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Abstract: Commercial niobium and synthesized zirconium phosphates were tested as water-tolerant
heterogeneous acid catalysts in the hydrothermal conversion of different bio-based substrates. Differ-
ent acid-catalyzed reactions were performed using biomass-derived model compounds and more
complex real lignocellulosic biomasses as the substrate. The conversion of glucose and cellulose was
preliminarily investigated. Then, a wide plethora of raw lignocellulosic biomasses, such as conifer
wood sawdust, Jerusalem artichoke, sorghum, miscanthus, foxtail millet, hemp and Arundo donax,
were valorized towards the production of water-soluble saccharides, 5-hydroxymethylfurfural (HMF),
levulinic acid (LA) and furfural. The different catalytic performances of the two phosphates were
explained on the basis of their acid features, total acidity, Brønsted/Lewis acid sites ratio and strength.
Moreover, a better insight into their structure–acidity relationship was proposed. The different acid
properties of niobium and zirconium phosphates enabled us to tune the reaction towards target
products, achieving from glucose maximum HMF and LA yields of 24.4 and 24.0 mol%, respectively.
Remarkably, when real Jerusalem artichoke biomass was adopted in the presence of niobium and
zirconium phosphate, maximum yields of furanic compounds and cellulose-derived sugars of 12.7
and 50.0 mol%, respectively, were obtained, after only 1 h of reaction. The synthesized hydrolysates,
which were found to be rich in C5 and C6 carbohydrates, can be better exploited for the cascade
production of more added-value bio-products.

Keywords: niobium phosphate; zirconium phosphate; lignocellulosic biomasses;
5-hydroxymethylfurfural; levulinic acid; sugars; oligomers

1. Introduction

Emerging economies with political and environmental concerns about fossil fuels have
spurred research into utilizing biomass as feedstock for the sustainable production of new
fuels and chemicals. 5-hydroxymethylfurfural (HMF) [1,2] and levulinic acid (LA) [3,4]
are very versatile platform chemicals, usable as building blocks for the synthesis of many
added-value bio-fuels [5,6] and bio-chemicals [7,8]. The hydrothermal production of HMF
and/or LA from lignocellulosic biomasses involves a multistep complex reaction sequence
which, once glucose is formed by the hydrolysis stage, includes: i) the isomerization
of glucose to fructose, ii) fructose dehydration to HMF, and iii) HMF ring opening by
hydrolysis to LA. In this context, many side reactions occur, mainly as condensations of
furanic compounds, to give low-molecular water-soluble and higher-molecular water-
insoluble humins [9,10]. Formic acid (FA) is co-produced in equimolar amount, or even
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slightly higher than LA within LA synthesis (in this latter case due to the possible side
reactions of reactive intermediates) [11,12]. The general pathway of the involved reactions,
starting from glucose, is reported in Scheme 1.
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Scheme 1. Reaction pathway of isomerization/dehydration/hydrolysis reactions from glucose to
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Each of these reactions behaves differently, depending on the type and strength of the
acid catalyst. Lewis acids selectively favor the first isomerization step of glucose to fructose,
whereas Brønsted acids enable the subsequent dehydration/hydrolysis reactions [2,13,14].
Therefore, HMF synthesis requires an accurate tuning both of Brønsted/Lewis acidity and
the strength of their acid sites, together with mild reaction conditions of temperature and
time, whereas the subsequent HMF hydrolysis to LA needs Brønsted sites and harsher
reaction conditions [15,16]. Focusing on HMF production, this compound is traditionally
synthesized starting from syrups extracted from energy crops, adopting homogeneous
catalysts followed by liquid/liquid extraction with organic solvents [17]. In a similar way,
LA production traditionally involves the use of strong inorganic acids, such as HCl and
H2SO4, as homogeneous catalysts of a two-stage process where LA is first produced and
then recovered by stripping [4]. For both HMF and LA processes, the difficult recovery
of the homogeneous catalyst, disposal problems and equipment corrosion issues make
heterogeneous systems certainly more attractive for industrial applications. Nevertheless,
few examples of heterogeneous catalysts for HMF and LA production have been reported
in the literature, such as metal oxides, carbon-based catalysts, zeolites, metal–organic
frameworks (MOF), resins and metal phosphates [1,2]. Metal oxides [1,18] have low activity
and need organic solvents, leading to environmental and economic drawbacks. Similarly,
carbon-based catalysts [1,19] show low activity and selectivity, as well as poor stability,
resulting in the easy leaching of the active components. On the other hand, zeolites have
a good thermal stability, but undergo deactivation by pore blockage as a consequence
of the precipitation of various reaction by-products on their surfaces. Moreover, zeolite
systems [1,20] generally undergo metal leaching in the aqueous phase, thus resulting in
these applications quite unstable. MOFs exhibit high porosity and better tunable reactivity
than zeolites, at the same time requiring simpler synthesis procedures. Despite these
relevant advantages, synthesized MOFs still show poor thermochemical stability due to
the weak coordination bond of the bridged metal [1,21]. Acid resins generally show higher
catalytic performances than the above-mentioned catalysts, but their satisfactory recycling
is still difficult to achieve, thus making their industrial application unfeasible [1,16]. Finally,
metal phosphates, in particular niobium and zirconium phosphates (NbPO and ZrPO),
appear to be promising systems, keeping their strong acidic properties even in polar
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liquids such as water and at high temperatures. Remarkably, these catalysts can be easily
reactivated by simpler thermal treatments [2].

Up to now, few works have reported the use of heterogeneous catalysts for the syn-
thesis of HMF and LA starting from real feedstocks, and their employment is generally
limited to the conversion of model substrates, such as soluble sugars or pure cellulose [4].
In this context, Table 1 summarizes the most relevant literature results on the catalytic
performances of NbPO and ZrPO towards HMF and LA production in water, starting from
model sugars and/or real biomasses.

Table 1. Literature review on HMF and LA production in water catalyzed by NbPO and ZrPO
(RAC = substrate/catalyst ratio wt/wt).

Catalyst Substrate Product Reaction
Conditions

Product
YIeld (mol%) Reference

NbPO Fructose HMF 190 ◦C, 8 min, RAC 6 wt/wt,
10 wt% loading 32.2 [2]

NbPO Fructose HMF 130 ◦C, 60 min, RAC
1 wt/wt, 4.5 wt% loading 33.6 [22]

NbPO Glucose HMF 145 ◦C, 180 min, RAC
3 wt/wt, 2 wt% loading 15.0 [23]

NbPO Glucose HMF 140 ◦C, 60 min, RAC
1 wt/wt, 4.5 wt% loading 14.1 [22]

NbPO Glucose HMF 135 ◦C, 390 min, RAC
2 wt/wt, 6.2 wt% loading 11.2 [24]

NbPO Cellobiose HMF 140 ◦C, 10 min, RAC
10 wt/wt, 1 wt% loading 6.0 [25]

ZrPO Fructose HMF 190 ◦C, 8 min, RAC 6 wt/wt,
10 wt% loading 39.4 [2]

ZrPO Glucose HMF 160 ◦C, 150 min, RAC
2 wt/wt, 10 wt% loading 15.0 [14]

ZrPO Glucose HMF 155 ◦C, 360 min, RAC
2 wt/wt, 0.5 wt% loading 46.6 [26]

ZrPO Glucose LA 160 ◦C, 150 min, RAC
2 wt/wt, 10 wt% loading 14.0 [14]

ZrPO Food
waste HMF 160◦C, 360 min, RAC

2 wt/wt, 4 wt% loading 4.3 a [27]

a Yield expressed as weight % with respect to biomass dry weight due to the absence of the cellulose content in
the biomass.

In this work, the catalytic performances of NbPO and ZrPO have been evaluated for
several acid-catalyzed hydrolysis/isomerization/dehydration reactions, starting not only
from model glucose and cellulose, but also from real lignocellulosic biomasses, such as
conifer wood sawdust, Jerusalem artichoke, sorghum, miscanthus, foxtail millet, hemp and
Arundo donax. In this context, the correlation between the Brønsted/Lewis acidity of NbPO
and ZrPO and their catalytic performances has been investigated, especially clarifying
the acidity role and structural modifications which phosphates may undergo in the water
medium. Moreover, starting from glucose, the optimization of HMF and LA synthesis with
NbPO and ZrPO has been carried out. On the other hand, starting from raw lignocellulosic
biomasses and employing the same phosphates, it is possible to easily access the plant
tissue and selectively produce furanic compounds (HMF and furfural) or cellulose-derived
sugars which can be further converted into a plethora of more added-value products within
the biomass supply chain. The proposed approach, in particular the employment of these
phosphates for the one-pot conversion of low-cost substrates, represents a preliminary but
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necessary step towards heterogeneously catalyzed biomass conversion from the perspective
of the development of these processes on a greater industrial scale.

