordable in terms of experimental
work. The assessment started with the identification of the most influential parameters
on fructose conversion, which were employed as independent variables in the statistical
design RAC, t, and T. The initial fructose concentration (10 wt%) and the type of
catalysts, were fixed variables on the basis of previous studies. In the same way, the
ranges considered for the independent variables selected in this study were established

on the basis of preliminary assays. Table 3 shows the operational conditions assayed in
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the experiments making part of the experimental design, the independent variables and
the detailed data of concentration valuable products.

Table 3, near here
As mentioned above, the dependent variables considered to measure the chemical
changes taking place in the media were y;, fructose conversion; y,, HMF yield, and ys,
total yield in valuable products shown in Table 4. Y3 was defined as the sum of the
molar concentration of HMF, FA and LA formed per 100 moles of substrate.

Table 4, near here
According to the data in Tables 3 and 4, fructose conversion resulted in HMF
generation, whereas the formation of measurable amounts of organic acids (LA and FA)
took place just under conditions of intermediate or high severity. The experiments
performed at 150 °C resulted in limited fructose conversions and no formation of LA
and FA (Tables 3 and 4). The almost complete fructose consumption was achieved
under harsh conditions (Tables 3 and 4, run D4). The highest concentrations of FA and
LA were also achieved under the severest conditions considered (Tables 3 and 4).
Severer conditions would be necessary to achieve higher yields of FA and LA, but this
is not the major focus of this study, which is direct towards the optimization of HMF
production.
Concerning the RSM modeling of data, Table 5 lists the values calculated for the set of
regression coefficients involved in the equations describing the behavior of the
dependent variables yi, y2 and ys, as well as their statistical significance on the basis of
a Student’s t-test. The same Table includes the statistical parameters measuring the
correlation (R?) and the statistical significance of the models (measured by the Fisher’s
F parameter).

Table 5, near here
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The coefficients calculated for the fructose conversion y; confirmed that this variable
was significantly affected by time and temperature, the major effects being caused by
this latter; whereas no significant effects were caused by substrate/catalyst ratios within
the tested range. Increased temperatures and/or reaction times improved the substrate
consumption, which presented a wide variation range (from values below 30% in
experiments performed under mild conditions up to almost quantitative consumption
under harsh conditions). The response surface calculated for y; operating at the
intermediate amount of catalyst (x1=0) is shown in Figure 6: fructose conversions >
90% were predicted at 190 °C for reaction times > 9 minutes, or at 184 °C for more than
15 min. Near total conversion was predicted for the severest conditions considered (190
°C, 20 minutes).
Figure 6, near here
The yield in HMF (variable y,) is mainly dependent on temperature, and the model also
shows a significant time-temperature interaction term (Table 4). Figure 7a shows the
calculated dependence of y, on RAC and T for treatments at the intermediate reaction
time, whereas Figure 7b shows the dependence of y, on RAC and time, at 190 °C.
Figure 7, near here

Both figures show that a variation of the substrate/catalyst ratio hardly affects the yield
of HMF. Figure 7c shows the response surface calculated for y, as function of t and T
for x; =-1. For a given reaction time, higher temperatures improve the HMF yield, but at
190 °C, reaction times > 11 minutes promote HMF decomposition. The highest HMF
yields (above 34 mol%) is predicted at 190 °C for reaction times in the range 6.5-11
min. This finding is in agreement with the comparatively high HMF yields obtained in
experiments D3, D7 and D14 of Tables 3 and 4 (all of them performed at the highest
temperature assayed). The experimental model predicts a maximal HMF yield of 36.1

mol% in the optimal conditions: 190 °C for 8.8 min and an RAC= 6 wt/wt. Under these
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conditions, the experimental value of yield for HMF was 39.4 mol% (run 13, Table 1),
confirming the good prediction of the model. The fructose dehydration with NbPO in
the same experimental conditions was also carried out and a yield to HMF of 32.2
mol% was achieved (run 14, Table 1). Oppositely, higher yields of FA and LA (21.3
mol% and 8.1 mol%, respectively) were achieved. Improved HMF yields at high
temperatures have been reported in literature [66]. Rivas et al. [67] found that higher
HMF concentrations from hexoses were achieved at higher temperatures, since this
variable caused more marked effects on the reactions leading to HMF production than
on the reactions involved in HMF decomposition. Concerning the total yield in valuable
products (variable y3), Figure 8 shows the surface response calculated for this variable
as a function of temperature and time for RAC fixed in its minimum value. The major
experimental trends observed for y; are closely related to the ones determined for the
HMF vyield, particularly regarding the beneficial effect of temperature. It can be noted
that the maximum total yield of valuable products (54%) was predicted for the same
temperature than the maximum HMF yield (190 °C), but for a longer reaction time (14.3
min in comparison with 8.8 min).