2. Results and Discussion
2.1. Conversion of Glucose in the Presence of NbPO and ZrPO

Commercial NbPO and synthesized ZrPO were tested for the conversion of glucose in
water. These systems are characterized by the presence of both Brønsted and Lewis acid
sites and they were already successfully adopted by us for the microwave (MW)-assisted
dehydration of fructose and inulin to HMF [2]. Table 2 summarizes the acid properties of
NbPO and ZrPO under the hydrous conditions studied in previous research [2].

Table 2. Acid properties of NbPO and ZrPO under hydrous conditions [2].

Total Acidity (mmol/g) a Brønsted/Lewis Ratio b

NbPO 0.33 1.0

ZrPO 0.43 0.2
a Determined by NH3-TPD analysis; b values at 200 ◦C obtained from FT-IR spectra recorded at increasing
temperature after room-temperature co-adsorption of pyridine and water.

The dehydration of fructose to HMF reaction requires Brønsted acidity, whereas both
Lewis and Brønsted acidities are necessary when glucose is employed as substrate and
their balance, in terms of the number and strength of the acid sites, is of paramount
importance. In fact, the transformation of glucose to HMF is characterized by a complex
network of reactions which are differently promoted by Lewis or Brønsted acid sites. On
this basis, the study of the different behaviors of these two systems in aqueous medium is
of particular interest.

Firstly, the reaction has been investigated in the autoclave reactor at the temperature
of 150 ◦C, adopting the glucose loading of 5 wt% and the glucose/catalyst weight ratio of
1.2, selected on the basis of preliminary tests (not reported). The obtained results are shown
in Figure 1. NbPO shows higher glucose conversion than ZrPO, and this can be justified
considering that NbPO in aqueous media is characterized by a higher amount of Brønsted
acid sites which promote the dehydration/hydrolysis reaction. In particular, they can boost
the fructose dehydration to HMF and, as consequence, foster the isomerization equilibrium
from glucose towards fructose, thus improving the glucose conversion. Regarding the
products’ distribution, in a short reaction time, NbPO shows a relatively high selectivity
and yield towards HMF, whereas ZrPO reveals a marked selectivity towards fructose. This
can be explained considering the different types of catalysts’ acid properties [2]. In fact, in
water, NbPO has fewer Lewis centers and a larger amount of Brønsted ones than ZrPO,
but all of them are characterized by high acid strength. The peculiar balance of these
acid centers allows us to obtain the selective formation of HMF with NbPO. In fact, the
Lewis centers boost the isomerization of glucose to fructose, whereas the Brønsted ones
favor the subsequent dehydration of fructose to HMF. As consequence, the isomerization
of glucose to fructose is further enhanced and HMF selectivity higher than 60 mol% is
achieved at the beginning of the reaction (30 min). On the other hand, ZrPO, under the
same aqueous conditions, is characterized by a higher concentration of acid sites with
a predominant Lewis nature (Table 2), allowing a higher selectivity in fructose at the
beginning of the reaction.



Catalysts 2022, 12, 1189 5 of 27
Catalysts 2022, 12, 1189 5 of 27 
 

 

 
Figure 1. Glucose conversion in the presence of NbPO and ZrPO as acid catalysts in autoclave at 
150 °C. Reaction conditions: glucose = 2.47 g; catalyst = 2.06 g; water = 47.0 g; T = 150 °C. Note: where 
the error bars are not visible, they are smaller than the symbols. 

Moreover, it is interesting to note the different behavior of the two systems in the 
range 1–3 h. When NbPO is employed, a significant decrease in HMF selectivity occurs 
without the simultaneous production of LA, thus indicating the formation of humins, as 
confirmed by the corresponding lower %C recovered (mol%). On the other hand, in the 
presence of ZrPO, HMF selectivity increased and a scarce production of humins took 
place, as confirmed by the higher %C recovered (mol%) for ZrPO (after 3 h, the %C recov-
ered results were 74.5 and 82.6 mol% for NbPO and ZrPO, respectively). For both phos-
phates, the prolonging of the reaction time favors the conversion of HMF to LA, due to 

Figure 1. Glucose conversion in the presence of NbPO and ZrPO as acid catalysts in autoclave at
150 ◦C. Reaction conditions: glucose = 2.47 g; catalyst = 2.06 g; water = 47.0 g; T = 150 ◦C. Note:
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Moreover, it is interesting to note the different behavior of the two systems in the
range 1–3 h. When NbPO is employed, a significant decrease in HMF selectivity occurs
without the simultaneous production of LA, thus indicating the formation of humins, as
confirmed by the corresponding lower %C recovered (mol%). On the other hand, in the
presence of ZrPO, HMF selectivity increased and a scarce production of humins took place,
as confirmed by the higher %C recovered (mol%) for ZrPO (after 3 h, the %C recovered
results were 74.5 and 82.6 mol% for NbPO and ZrPO, respectively). For both phosphates,
the prolonging of the reaction time favors the conversion of HMF to LA, due to the presence
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of Brønsted acid sites, with comparable LA yields after 6 h of reaction (12.7 mol%). These
results highlight that the kinetics of NbPO and ZrPO are different: NbPO is more active and
more selective towards HMF in the short reaction time, due to the equal amount of Brønsted
and Lewis acid sites that promote the conversion of glucose to HMF through fructose. On
the other hand, ZrPO, which is characterized by predominant Lewis acidity, led to a slower
conversion and higher fructose selectivity in the short reaction time. The achieved catalytic
performances indicate commercial NbPO as a suitable system for the production of HMF,
reaching the HMF yield of 22.2 mol% after only 3 h of reaction and the highest HMF yield
of 24.4 mol% after 6 h; these values are higher than those reported in the literature for
analogous systems in aqueous medium [1,22,23,28]. In fact, working in pure water, which
leads to a high decomposition of the formed HMF [28], Ordomsky et al. obtained HMF
yields below 10 mol%, working with the same NbPO system at 135 ◦C and adopting the
glucose loading of 5 wt% [24]. The same authors reached the highest selectivity to HMF
equal to 56 mol% at 20 mol% glucose conversion in the presence of a synthesized NbPO
with a Brønsted/Lewis acid sites ratio equal to 1 [24], the same acid ratio of the commercial
NbPO adopted in our experimental conditions where the maximum HMF selectivity
resulted in 62.5 mol% at 11.9 mol% glucose conversion. Moreover, they studied the catalytic
performances of various synthesized metal phosphates in glucose transformation to HMF,
whose performances followed the order: aluminum < titanium < zirconium < niobium
phosphate, in agreement with the increase in the strength of their acid sites. The excess of
Lewis acid sites caused the excessive formation of undesired humins, leading to significant
catalyst deactivation. The authors proposed that the synergism between a protonated
phosphate group and a nearby metal Lewis acid site in the two-stage glucose transformation
into HMF led to highly selective glucose isomerization/dehydration, whereas an excess
of Lewis acidity favored the undesired conversion of glucose into humins, decreasing the
selectivity to HMF. These considerations on the Brønsted/Lewis acidity of the phosphates
derive from FT-IR experiments carried out through the adsorption of pyridine, but the
authors do not consider the effect of water on the catalytic properties of the phosphates.
From this perspective, Antonetti et al. [2] studied the Brønsted/Lewis acidity of NbPO
and ZrPO when pyridine and water were co-adsorbed and compared the achieved results
to the case of pyridine-only adsorption. Working under hydrous conditions, the authors
proved that a significant increase in the Brønsted/Lewis ratio occurred for the NbPO
system, whereas only a minor variation in the Brønsted/Lewis intensity ratio was observed
for ZrPO. Furthermore, the new Brønsted sites generated on the NbPO surface by water
adsorption had comparatively higher strength, thus making this system (under hydrous
conditions) a strong Brønsted-type acid system. On the other hand, under the same hydrous
conditions, ZrPO acid sites remained mainly of the Lewis type, together with Brønsted
sites of comparatively lower strength, changing the acid features little. Comparable results
to Ordomsky et al. were also obtained by De Jesus Junior et al. [23], who studied the
conversion of 2 wt% aqueous solution of glucose to HMF in the presence of the commercial
NbPO, achieving the highest HMF yield equal to 15 mol% at 145 ◦C after 3 h of reaction.
Moving towards synthesized NbPO, higher HMF yields up to 33.6 mol% were obtained
from 4.8 wt% glucose aqueous solution in pure water, adopting a porous NbPO catalyst
synthesized at pH = 7 working at 140 ◦C for 1 h [22]. Moreover, it was found that an
excess of Brønsted acid sites could inhibit the isomerization of glucose to fructose, which
is a Lewis acid-promoted process, but boosts the subsequent fructose conversion. On the
other hand, an excess of Lewis acidity has a negative influence on the dehydration of
fructose, which would lead to undesired side effects with the subsequent formation of
humins [13,22]. NbPO prepared at pH = 7 showed the best catalytic performance, achieving
HMF selectivity up to 50 mol%, starting from glucose, under the best reaction conditions.
In addition, this synthesized catalyst exhibited excellent stability, with almost no decrease
in activity and/or selectivity, even after seven successive runs [22]. Moving to ZrPO, on
the basis of the achieved results in our work„ it can be considered a promising catalyst for
the production of LA, thanks to its higher selectivity to LA compared to NbPO (Figure 1)
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and the %C recovered (mol%). Thus, in order to confirm this behaviour and increase
the production of LA, ZrPO was tested at 180 ◦C under the same reaction conditions, as
reported in Figure 2.
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The increase in temperature improves the glucose conversion, which reaches the
value of 71 mol% after only 3 h, instead of 53 mol% after 6 h at 150 ◦C. Moreover, after
1 h of reaction at 180 ◦C, the selectivity to fructose is lower than that achieved at 150 ◦C
because this last compound has been converted through dehydration to HMF and the
latter has been involved in the hydrolysis reaction with the formation of LA and FA, which
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resulted the main products after 6 h of reaction. In this case, the LA yield of 24.0 mol%
is obtained after 6 h, highlighting that ZrPO is a promising system for the production of
LA at the reaction temperature of 180 ◦C. The faster kinetics with the rise in temperature
is also confirmed with the HMF production: at 180 ◦C, the highest HMF yield equal to
17.8 mol% is achieved after 2 h of reaction, whereas an analogous value was obtained after
6 h at 150 ◦C. The ascertained highest LA yield with ZrPO is better than that reported
in the literature by Weingarten et al. where the ZrPO synthesized according to the same
procedure with the P/Zr molar ratio of 2 resulted the best system, achieving the highest
LA yield of 14.0 mol% working at 160 ◦C [14]. To further improve the selective conversion
of glucose towards HMF or LA catalyzed by NbPO and ZrPO, respectively, several tests
have been performed under MW irradiation. This is an effective and sustainable tool at
the laboratory scale for a rapid screening, enabling a higher heating rate than traditional
heating systems, homogeneous heat distribution, efficient control and remarkable energy
and time saving [6]. Firstly, in order to optimize the HMF production with NbPO, the effect
of the temperature and reaction time was considered and optimized, adopting the same
glucose/NbPO weight ratio of 1.2 and glucose loading of 5 wt%. The obtained results are
reported in Table 3.