Figure 8, near here
3.4 Concentration profiles for HMF production from fructose in aqueous media under
microwave irradiation
Figure 9 shows the time concentration profiles determined when fructose was treated in
aqueous media under microwave irradiation using ZrPO as a catalyst, operating at the
best temperature (190 °C) and substrate /catalyst ratio (6) identified in the RSM study.

Figure 9, near here
The initial fructose concentration was 10 wt% (or 555 mmol/L). The substrate was
consumed in part during the heating of the reaction media. When the target temperature

was reached, 63% of the initial amount of fructose remained in the medium. Fructose
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conversion proceeded with a fast kinetics during the first reaction stages (lasting about
10 min), leading to the formation of HMF, FA and LA. The highest HMF concentration
was achieved in the 6 and 15 min, with a maximum experimental yield of 39.3 mol%
after 8.8 min. The HMF concentration dropped markedly for reaction times longer than
15 min, owing to the predominant effects of side reactions leading to the consumption
of the target product. Concerning the concentration profiles determined for FA and LA,
both of them are fairly linear, with similar slope but different ordinate. As it can be seen
in Figure 9, significant amounts of FA were formed during the heating-up period, but no
significant generation of LA took place. This could be ascribed to side reactions that
lead to the formation of FA and other compounds [68,69]. When the target temperature
was achieved, the generation of FA and LA was fairly equimolar, following the
stoichiometry of the HMF rehydration reaction.

3.5 HMF synthesis from inulin

Inulin is a polysaccharide made up of fructose structural units, which is present in many
plants and is industrially produced from chicory. A number of polysaccharides,
including inulin, have been used in literature as feedstocks for HMF production,
because they can be hydrolyzed into monosaccharides (the true HMF precursors) [70].
On the basis of the results obtained for HMF manufacture from fructose in the presence
of NbPO and ZrPO, the same reaction media were assayed for producing HMF from
inulin. Considering that the kinetics of inulin hydrolysis was faster than the dehydration
of fructose into HMF, reactions with inulin were carried out under the optimal
experimental conditions found for each of the catalysts assayed. Table 6 lists the results
achieved starting from inulin using NbPO and ZrPO working at 180°C for 10 minutes
with a substrate/catalyst ratio of 10 for NbPO (run 17, Table 6) and at 190°C for 8
minutes with a substrate/catalyst ratio of 6 for ZrPO (run 18, Table 6). For comparison,

the results achieved with fructose under the same conditions are also included in the
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same Table (runs 9 and 13), together with the blank experiments performed at 180°C
for 10 minutes and at 190°C for 8 minutes.

Table 6, near here
Inulin was completely converted in all the experiments, as it was expected owing to its
high susceptibility to hydrolysis. Regardless the catalyst employed, high fructose
conversions were achieved, and the HMF yields were similar to those obtained using
fructose as a substrate. In the presence of niobium phosphate, the yields of FA and LA
and the generation of unidentified products were similar to those obtained from
fructose. Some differences in the distribution of by-products were observed when inulin
or fructose were reacted in the presence of ZrPO, particularly regarding the FA yield
(which was higher in experiments from fructose) and the selectivity in unidentified
products (which was lower for the same substrate). In order to assess the improvements
derived from the presence of catalysts, blank runs were performed (runs 15 and 16,
Table 6). At the end of the reactions, inulin was not detected, confirming its high
susceptibility to hydrolysis. A significant amount of unreacted fructose was detected at
the end of reactions, and the corresponding HMF yields were much lower than the ones
achieved in catalyzed conditions.
In conclusion, high HMF vyields can be obtained from inulin under the reaction
conditions just identified for the fructose dehydration, confirming the relevance of the
catalytic approach in comparison with autohydrolysis for higher substrate
concentrations.
3.6 Stability and Catalyst recyclability
Since the stability of the catalysts is of great importance in an applicative perspective,
their recyclability has been investigated. NbPO from run 9 and ZrPO from run 13 (see

Table 1) were recovered by filtration, washed with acetone and reused in two successive
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reactions carried out under the same conditions of the first cycle. The results are
reported in Table 7.
Table 7, near here

The obtained results confirm the feasibility of catalyst reactivation by simple washing.
In fact, for both NbPO and ZrPO, only a slight decrease both in fructose conversion and
HMF selectivity was observed. The good efficiency of the washing method suggests
that the most of polymers, probably deriving from condensation reactions, are soluble
ones, easily removed by acetone. A preliminary study of the molecules released in these
washing solutions carried out employing EGA-MS and Py-GC/MS analyses recognized
furanic, benzofuranic and aromatic compounds along with benzofurans and
polyaromatics as main pyrolysis products. These evidences suggest the presence of still
condensed compounds, however removable with the washing procedure. The
straightforward identification of such polymers is under further investigation. In
addition, the leaching of both metals, Nb and Zr, in the reaction media obtained at the
end of the catalytic runs was ascertained by ICP analysis. Under the employed
experimental conditions, NbPO and ZrPO show negligible metal leaching, thus
allowing us to exclude any dissolution of Nb and Zr in the aqueous phase. On the other
hand, in previous work of ours, we also verified the release of P of the ZrPO catalyst
used for lignocellulosic hydrolysis under conventional conditions [54]. It was reported
that the fresh catalyst releases P during the first experiment (there was no dissolution of
Zr), a phenomenon which could explain the slight decline of activity during repeated
uses of the catalyst. However, it was also demonstrated that the low amount of P
released during the first use did not contribute to the catalytic behavior experimentally
observed for the fresh ZrPO catalyst.

In order to verify the presence of organic deposits on the spent catalysts, FT-IR analysis

of NbPO and ZrPO recovered at the end of the reactions run 9 and 10 respectively was
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conducted. The recorded spectra were compared with those of fresh catalysts in Figure
10.

Figure 10, near here
The spectra of spent catalysts show characteristic bands of soluble or insoluble humins
proving that organic deposits are present on catalysts surface. In fact, bands at 1705 cm”
11517 cm™, 1370 cm™ and 1279 cm™ can be identified both in spent NbPO and ZrPO
spectra and assigned respectively to stretching of C=0 of carbonyl groups, stretching of
C=C in furan and/or aromatic compounds, stretching of C-O-C bond of furan ring and
stretching of C-O bond of ethers [71-74]. In addition, the spectrum of the used catalyst
ZrPO shows two others bands: one at 1664 cm™, due to stretching of C=0 of quinones,
and one at 802 cm™ due to bending out of plane of =C-H bond of aromatic and/or furan
rings [74]. Moreover, the characteristic bands of phosphates result less intense in the
spectra of spent catalysts than the corresponding ones of the fresh samples, maybe
because the organic deposits make the catalyst surface less available to the IR radiation.
In Figure 10 the IR spectra of NbPO and ZrPO after the washing treatment are also
reported. It is interesting to highlight that the IR spectra of the catalysts after the acetone
washing are very similar to those of the fresh samples, thus confirming the feasibility of
this simple reactivation method, as indirectly suggested by the recycle tests.
Moreover, TGA analysis was performed and both samples, when heated in air flow,
show a weight loss close to 11% until 400°C; loss is complete at this temperature. This
indicates that organic residues can be removed by means of a mild oxidizing treatment.
Therefore both catalysts result stable and suitable solid acid systems for catalysis in

water.

4. Conclusions
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The dehydration of fructose to HMF with NbPO and ZrPO under sustainable conditions
was investigated. These catalysts present different acidic properties both for amount of
total acidic sites, for Bronsted/Lewis acid site ratio and for their strength. The two
catalysts showed a different catalytic behaviour: NbPO turned out to be more active
than ZrPO in fructose conversion, despite the overall amount and density of acid sites
were considerably lower than those of ZrPO. This was due to the fact that under
hydrous conditions the Lewis sites of NbPO interacted with water and developed
stronger Br¢nsted sites than ZrPO, whose acid features were instead substantially
unchanged under both anhydrous and hydrous conditions. On the other hand, ZrPO was
more selective to HMF than NbPO, which can be addressed to the predominance of
medium-strength Br¢nsted sites while stronger acid sites promote the formation of
undesired heavy compounds.

Therefore, ZrPO results more promising than NbPO, leading to higher HMF yields. The
optimization of HMF synthesis with ZrPO was also carried out through a statistical
modelling, which shows that the highest HMF yield (39.4 mol%) is ascertained at high
temperature (190 °C) and at short times (8 minutes). Comparable results were obtained

starting from inulin.
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Captions for Figures

Figure 1: NH3-TPD profiles of ZrPO and NbPO calcined catalysts.

Figure 2: a) FT-IR spectra recorded at increasing temperatures after room-Temperature
adsorption of pyridine over ZrPO and NbPO catalysts; b) FT-IR spectra recorded at
increasing temperatures after room-Temperature adsorption of pyridine and water over
ZrPO and NbPO catalysts.