Table 3. MW-assisted conversion of glucose carried out in the presence of NbPO catalyst. Reaction
conditions: glucose = 0.24 g; catalyst = 0.20 g; water = 4.6 g.

Run T
(◦C)

t
(min)

Glucose Conversion
(mol%)

Fructose Yield
(mol%)

HMF Yield
(mol%)

LA Yield
(mol%)

HMF Sel.
(mol%)

%C Recovered
(mol%)

1 140 30 40.0 4.3 13.0 1.0 32.5 78.3

2 150 30 36.0 4.6 11.7 0.6 32.5 80.9

3 160 30 54.0 4.0 23.0 1.1 42.6 74.1

4 160 45 64.0 4.0 21.0 4.6 32.8 65.6

5 a 160 30 29.0 2.0 2.4 - 8.3 75.4

6 170 30 63.0 4.8 19.7 4.6 31.3 66.1

7 180 30 95.0 3.0 19.0 9.0 20.0 36.0
a Blank test carried out in the absence of catalyst.

Preliminary tests performed at low temperatures (100-120 ◦C, not shown) led mainly
to low amounts of isomerization products (fructose) and up to 5 mol% of HMF yield.
This result, although modest in terms of yield, is related to the presence of strong Lewis
acid sites on NbPO that catalyze glucose isomerization in aqueous environments at such
low temperatures. A further increase in temperature up to 140 ◦C results in 13 mol%
HMF yield and only 1 mol% LA after 30 min of reaction (run 1, Table 3). Then, higher
temperatures (up to 160 ◦C) allow improved HMF yields up to 23.0 mol% (runs 2 and 3,
Table 3), whereas LA yields reach only 1.1 mol%. At 150 ◦C, after the same reaction time
of 30 min, in the absence of MW (Figure 1), both glucose conversion and HMF yield are
lower (glucose conversion 11.9 mol% and HMF yield 7.4 mol%, respectively), evidencing
MW as an efficient tool to speed up the reaction [29]. Taking into account that the best
HMF yield (23.0 mol%) was achieved working at 160 ◦C and 30 min of reaction (run 3,
Table 3), a new hydrolysis test was carried out at the same reaction temperature, but for a
longer reaction time, equal to 45 min (run 4, Table 3). In this case, an almost comparable
HMF yield (21.0 mol%) was obtained but, due to the subsequent rehydration of HMF to
LA (yield of 4.6 mol%), together with a lower HMF selectivity (32.8 mol%). Under the
best reaction conditions (run 3, Table 3), a blank experiment was also carried out (run 5,
Table 3) which unequivocally confirmed the key role of the NbPO catalyst for the HMF
synthesis. Lastly, higher temperatures were tested (runs 6 and 7, Table 3), showing that
these are not appropriate for the HMF synthesis, but rather promoting the consecutive
formation of LA (run 7, Table 3). Adopting MW irradiation, it is interesting to note that
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the highest HMF yield (23.0 mol%), which is comparable to that obtained working in
autoclave and higher than those reported in the literature for analogous systems in aqueous
phase [1,22,23,28], was reached after only 30 min, highlighting again the efficiency of MW
heating. After having identified the optimal temperature for the HMF synthesis (160 ◦C)
adopting MW irradiation, a more thorough investigation of the kinetics was performed,
adopting the same glucose/NbPO weight ratio of 1.2 and glucose loading of 5 wt%, and
the corresponding results are shown in Figure 3.

Catalysts 2022, 12, 1189 9 of 27 
 

 

autoclave and higher than those reported in the literature for analogous systems in aque-
ous phase [1,22,23,28], was reached after only 30 minutes, highlighting again the efficiency 
of MW heating. After having identified the optimal temperature for the HMF synthesis 
(160 °C) adopting MW irradiation, a more thorough investigation of the kinetics was per-
formed, adopting the same glucose/NbPO weight ratio of 1.2 and glucose loading of 5 
wt%, and the corresponding results are shown in Figure 3.  

 
Figure 3. MW-assisted conversion of glucose in the presence of NbPO as acid catalyst at 160 °C. 
Reaction conditions: glucose = 0.25 g; catalyst = 0.21 g; water = 4.8 g, T = 160 °C. Note: where the 
error bars are not visible, they are smaller than the symbols. 

Figure 3. MW-assisted conversion of glucose in the presence of NbPO as acid catalyst at 160 ◦C.
Reaction conditions: glucose = 0.25 g; catalyst = 0.21 g; water = 4.8 g, T = 160 ◦C. Note: where the
error bars are not visible, they are smaller than the symbols.



Catalysts 2022, 12, 1189 10 of 27

Figure 3 shows that the highest HMF yield was obtained working at 160 ◦C after
30 min of reaction, confirming the data already reported in Table 3 (run 3). The selectivity
to HMF increases up to 30 min of reaction, when it reaches the maximum value equal
to 42.6 mol%, then it slowly decreases as a consequence of the relevant rehydration of
HMF to LA with the simultaneous increase in LA selectivity and yield. Starting from
the best MW-assisted hydrolysis test to HMF with the NbPO catalyst, ZrPO was also
tested under the same reaction conditions (T = 160 ◦C, glucose/ZrPO weight ratio = 1.2,
glucose loading = 5 wt%, t = 30 min). The obtained data with the two catalytic systems are
compared in Table 4.

Table 4. MW-assisted conversion of glucose carried out in the presence of ZrPO catalyst. The
corresponding hydrolysis experiment with NbPO has been reported for comparison. Reaction
conditions: glucose = 0.26 g; catalyst = 0.22 g; water = 5.0 g; T = 160 ◦C; t = 30 min.

Catalyst
Glucose

Conversion
(mol%)

Fructose Sel.
(mol%)

Fructose
Yield (mol%)

HMF
Sel.

(mol%)

HMF
Yield (mol%)

LA
Sel.