Figure 3: Ethanol dehydration in gas-phase catalysed by ZrPO and NbPO catalysts.
Figure 4: FT-IR spectra recorded in ATR mode of NbPO and ZrPO.

Figure 5: XRD patterns of NbPO and ZrPO.

Figure 6: Dependence of the fructose conversion (variable y;) on temperature and time,
calculated for the intermediate substrate/catalyst ratio (x;=0).

Figure 7: Dependence of the HMF yield (variable y,) on the: a) substrate/catalyst ratio
and temperature, calculated for the intermediate time ((x,=-0); b) reaction time and
substrate/catalyst ratio calculated for the maximum temperature assayed ((x3=1); c)
temperature and time, calculated for the substrate/catalyst ratio of 6 (x;=-1).

Figure 8: Dependence of the total yield in valuable products (variable ys;) on
temperature and time, calculated for the substrate/catalyst ratio x;=-1.

Figure 9: Concentration profiles determined for the fructose, HMF, formic acid and
levulinic acid, operating in microwave system, in water at 190°C using ZrPO as catalyst
in RAC= 6 wt/wt. Initial amount of fructose: 555 mmol/L.

Figure 10: Comparison between FT-IR spectra of fresh catalyst, spent catalyst and
catalyst after washing reactivation for NbPO and ZrPO, in wavenumber range of 1850-
430 cm™,

Scheme 1: Mechanism of fructose dehydration.

Scheme 2: Reaction network for the conversion of fructose to HMF.
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Table 1: Dehydration of aqueous fructose solutions (10% wt) to HMF in the presence

of niobium phosphate and zirconium phosphate in different reaction conditions (RAC =

substrate/catalyst ratio wt/wt).

HMF (mol%) EA Unidentified
t T Conv. ] ] products
Run Cat RAC (min) (°C) (mol%) yield yield selectivity
ield  Select (Mol%)  (mol%)
(mol%o)

1 Blank / 15 150 4.2 2.5 60.0 0.0 0.0 40.5
2 NbPO 1.25 15 150 90.4 32.0 35.4 11.4 4.2 52.0
3 NbPO 25 15 150 75.4 27.4 36.3 trace trace 63.7
4 NbPO 5 15 150 56.9 16.7 29.4 trace trace 70.7
5 NbPO 10 15 150 54.8 15.3 27.8 trace trace 72.1
6 NbPO 20 15 150 47.6 11.6 24.3 trace trace 75.6
7 NbPO 5 15 180 95.9 22.2 23.2 13.6 5.2 62.7
8 NbPO 10 15 180 93.7 31.8 34.0 15.3 3.6 49.7
9 NbPO 10 10 180 86.5 33.9 39.2 13.3 2.0 454
10 ZrPO 10 10 180 76.4 36.6 47.9 11.2 0.7 37.4
11 ZrPO 75 10 180 84.2 39.5 47.0 13.3 2.4 37.3
12 Blank / 10 180 35.3 16.8 47.6 trace trace 52.4
13* ZrPO 6 8 190 96.3 39.4 40.9 14.1 5.3 44.4
14*  NbPO 6 8 190 97.7 32.2 329 21.3 8.1 45.2

* discussed in Section 3.3.
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Table 2: Reaction conditions and HMF yields obtained in water from literature

investigations.

Literature Fructose loading RAC HMF yield
Cat T(°C) t(min)

Reference (Wt%) (wt/wt) (mol%o)
[41] NbPO 100 360 6% 1.4-1.6 30%
[45] NbPO 130 30 8% 1 45%
[40] ZrPO 100 60 6% 1.8 44%
[38] ZrPO 240 2 1% 2 50%
[40] TiPO 100 60 6% 1.8 41%
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Table 3: Operational conditions defining the experiments assayed for HMF production
from fructose using ZrPO as catalyst, expressed in terms of dimensional and

dimensionless variables and concentrations fructose and reaction products (HMF, FA

and LA).
Dimensionless ) )
_ Dimensional .
normalized ) Concentrations (mmol/L)
) variables
variables
RAC t T
Run X1 X2 X3 Fructose HMF FA LA

(wiw) (min) (°C)

D1 -1 -1 -1 6 5 150 390.1 16.3 0.0 0.0
D2 -1 1 -1 6 20 150 323.7 61.7 0.0 0.0
D3 -1 -1 1 6 5 190 84.9 202.7 416 18.0
D4 -1 1 1 6 20 190 7.6 130.3 829 539
D5 1 -1 -1 15 5 150 394.3 8.2 0.0 0.0
D6 1 1 -1 15 20 150 353.4 55.0 0.0 0.0