(mol%)

LA
Yield (mol%)

NbPO 54.0 7.4 4.0 42.6 23.0 2.0 1.1

ZrPO 41.4 4.8 2.0 23.6 9.8 4.4 1.8

Table 4 highlights that NbPO shows better catalytic performances in terms of con-
version, yield and selectivity to HMF than ZrPO, in agreement with the corresponding
autoclave tests (Figure 1). On this basis, taking into consideration that ZrPO was active for
the production of LA in the longer reaction time, in order to fully exploit the potentialities
of ZrPO catalyst for the selective synthesis of LA from glucose, new hydrolysis experiments
were carried out under MW irradiation, increasing the reaction temperature up to 190 ◦C
and the reaction time up to 45 min. The results of the MW-assisted experiments are reported
in Table 5.

Table 5. MW-assisted conversion of glucose in the presence of ZrPO catalyst at 180 and 190 ◦C.
Reaction conditions: glucose = 0.25 g; catalyst = 0.20 g; water = 4.8 g; t = 45 min.

T
(◦C)

Glucose
Conversion

(mol%)

Fructose
Sel.

(mol%)

Fructose
Yield (mol%)

HMF
Sel.

(mol%)

HMF
Yield (mol%)

LA
Sel. (mol%)

LA
Yield (mol%)

160 49.1 6.1 3.0 36.7 18.0 8.9 4.4

180 54.7 5.6 3.1 32.6 17.8 20.8 11.4

190 72.3 2.4 1.7 23.4 16.9 21.9 15.8

The above data agree with those reported in the literature regarding the effect of
temperature on LA synthesis [6], where yield increased from 4.4 to 15.8 mol% from 160 to
190 ◦C after 45 min.

In summary, starting from glucose, it is possible to highlight that the different acid
properties of the two systems NbPO and ZrPO have enabled us to obtain HMF and LA
with maximum yields of 24.4 and 24.0 mol%, respectively, (Figures 1 and 2). These values
are higher or comparable with those reported in the literature for analogous systems in
aqueous phase [1,14,22,23,28]. This is an interesting result because it opens the possibility of
studying more complex model substrates, such as untreated cellulose, once having verified
the stability and recyclability of the catalysts of interest.

2.2. Catalysts’ Stability and Recyclability

Since the stability and the recyclability of the catalysts are of great importance from an
applicative and industrial perspective, NbPO and ZrPO were investigated in terms of these
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aspects. The NbPO and ZrPO catalysts obtained from the best runs to HMF and LA (run
in Figure 1 for NbPO after 6 h and run in Figure 2 for ZrPO after 6 h) were recovered by
filtration, washed with acetone and reused within two successive runs performed under
the same experimental conditions of the first cycle. The results are reported in Table 6.

Table 6. Glucose conversion in the presence of NbPO (T = 160 ◦C) and ZrPO (T = 180 ◦C) under the
same reaction conditions (6 h, glucose/catalyst weight ratio = 1.2, glucose loading = 5 wt%) and two
subsequent recycles of the solid catalysts.

Glucose Conversion
(mol%)

HMF Selectivity
(mol%)

HMF Yield
(mol%)

Fresh NbPO 78.6 31.0 24.4

NbPO used first cycle 76.9 30.2 23.2

NbPO used second cycle 75.5 30.1 22.7

Glucose Conversion
(mol%)

LA Selectivity
(mol%)

LA Yield
(mol%)

Fresh ZrPO 89.0 27.0 24.0

ZrPO used first cycle 88.6 27.0 23.9

ZrPO used second cycle 86.3 26.6 23.0

The obtained results confirm the feasibility of catalyst reactivation by simple acetone
washing, showing, for both phosphates, only a slight decrease in glucose conversion and
HMF/LA selectivities and yields. The good efficiency of the washing suggests that most of
the furanic polymers adsorbed on the catalysts’ surface are soluble ones, probably derived
from condensation reactions.

In order to verify the presence of organic deposits on spent catalysts, FT-IR analyses of
NbPO and ZrPO recovered at the end of the best reactions were compared with those of
fresh and washed samples. The recorded spectra are shown in Figure 4.
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catalysts after washing reactivation in wavenumber range of 1850-430 cm−1: (A) NbPO and (B) ZrPO.

The spectra of the spent catalysts show characteristic bands of soluble or insoluble
humins, proving the deposition of some organic compounds on the catalysts’ surface. In
fact, absorption bands at 1705 cm−1, 1517 cm−1, 1370 cm−1 and 1279 cm−1 can be identified
both in spent NbPO and ZrPO spectra, and assigned to the stretching of C=O of the carbonyl
groups, the stretching of C=C in furan and/or aromatic compounds, the stretching of the C-
O-C bond of the furan ring, and the stretching of the C-O bond of the ethers, respectively [2].
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In addition, the spectra of the spent NbPO and ZrPO catalysts show another band at 1664
cm−1, due to the stretching of the C=O of the quinones. Moreover, in the spectrum of the
spent ZrPO, an additional band at 802 cm−1 appears, due to bending out of the plane of
the =C-H bond of aromatic and/or furan rings [30]. In Figure 4, the IR spectra of NbPO
and ZrPO after the washing treatment are also reported. It is interesting to highlight that
the FT-IR spectra of the catalysts after the acetone washing are very similar to those of the
fresh samples, thus confirming the feasibility of the proposed simple reactivation method,
as indirectly suggested by the recycling tests. The moderate formation of humins during
the reaction is also confirmed by SEM analyses, which are reported in Figure 5.
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Figure 5. Scanning electron microscopy (SEM): (A) fresh NbPO, (B) fresh ZrPO, (C) spent NbPO,
(D) spent ZrPO, (E) washed NbPO and (F) washed ZrPO.

From the SEM of the fresh NbPO and ZrPO, it is possible to see that the morphology of
both catalysts reveals pieces and surfaces with irregular dimensions. For the spent catalysts,
where NbPO and ZrPO are employed at 160 and 180 ◦C, respectively (run in Figure 1
after 6 h for NbPO and run in Figure 2 after 6 h for ZrPO), it is possible to observe a few
regions covered with particles of spherical morphologies, resulting coalesced each other.
Such particles have similar characteristics to insoluble humic compounds, characterized
by Patil and Lund [31], confirming the limited formation of these compounds during the
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reaction. Figure 5 also shows the washed catalysts, which appear similar to fresh ones,
again confirming the feasibility of the washing procedure.

This is also evidenced by TGA analyses on fresh, spent and washed NbPO and ZrPO.
The obtained results are shown in Figure 6.
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The weight loss observed between 30 and 200 ◦C was due to water and volatile
organic compounds (VOCs) [32] trapped in the fresh catalysts. At higher temperatures
(between 200 and 500 ◦C), for the spent NbPO an additional weight loss was observed
(about 17 wt%), due to the humins adsorbed on the catalyst surface [32]. On the other hand,
for the spent ZrPO, a lower weight loss (about 11 wt%) was ascertained between 200 and
500 ◦C, thus highlighting a lower amount of adsorbed humins on this catalyst. However,
for both catalytic systems, the amount of adsorbed humins is limited and the reactivation
treatment performed through acetone washing allowed their removal and the restoration
of the starting catalytic activities.

Moreover, the EDS analysis of both phosphates was performed estimating that, on
the basis of the elements Nb, Zr and P, the fresh NbPO contained 89.5 wt% niobium and
10.5 wt% phosphorus, whereas the fresh ZrPO was composed of 60.8 wt% zirconium and
39.2 wt% phosphorus. By comparing these results with those of the catalysts after the
reactions, it is possible to demonstrate the stability of these phosphates in the adopted
reaction conditions: the niobium amount was 89.9 wt% in the spent NbPO system, with a
phosphorus amount equal to 10.1 wt%, whereas for the spent ZrPO system, the zirconium
amount was 61.4 wt% with 38.6 wt% phosphorus. These results are in agreement with
XRF analyses that showed, for the fresh systems, the molar ratios P/Zr and P/Nb were
1.90 ± 0.1 and 0.33 ± 0.05, respectively. On this basis, it is possible to undoubtedly confirm
the negligible leaching of Nb and Zr in the aqueous phase under the adopted reaction
conditions. This last aspect was also verified by comparing the best catalytic results
achieved in the presence of the catalysts (run in Figure 1 for NbPO after 6 h and run in
Figure 2 after 6 h for ZrPO) with those obtained after the removal of the catalysts from the
reaction medium. For NbPO, after 6 h, the glucose conversion slightly increased, moving
from 78.6 to 80.3 mol%, with an almost comparable HMF yield (24.5 mol%). For ZrPO, after
6 h, the same trend was observed, increasing the glucose conversion from 89.0 to 89.9 mol%,
together with a similar HMF yield (24.3 mol%).

Finally, the porosities and texture properties of the fresh and spent NbPO and ZrPO
systems were analyzed using nitrogen physisorption isotherms, as reported in Figure 7
and Table 7. All samples show type IV isotherms typical of mesoporous materials [33].
In the case of the NbPO samples, very low amounts of microporosities were also present.
Noteworthily, both Zr and Nb spent catalysts showed an increase in the hysteresis, due to
the formation of ink-bottle pores with a neck size smaller than the average diameter or, in
general, due to the presence of pores with diverging radii along their length. This could be
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ascribable to the deposition of carbonaceous residue inside the porosities, probably with
a greater extent on the external part of the pores. Nonetheless, while NbPO showed a
marked decline in both SSA and pore volume, suggesting the occlusion of some of the
pores (narrower compared to the ones of ZrPO: 9 nm compared to 16 nm) this was not
the case for ZrPO, which is in agreement with the observed catalytic performances and
TGA analyses.
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Table 7. Texture properties of catalysts:fresh NbPO, spent NbPO, fresh ZrPO, spent ZrPO.

Sample
Surface

Area
(m2/g)

Total Pore
Volume
(cm3/g)

Micropore
Volume
(cm3/g)

Micropore
Area

(m2/g)

Average Pore
Diameter

(nm)

Fresh NbPO 133 0.28 0.004 13 9

Fresh ZrPO 108 0.33 0 2 16

Spent NbPO 101 0.16 0.001 6 6

Spent ZrPO 90 0.33 0 0 14

In conclusion, NbPO and ZrPO are characterized by a high stability and an easy
recyclability, making them promising for the use with more complex substrates.

2.3. Conversion of Untreated Cellulose in the Presence of NbPO and ZrPO

After the catalytic tests with glucose, the reactivity of the more recalcitrant microcrys-
talline cellulose was studied in autoclave. Starting from the reaction conditions optimized
in a previous work on the conversion of cellulose [34], new catalytic runs were carried out
at 150 ◦C, as in the conversion of glucose in autoclave, and under autogenic pressure, with
the same substrate/catalyst weight ratio of 1.2 and cellulose loading of 5 wt%, prolonging
the reaction for up to 24 h. The obtained results are reported in Figure 8.
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150 ◦C. Reaction conditions: cellulose = 2.63 g, catalysts = 2.20 g, water = 50.0 g, T = 150 ◦C, autogenic
pressure (LA is present only in traces). Note: where the error bars are not visible, they are smaller
than the symbols.

In addition to the reported catalytic runs, a blank test for the conversion of untreated
cellulose at 150 ◦C and 24 h has been performed, obtaining a cellulose conversion of
7 mol%, a glucose yield of 2.3 mol% and only traces of HMF and LA. As it is possible to
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appreciate from Figure 8, for both catalytic systems, the cellulose conversion is low, about
20–25 mol%, even though this is higher than that achieved in the blank experiment, with
the highest glucose yield of about 6 mol% reached with ZrPO, a value comparable with
that reported in the literature adopting ZrPO under analogous reaction conditions (glucose
yield 5.8 wt% equal to 5.2 mol%) [34]. It is interesting to note that, starting from cellulose,
the higher conversion is achieved with ZrPO, instead of NbPO, as in the case of glucose.
This behavior can be justified taking into consideration that starting from cellulose the
preliminary hydrolysis step to glucose is necessary and this reaction is mainly catalyzed
by Brønsted acidity, but also by Lewis acid sites. In fact, it is known that for efficient
cellulose hydrolysis, solid acids must be able to adsorb β-1,4-glucans on the surface and
interact with them by means of, for example, acid -OH groups. This interaction can be
also promoted by Lewis acid sites [35] and allows a decrease in the activation energy of
the hydrolysis step. On this basis, adopting the same amount of NbPO and ZrPO, the
ascertained conversion behavior is in agreement with their total acidity, which is higher for
ZrPO than NbPO. Regarding the products’ distribution, ZrPO shows a higher selectivity
towards glucose than NbPO, and this can be justified by the higher amount of total acid
sites and the lower Brønsted/Lewis molar ratio of ZrPO, which are responsible for the
faster hydrolysis of cellulose to glucose and the slower glucose conversion compared to
NbPO, respectively, as previously found. At the same time, the lower Brønsted/Lewis
molar ratio of ZrPO than NbPO justifies the higher fructose selectivity observed in ZrPO
compared to NbPO. On the other hand, NbPO is more selective towards HMF than ZrPO,
in particular in long reaction times, due to the NbPO balanced Brønsted and Lewis acid
properties. However, the selectivities of the target products are low for both catalysts (LA
is also present only in traces) in the whole investigated time range, suggesting the presence
of other not-quantified products, such as oligomers, whose formation is promoted rather
than that of glucose due to the limited heterogeneous catalyst interaction with the solid
substrate that hampers the hydrolysis step. However, the possibility to obtain hydrolysates
rich in cellulose-derived oligomers is very interesting because these are produced under
heterogenous catalysis, avoiding any contamination by mineral acids generally employed
for their production. Such hydrolysates can be valorized in a plethora of compounds by
subsequent catalytic and/or biocatalytic conversion cascade processes, once separated
from the solid fraction.

The achieved results employing untreated cellulose are consistent with its nature, in
fact it is well known that cellulose is more recalcitrant than glucose towards hydrolysis,
due to its stable H-bond networks and high crystalline structure, as confirmed by its XRD
analysis (Figure 9), where the main peak at 2θ = 22.5◦ is attributed to the crystalline fraction.
This justifies the lower conversion achieved starting from cellulose.
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2.4. Hydrolysis of Real Lignocellulosic Biomasses

On the basis of the promising catalytic performances achieved with NbPO and ZrPO
with the model compounds, these systems were also employed with real lignocellulosic
biomasses to confirm the correlation between the physical–chemical properties of NbPO and
ZrPO and their performances previously identified from the study of model compounds.
Conifer wood sawdust was firstly considered as the reference biomass for the hydrolysis
tests. Its composition, in terms of cellulose, hemicellulose and lignin, is equal to 45, 20 and
30 wt%, respectively, with 5 wt% of others (extractives, resins and ash). The hydrothermal
conversion of conifer wood sawdust into sugars and dehydration/hydrolysis products was
investigated in the autoclave, first without any catalyst, and then in the presence of NbPO
and ZrPO catalytic systems working at 150 ◦C with the same substrate/catalyst weight
ratio of 1.2 and the biomass loading of 5 wt%. In the absence of a catalyst, the hemicellulose
conifer wood sawdust conversion was complete, and the conversion of its cellulose fraction
amounted to 7.6 mol%. In addition, the yield to total monosaccharides from hemicellulose
was equal to 10.6 mol%, together with traces of monosaccharides from cellulose. In the
presence of NbPO and ZrPO, the results are shown in Figure 10.
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Noteworthily, for both metal phosphates, the conversion of the hemicellulose fraction
of the lignocellulosic substrate is very fast, being almost complete for both systems after
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3 h. On the other hand, the conversion of the cellulose fraction is slower, reaching values of
34.9 and 48.8 mol% after 5 h for NbPO and ZrPO, respectively. The observed behavior was
expected: hemicellulose hydrolysis proceeds faster and smoother than that of cellulose,
as proven by the higher yields of monosaccharides derived from hemicellulose (xylose,
arabinose, galactose and mannose) reached when adopting both phosphates. These sugars
yields reached the maximum value in a medium–low reaction time, with 45.8 mol% after 3 h
for ZrPO and 12.1 mol% after 1 h for NbPO; then, in both cases, these yields decreased due
to the increase in decomposition products. Again, the Zr-based catalyst shows higher yield
and selectivity towards hemicellulose and cellulose sugars compared with the Nb analogue,
while the latter leads to a higher yield and selectivity towards HMF. This behavior is in
good agreement with that observed with glucose and cellulose. ZrPO is more active to
the degradation of both cellulose and hemicellulose fractions, as shown by the higher
achieved cellulose conversion, the most recalcitrant fraction. Conversely, NbPO mainly
promotes the formation of furanic derivatives. In fact, the decrease in monosaccharide
yield for NbPO begins after only 1 h of reaction time, especially for those deriving from
the hemicellulose fraction. This is a much shorter reaction time compared to the 3 h
needed with ZrPO. Therefore, it is possible to confirm the effects already found for the
hydrolysis of cellulose: the higher total concentration of acid sites, shown by ZrPO, results
in a higher activity in lignocellulose conversion and consequently in a higher production of
monosaccharides from both hemicellulose and cellulose hydrolysis. On the other hand, the
higher amount of strong Brønsted acid sites, exhibited especially in aqueous conditions by
NbPO, mainly promotes the dehydration of monosaccharides derived from both cellulose
and hemicellulose fractions to successive furan products, such as HMF and furfural. The
achieved results are comparable with those reported in the literature by Gliozzi et al.,
who studied the conversion of conifer wood sawdust in the presence of different acid
catalysts [34]. In fact, in the presence of ZrPO, after 5 h of reaction, the authors ascertained
at 150 ◦C the biomass weight conversion of 41 wt%, equal to the 41.9 wt% achieved in
the present work (100 mol% of hemicellulose fraction + 48.7 mol% of cellulose fraction),
together with the yield of hemicellulose-derived sugars of 49.2 mol% and the yield of
cellulose-derived sugars of 3.4 mol%, which are perfectly in agreement with the values
ascertained here: 43.1 and 6.3 mol% from hemicellulose and cellulose fractions, respectively.