D7 1 -1 1 15 5 190 1247 1942 279 10.3
D8 1 1 1 15 20 190 8.8 1416 69.1 411
D9 -1 0 0 6 125 170 1259 1558 279 103
D10 1 0 0 15 125 170 1577 1317 279 26
D11 0 -1 0 10.5 5 170 351.8 65.0 0.0 0.0
D12 0 1 0 10.5 20 170 943 1558 279 129
D13 0 0 -1 105 125 150 358.1 36.1 0.0 0.0
D14 0 0 1 105 125 190 16.9 1899 554 283
D15 0 0 0 105 125 170 1704 1303 279 52
D16 0 0 0 105 125 170 1844 1487 04 0.0
D17 0 0 0 105 125 170 1528 1544 279 52
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Table 4: Experimental conversion of fructose (y;), and experimental HMF yield (y-)
and the total molar yield of valuable products (ys,) (see Table 2 for operational

conditions corresponding to a given experiment).

Run y1 (%) y2 (%0) y3 (%0)
D1 29.7 2.9 2.9
D2 41.8 11.1 11.1
D3 84.7 36.5 47.3
D4 98.6 23.5 48.1
D5 29.0 15 15
D6 36.4 9.9 9.9
D7 77.6 34.9 40.5
D8 98.4 25.5 45.4
D9 17.4 28.0 35.0
D10 68.5 23.0 29.2
D11 36.7 11.7 11.7
D12 83.0 28.1 35.4
D13 35.5 6.5 6.5
D14 97.0 34.2 49.3
D15 69.3 23.5 29.4
D16 66.8 26.8 26.9

D17 72.5 27.8 33.8




Table 5: Regression coefficients (bg;...bss;) and statistical parameters measuring the

correlation and significance of models.

Variable
Parameter
Y1 y2 Y3
Boj 69.06** 24.99** 29.49**
by -2.235 -0.725 -1.792
by; 10.05** 1.050 4.608*
bs; 28.39** 12.27** 19.85**
b1y 0.289 0.485 0.538
b3 -0.159 0.392 -0.858
D23 1.923 -4.882* -1.356
D11 4.202 1.264 2.986
b2y -8.853 -4.350 -5.539
b3 -2.473 -3.870 -1.206
Multiple correlation
coefficient 0.975 0.959 0.981
R’ 0.951 0.922 0.962
Adjusted R? 0.887 0.821 0.914
F exp. 15.02 9.142 20.00

* Coefficients significant at the 95% confidence level

** Coefficients significant at the 99% confidence level




Table 6: Comparison between fructose and inulin aqueous solutions (10% wt) as
substrate in dehydration reactions with niobium phosphate and zirconium phosphate and

inulin blank runs (the conversion of inulin was always complete).

i 0 Unidentified
Experimental Conv HMF (mol%o) FA LA o
iti roducts
Run Cat Substr. Conditions Fruct. yield yield P o
T t R selectivity
(mol%) ) (mol%)  (mol%)
°C  min A Yield Select (mol%)
C
15 Blank  inulin 180 10 / 38.0 13.8 36.3 trace trace 59.5
16 Blank  inulin 190 8 / 459 16.6 36.2 3.1 1.8 57.1
9 NbPO fructose 180 10 10 86.5 33.9 39.2 13.3 2.0 454
17 NbPO  inulin 180 10 10 92.5 334 36.1 14.9 3.2 455
13 ZrPO  fructose 190 8 6 96.3 39.4 40.9 14.1 5.3 444
18 ZrPO inulin 190 8 6 98.1 42.1 429 6.5 2.3 50.5
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Table 7: Dehydration reaction of fructose in the presence of NbPO (reaction conditions:

T=180°C; t=10 min; RAC=10 wt/wt) and ZrPO (reaction conditions: T=190°C; t=8

min; RAC=6 wt/wt) and two subsequent recycles of the solid catalysts.

Unidentified
HMF (% mol)
Conv. FAvyield LA yield products
Run cat % mol (Y%omol)  (%omol) lectivit
mo mo mo selectivi
Pomol - ield  select P ° y
(% mol)
9 Fresh NbPO 86.5 339 392 13.3 2.0 45.4
9bis  Used NbPO 84.8 318 375 12.9 2.0 47.3
9tris  Used NbPO 83.8 30.1 359 12.6 1.8 49.0
13 Fresh ZrPO 96.3 39.4 409 14.1 5.3 44.4
13bis  Used ZrPO 94.5 383 405 13.8 5.1 44.8
13tris  Used ZrPO 92.7 36.1 389 135 4.9 46.5
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 9
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Figure 10
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