After having established that the catalytic behavior of Nb and Zr phosphates in
hydrolysis reactions is closely related to the catalysts’ acid properties in the case of the
reference lignocellulosic substrate (conifer wood sawdust), the conversion of a wider range
of six real lignocellulosic biomasses was investigated. In particular, Jerusalem artichoke,
sorghum, miscanthus, foxtail millet, hemp and Arundo donax, whose starting compositions
are reported in Table 8, were tested at 150 ◦C for 1 h in the presence of both Nb and
Zr phosphates, adopting the same catalyst/substrate weight ratio of 1.2 and the starting
biomass loading of 5 wt%. The results are shown in Tables 9 and 10.

Table 8. Average compositions of the lignocellulosic biomasses employed in the present work.

Biomass Cellulose
(wt%)

Hemicellulose
(wt%)

Lignin
(wt%)

Others
(wt%)

Jerusalem artichoke 16.0 7.5 6.1 70.4

Sorghum 35.7 27.8 6.5 30.0

Miscanthus 23.8 30.9 13.4 31.9

Foxtail millet 16.0 30.9 22.9 30.2

Hemp 62.6 15.1 7.4 14.9

Arundo donax 36.3 24.6 9.4 29.7
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Table 9. Catalytic performances of NbPO in the conversion of lignocellulosic biomasses at 150 ◦C.
Reaction conditions: biomass = 2.69 g catalysts = 2.24 g water = 51.0 g T = 150 ◦C, autogenic pressure,
1 h. As reported in the Materials and Methods, yields have been calculated with respect to the amount
of cellulose or hemicellulose present in the starting biomass.

Catalyst: NbPO
Biomass

Jerusalem
Artichoke Sorghum Miscanthus Foxtail

Millet Hemp Arundo
donax

Biomass cellulose
conversion (mol%) 76.4 37.8 61.1 73.9 10.7 34.1

Biomass hemicellulose
conversion (mol%) 100.0 66.1 66.2 70.2 97.5 69.9

Yield to cellulose-derived
sugars (mol%) 19.2 21.9 18.7 24.9 0.6 10.8

Yield to cellulose-derived
oligomers (mol%) 23.1 1.7 31.2 29.6 3.1 12.7

Yield to hemicellulose-derived
sugars (mol%) 18.8 16.6 25.9 31.2 10.8 20.7

Yield to hemicellulose-derived
oligomers (mol%) 34.2 35.1 26.3 26.0 32.6 33.1

Yield to HMF (mol%) 8.6 9.4 5.9 11.7 0.3 5.7

Yield to furfural (mol%) 4.1 2.9 3.7 5.6 2.1 2.9

%C recovered (mol%) respect to starting
cellulose amount 74.5 95.2 94.7 92.3 93.3 95.1

%C recovered (mol%) respect to starting
hemicellulose amount 57.1 88.5 89.7 92.6 48.0 86.8

Table 10. Catalytic performances of ZrPO in the conversion of lignocellulosic biomasses at 150 ◦C.
Reaction conditions: biomass = 2.67 g catalysts = 2.22 g water = 51.0 g T = 150 ◦C, autogenic pressure,
1 h. As reported in the Materials and Methods, yields have been calculated with respect to the amount
of cellulose or hemicellulose present in the starting biomass.

Catalyst: ZrPO
Biomass

Jerusalem
Artichoke Sorghum Miscanthus Foxtail

Millet Hemp Arundo
donax

Biomass cellulose
conversion (mol%) 97.7 49.9 78.2 85.5 14.9 41.4

Biomass hemicellulose
conversion (mol%) 100.0 74.2 76.7 76.5 100.0 65.0

Yield to cellulose-derived
sugars (mol%) 50.0 31.0 25.0 35.5 2.3 14.2

Yield to cellulose-derived
oligomers (mol%) 28.4 5.2 48.0 44.9 3.1 21.4

Yield to hemicellulose-derived sugars (mol%) 21.0 19.5 24.6 34.7 10.2 20.6

Yield to hemicellulose-derivedoligomers (mol%) 34.4 34.6 26.5 26.2 41.3 33.2

Yield to HMF (mol%) 4.5 5.9 3.7 5.1 1.5 2.4

Yield to furfural (mol%) 1.9 1.4 1.5 2.3 2.1 1.9

%C recovered (mol%) respect to starting
cellulose amount 85.2 92.2 98.5 100.0 92.0 96.6

%C recovered (mol%) respect to starting
hemicellulose amount 57.3 81.3 75.9 86.7 53.6 90.7
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The results show that the catalytic performances are significantly affected by the com-
position of the substrates. For both catalysts and for most biomasses (except for foxtail
millet with ZrPO), the conversion of hemicellulose is higher or comparable to that of cellu-
lose, and this is in agreement with the easier hydrolysis of the C5 fraction than the C6 one.
In particular, the percentage of the hardly hydrolyzable cellulose present in the starting
biomass compared with the hemicellulose amount influences the biomass conversion: in
fact, hemp, which is characterized by a cellulose content of 62.6 wt%, shows the lowest cel-
lulose conversion with both phosphates, 10.7 and 14.9 mol% for NbPO and ZrPO, whereas
Jerusalem artichoke reveals the highest conversions of cellulose, equal to 76.4 and 97.7 mol%
for NbPO and ZrPO, due to the lower cellulose percentage of only 16.0 wt%. Regarding
the products’ yields, the achieved results employing the six agricultural waste substrates
are in good accordance with those obtained from glucose and cellulose, but also from the
reference biomass conifer wood sawdust: ZrPO shows a higher selectivity than NbPO
towards cellulose-derived sugars and cellulose-derived oligomers, whereas the behavior
towards hemicellulose-derived sugars and hemicellulose-derived oligomers is similar for
the two catalysts. The possibility of obtaining such hydrolysates rich in hemicellulose- and
cellulose-derived sugars/oligomers, in particular those prepared by Jerusalem artichoke,
miscanthus and foxtail millet with NbPO and ZrPO, characterized by a high hemicellulose
and cellulose solubilization, opens the possibility for many subsequent catalytic and/or
biocatalytic cascade processes towards the production of several compounds. Moreover,
the employment of heterogeneous catalysts allows avoiding any contamination once the
solid residue is separated, as happens with mineral acids generally employed for this
reaction [36,37]. From the perspective of developing such a cascade process, the recovered
solid residue could be exploited by many strategies, according to the sustainability criteria.
In fact, the final solid residue is a hydrochar, more similar to lignin than to the starting
lignocellulosic biomasses and, as such, it could be used in energy and environmental fields,
including applications as adsorbents, precursors of catalysts, soil amendment, anaerobic
digestion, composting and electrochemical energy storage materials [38].

Moreover, as previously stated, NbPO shows a prevailing performance towards sugar
consecutive products, such as HMF and furfural, whose yield for NbPO are higher with
respect to those observed for ZrPO. With respect to conifer wood sawdust, after 1 h of
reaction, Jerusalem artichoke biomass shows a higher cellulose conversion with both
phosphates than conifer wood sawdust (97.7 mol% with ZrPO and 76.4 mol% with NbPO
for Jerusalem artichoke, with respect to 30.3 mol% with ZrPO and 29.3 mol% with NbPO
for conifer wood sawdust). The higher conversion achieved for Jerusalem artichoke rather
than conifer wood sawdust is also observed for its hemicellulose fraction after 1 h of
reaction with both catalysts (100.0 mol% with ZrPO and NbPO for Jerusalem artichoke,
with respect to 79.9 mol% with ZrPO and 84.6 mol% with NbPO for conifer wood sawdust).
In addition, the yields of monosaccharides derived from cellulose with both phosphates
are also higher than the corresponding ones achieved with conifer wood sawdust. In fact,
the yields of cellulose-derived sugars equal to 50.0 and 19.2 mol% with ZrPO and NbPO,
obtained starting from Jerusalem artichoke, were higher than those ascertained from conifer
wood sawdust (0.2 and 1.4 mol% with ZrPO and NbPO, respectively). Regarding yields
to hemicellulose-derived sugars, it is possible to underline that after 1 h of reaction in the
presence of ZrPO, comparable values were reached with Jerusalem artichoke and conifer
wood sawdust (21.0 mol% for Jerusalem artichoke and 24.5 mol% for conifer wood sawdust),
whereas under the same reaction conditions in the presence of NbPO, a higher yield of
hemicellulose-derived sugars was obtained starting from Jerusalem artichoke (18.8 mol%)
compared with conifer wood sawdust (12.1 mol%). Moreover, taking into consideration the
yield of furanic compounds (HMF + furfural), the achieved yields starting from Jerusalem
artichoke are higher than those obtained from conifer wood sawdust (6.4 mol% with ZrPO
and 12.7 mol% with NbPO for Jerusalem artichoke, with respect to 5.6 mol% with ZrPO
and 7.7 mol% with NbPO for conifer wood sawdust). The achieved results highlight that
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Jerusalem artichoke is a promising biomass to produce furanic compounds and cellulose-
derived sugars after only 1 h of reaction in the presence of NbPO and ZrPO, respectively.

In the literature, the use of metal phosphates to produce HMF from real biomasses is
rare, and the substrates are mostly limited to monosaccharides [1]. From this perspective,
Parshetti et al. investigated the conversion of food waste biomass to HMF, reaching, under
the best reaction condition, an HMF yield of 4.3 wt% in the presence of ZrPO calcinated
at 400 ◦C after 6 h of reaction [27]. This value is comparable with those reached in the
present work after only 1 h of reaction starting from Jerusalem artichoke (1.1 wt%), sorghum
(2.6 wt%), miscanthus (1.1 wt%), foxtail millet (1.5 wt%) and Arundo donax (1.6 wt%) in the
presence of NbPO, starting from sorghum (1.6 wt%) in the presence of ZrPO. Finally, in all
runs reported in Tables 9 and 10, the %C recovered (mol%) value underlines the moderate
presence of humins, which is higher for NbPO than ZrPO.

In conclusion, starting from raw lignocellulosic biomasses, NbPO and ZrPO enable us
to achieve high percentages of hemicellulose and cellulose solubilization and hydrolysates
rich in hemicellulose and cellulose sugars and oligomers to be further valorized. In particu-
lar, starting from Jerusalem artichoke, in the presence of NbPO and ZrPO, yields of furanic
compounds of 12.7 mol% and cellulose-derived sugars of 50.0 mol% were achieved after
only 1 h of reaction, respectively, thus confirming their high potential as heterogeneous
acid catalysts in biomass conversion.

As previously reported, NbPO and ZrPO showed high stability and easy recyclability
when employed in the glucose conversion. However, in order to demonstrate the real
feasibility of their employment in the conversion of real feedstocks, their recyclability was
further investigated, in particular for Jerusalem artichoke, the most promising biomass. In
this case, the solids recovered at the end of the catalytic reactions contained not only the
spent catalyst, but also the unconverted biomass, thus making the separation of the catalyst
from the substrate and its recycling more complex. For this purpose, the solid residues
recovered from the hydrolysis of Jerusalem artichoke with NbPO and ZrPO were thermally
treated at 500 ◦C for 5 h with the aim of burning the unconverted biomass and recovering
the catalysts, which are stable at this temperature, as demonstrated by the TGA (Figure 6).
The post-treated NbPO and ZrPO catalysts were subsequently employed within two other
recycling runs under the same reaction conditions of the first one (150 ◦C, autogenic
pressure, 1 h). Regarding the conversion of the Jerusalem artichoke hemicellulose fraction,
both recycled catalysts gave analogous results in the first run (results are not shown),
whereas some differences were observed in the conversion of the cellulose fraction, as
shown in Figure 11.

The results further confirmed that the hydrolysis of hemicellulose was easier than
that of cellulose and an irrelevant deactivation of the catalysts during their recycle did not
affect conversion. On the other hand, the slight deactivation of both catalysts caused a
small decrease in cellulose conversion, together with a decrease in HMF and sugar yields
and an increase in oligomer yields, as the hydrolysis of cellulose is partly limited by the
slight loss of catalytic activity. In particular, after the third recycling run of NbPO, the
cellulose conversion, sugar yield and HMF yield decreased from 76.4, 19.2 and 8.6 mol%
to 68.3, 14.1 and 2.5 mol%, respectively, in favor of the oligomer formation that achieved
the yield of 30.3 mol% from 23.1 mol% (Figure 11A). Regarding ZrPO, after the third
recycle run, the cellulose conversion moderately decreased to 94.4 mol% from 97.7 mol%,
analogously to sugars and HMF yields that lowered from 50.0 and 4.5 mol% to 43.1 and
1.8 mol%, respectively, whereas the oligomer yield raised to 35.4 mol% from 28.4 mol%
(Figure 11B). In conclusion, the thermal treatment of the solid residues, recovered at the
end of the process, represents an efficient strategy for the removal of unconverted biomass
and allows the successful recycle of catalysts that maintain almost unchanged their starting
catalytic activity.
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3. Materials and Methods
3.1. Materials

Glucose, xylose, fructose, LA and furfural were purchased from Sigma-Aldrich (Sigma-
Aldrich, St. Louis, MO, USA) and used as received. HMF was supplied by AVA Biochem
(AVA Biochem AG, Zug, Switzerland). NbPO was kindly provided by CBMM (Companhia
Brasileira de Metalurgia e Mineracão, Araxá, Minas Gerais, Brasil). It was calcined in static
air at 400 ◦C for 3 h with a heating rate of 10◦C/min before its use. ZrPO was prepared
according to the procedure reported by Kamiya et al. [39]. In particular, two different
solutions were prepared in two different beakers by dissolving 10.5 g of ZrOCl2·8H2O in
32 mL of distilled water (1 M) and 7.4 g of NH4H2PO4 in 64 mL of water (1 M). The latter
solution was added dropwise, under magnetic stirring (600 rpm), to the first beaker at
room temperature without any other expedients, obtaining the precipitation of a white
solid characterized by a P/Zr atomic ratio equal to 2. The precipitate was then filtered,
washed with distilled water, dried at 100 ◦C and finally calcined in static air at 400 ◦C for
3 h with a heating rate of 10 ◦C/min before its use. Microcrystalline cellulose Avicel PH-101
(particle size 50 µm) was purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO,
USA) and used as received, whereas the ball-milled sample was achieved after treatment
in a tungsten carbide vial for 48 h. Lignocellulosic waste biomasses, namely, conifer wood
sawdust, Jerusalem artichoke, sorghum, miscanthus, foxtail millet, hemp and Arundo donax,
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were provided by Prof. Monti and Prof. Zanetti of the Agriculture School of the University
of Bologna. All biomasses were dried and ball-milled for 15 min before the catalytic tests.

3.2. Catalytic Reactions

The conversion tests of glucose, cellulose and real lignocellulosic biomasses (conifer
wood sawdust, Jerusalem artichoke, sorghum, miscanthus, foxtail millet, hemp and Arundo
donax) were performed in an autoclave, adopting a 300 mL mechanically stirred Parr 4560
reactor (Parr Instrument Company, Moline, IL, USA) equipped with a P.I.D. controller 4843,
an electrical heating system, and temperature and stirring control devices. In a typical
procedure, the desired amounts of the catalyst, substrate and water were placed in the
reactor, which was then subjected to repeated cycles of evacuation and nitrogen flushing to
ensure complete oxygen removal. Isothermal conditions were maintained for the desired
reaction time. In each experiment, time zero was taken as the beginning of the isothermal
stage. Reaction mixture samples were periodically withdrawn through the sampling valve
during the reaction, quickly cooled and analyzed by HPLC. At the end of the reaction, the
mixture was cooled, collected in water and then filtered over a Buchner filter. After the
filtration, the solid residue was recovered, dried overnight at 80 ◦C in an oven, and then
analyzed to determine the conversion of the biomass substrate. Each test was performed
in triplicate.

Glucose conversion reactions were also performed in a monomodal microwave reactor
CEM Discover S-class System (CEM Corporation, Matthews, NC, USA). In a standard
reaction, the feedstock was charged in the microwave (MW) reactor (10 mL) with the
proper amount of the catalyst. The vessel was placed in the chamber of the MW reactor and
heated up to reach 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 fast cooling, and a portion of the sample was taken for the analysis.
Each test was performed in triplicate.

HPLC analyses were carried out using an Agilent 1260 Infinity Series HPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with a manual injector with a
20 µL calibrated loop equipped with two different columns. The quantification of monosac-
charides was performed by using an Agilent Hi-Plex Pb column (Agilent Technologies,
Santa Clara, CA, USA) (length = 30 cm, diameter = 7.7 mm, particle size = 8 µm) whose
stationary phase was made of a divinylbenzene–styrene copolymer functionalized with
Pb2+ ions. The column was thermostated at 80 ◦C and 0.6 mL/min flow of water was used
as eluent. The detection of products occurred by means of a refraction index detector (RID),
thermostated at 40 ◦C. On the other hand, the quantification of organic acids and furans
was carried out by adopting a Phenomenex Rezex ROA-H column (Phenomenex, Torrance,
CA, USA) (length = 30 cm, diameter = 7.7 mm, particle size = 8 µm) whose stationary
phase was made of a divinylbenzene–styrene copolymer functionalized with H+ ions. The
column was thermostated at 60 ◦C and 0.6 mL/min flow of 0.0025 M H2SO4 solution was
used as eluent. The detection of products occurred by means of a UV–diode array detector
(UV-DAD), recording the absorbance at 253, 205 and 192 nm.

The oligomer quantification and the analysis of the chemical composition of both start-
ing raw biomasses and treated residues were evaluated following the standard procedure
of Sluiter et al. [40].

The catalytic performances were reported in terms of conversion, selectivity and yield.
These last were calculated on a molar basis, considering glucose or the anhydroglucose
unit of cellulose. In the following equations, glucose is always reported as a reference.

Glucose conversion (mol%) = [(moles glucose in − moles glucose out)/moles glucose
in] × 100;

Selectivity to compound i (mol%) = [(moles compound i)/(moles glucose in − moles
glucose out)] × 100;

Yield to compound i (mol%) = (moles compound i/moles glucose in) × 100.
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For lignocellulosic biomasses, catalytic performances were also expressed in terms
of molar basis, adopting the Sluiter protocol for the quantification of oligomers [40]. In
particular, the conversion of cellulose and hemicellulose, the yields of sugars (glucose and
fructose) and oligomers coming from cellulose, the yields of sugars (xylose, arabinose,
galactose and mannose) and oligomers coming from hemicellulose, the HMF yield (deriving
from cellulose) and the furfural yield (deriving from hemicellulose) were considered and
calculated according to the following equations.

Biomass cellulose conversion (mol%) = [(moles anhydroglucose cellulose in − moles
anhydroglucose residue out)/moles anhydroglucose cellulose in] × 100;

Biomass hemicellulose conversion (mol%) = [(moles anhydroxylose hemicellulose in –
moles anhydroxylose residue out)/moles anhydroxylose hemicellulose in] × 100;

Cellulose-derived sugars yield (mol%) = [(moles glucose + moles fructose)/(moles
anhydroglucose cellulose in)] × 100;

Cellulose-derived oligomers yield (mol%) = [(moles glucose out post Sluiter − moles
glucose out post reaction)/moles anhydroglucose cellulose in] × 100;

Hemicellulose-derived sugars yield (mol%) = [(moles xylose + moles arabinose +
moles galactose + moles mannose)/(moles anhydroxylose hemicellulose in)] × 100;

Hemicellulose-derived oligomers yield (mol%) = [(moles xylose out post Sluiter −
moles xylose out post reaction)/moles anhydroxylose hemicellulose in] × 100;

HMF yield (mol%) = [(moles HMF)/(moles anhydroglucose cellulose in)] × 100;
Furfural yield (mol%) = [(moles furfural)/(moles anhydroxylose hemicellulose in)] × 100.
The %C recovered was evaluated as the sum of the moles of products and moles of

unconverted reagent (glucose and/or anhydrosugars for cellulose and real biomasses) with
respect to the initial moles of the reagent (glucose and/or anhydrosugars for cellulose and
real biomasses) and expressed in mol%.

All the experiments were carried out in triplicate and the reproducibility of the tech-
nique was within 5%.

The catalysts employed in the conversion of Jerusalem artichoke were separated from
the unconverted biomass through the thermal treatment that allowed the combustion of
the organic matter. This thermal treatment was performed in a muffle furnace Nabertherm
L 9/11/SKM/P330 (Nabertherm, Lilienthal, Germany) at 500 ◦C for 5 h.

3.3. Analysis of Catalyst Properties

The main characterization of fresh NbPO and ZrPO was reported in our previous
work [2].

XRD analyses were carried out using a vertical goniometer diffractometer: Philips PW
1050/81 (Philips, Amsterdam, The Netherlands). The analyses were performed using CuK
radiation, which was made monochromatic by using a nickel filter with λ = 0.15418 nm.
The adopted interval was 5◦ < 2θ < 80◦, with steps of 0.2◦; the count of intensity was carried
out every 2 s.

FT-IR analyses were recorded in ATR mode with a Spectrum Two Perkin Elmer
FT-IR spectrometer (Perkin Elmer, Waltham, MA, USA) in the range of wavenumber
4000-450 cm−1.

TGA analyses were performed by using a TGA Q500 instrument (TA Instruments,
New Castle, DE, USA) in the temperature range of 30–800 ◦C at a heating rate of 10 ◦C/min
and under an air flow of 20 mL/min.

Scanning electron microscopy associated with energy-dispersion spectrometry
(SEM/EDS) analysis was performed with a JEOL -6010/LA microscope (JEOL Ltd., Tokyo,
Japan). The EDS spectra were obtained using a working distance of 10 mm and a voltage
of 20 KV. The crystal structure of the catalyst was evaluated by a Bruker model D8 X-ray
diffractometer (Bruker, Billerica, MA, USA) discovered under Cu Kα (λ = 0.15441 nm) in
the 2θ range of 5–80◦ at a scan rate of 3◦/min.
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XRF analyses were performed by employing a wavelength dispersive spectrometer
Panalytical Axios Advanced (Malvern Panalytical, Malvern, UK) equipped with tube
rhodium and characterized by a power of 4 kW.

Nitrogen adsorption/desorption isotherms (77 K) were recorded at −196 ◦C using a
Micromeritics ASAP 2020 instrument (Micromeritics, Norcross, GA, USA). Samples were
previously outgassed for 120 min at 423 K and 30 µmHg and then heated for 240 min at
623 K. Specific surface area values were obtained by using the multi-point BET equation in
the 0.05–0.2 p/p0 range and total pore volume values were calculated at 0.95 p/p0.

4. Conclusions

In this work, niobium and zirconium phosphates were tested as heterogeneous acid
catalysts for the hydrothermal conversion of glucose, cellulose and six strategic lignocel-
lulosic biomasses produced as agricultural and forestry residues, such as conifer wood
sawdust, Jerusalem artichoke, sorghum, miscanthus, foxtail millet, hemp and Arundo
donax. Among the available heterogeneous acid catalysts, the metal phosphates were
very promising due to their high thermal stability and good water tolerance. The HMF
yield of 24.4 mol% and the LA yield of 24.0 mol% were achieved starting from model
compounds using niobium and zirconium phosphates at 160 and 180 ◦C, respectively.
On the other hand, when real lignocellulosic biomasses were employed as the substrate,
both catalysts fostered hemicellulose and cellulose solubilization. In particular, starting
from the Jerusalem artichoke, miscanthus and foxtail millet, hydrolyzates rich in C5 and
C6 sugars and oligomers were produced. These hydrolyzates can be further valorized
towards production in a wide range of bio-based compounds through catalytic and/or
biocatalytic conversion cascade processes. Zirconium phosphate promoted the hydrolysis
of the starting biomasses, causing a higher production of monosaccharides from cellulose
and hemicellulose, such as glucose and fructose from the cellulose fraction, and xylose,
arabinose, galactose and mannose from the hemicellulose one. Differently, niobium phos-
phate was active towards the sugars’ consecutive products derived from C5 and C6, such as
furfural and HMF. In particular, starting from the Jerusalem artichoke, the yield of furanic
compounds was 12.7 mol%, while the yield of cellulose-derived sugars was 50.0 mol% in
the presence of niobium and zirconium phosphate, respectively, after only 1 h of reaction,
adopting the biomass/catalyst weight ratio of 1.2, thus resulting a promising starting feed-
stock for moving towards heterogeneously catalyzed biomass conversion. These behaviors
were related to the acid properties of the proposed catalysts, in particular, the total acidity,
the Brønsted/Lewis acid sites ratio and their strength, giving us the opportunity to better
tune the reaction towards the target products.
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