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Abstract

The valorisation of recalcitrant Chlorella sp. microalgal biomass by the extraction of the sugar content
and its conversion into 5-hydroxymethyl furfural (5-HMF) has been carried out in two-steps. In the
first step, a pre-treatment of the biomass was optimized to obtain, by sonication and hydrothermal
treatments also in the presence of acetic acid and SiO; pellets, the maximum release of carbohydrate
and their hydrolysis to monosaccharides. The second step, carried out under hydrothermal conditions,
was devoted to the heterogeneous catalytic isomerisation/dehydration of the monosaccharides
(essentially glucose and fructose) released from algae in the first reaction step to yield 5-HMF in
presence of two commercial samples of niobium-based catalysts that were characterized with several
techniques like specific surface area and superficial acidity measurements, SEM, FTIR and Raman.
Other important features of the two catalysts are largely present in the literature due to the fact that
they are commercial materials. The isomerisation/dehydration reactions of the monosaccharides
proceed through a tandem pathway involving the Lewis and Brensted acid sites provided by the
surface of the acidic solids giving rise to the isomerization of glucose to fructose, followed by
dehydration of fructose to 5-HMF. The optimisation of the reaction conditions was carried out in the
presence of Nb2Os by using a Design of Experiment (DoE) approach. The optimised parameters were
identified as temperature 210 °C and 4.45 h of reaction time, providing a yield to 5-HMF of about
18% on the total sugars contained in the algae. A further optimisation has been achieved in the
presence of NbOPOy instead of Nb2Os, which still led to 21% yield to 5-HMF on the total sugars.
Moreover, using an H>O/MIBK system, a reactive extraction was performed, obtaining the very good
value of yield to 5-HMF of 29% on total sugars. In this way, a multi-approach process optimisation
was performed, in line with the principles of process intensification, with the aim of improving the
energy-efficiency of the entire process.
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1. Introduction

Microalgae represent an interesting raw biomass compared to land plants for their ability to grow in
non-arable lands, in wastewater and seawater. They are generally easy to cultivate and, especially if
triggered, they may produce high-value compounds of interest for various sectors such as
pharmaceutics or cosmetics [1,2]. Moreover, microalgae may well be applied in wastewater
treatment, as they can employ nitrogen and phosphorous contained in wastewater efficiently [3,4]. In
the last few years, the concept of microalgal biorefinery has developed. This term denotes the
integration of multiple processes for the exploitation of different fractions of microalgal cells. A
significant example may be the recovery of the residual cellulosic microalgal biomass fraction after
the extraction of the lipids. Several reviews have been recently published concerning microalgal
biorefinery [5,6]; however, the practice is still not widely applied on a pilot scale. One of the possible
reasons may be that doubts have been raised about the actual decrease in costs [7]. Furthermore, the
recovery of the residual cellulosic biomass usually takes place through thermochemical processes
such as pyrolysis, gasification, liquefaction, or unit operations such as fermentation or anaerobic
digestion, all procedures in which the economic added value is limited. [8,9].

One of the main obstacles for exploiting microalgal carbohydrates, similarly than for other
lignocellulosic biomasses, is the hydrolyzation of polysaccharides to monosaccharides. This may be
due to the structure of the cell, which in Chlorella sp. is composed of a single microfibrillar layer
along with a rigid outer trilaminar layer made of algaenan, a non-hydrolyzable biopolymer. The first
contains cellulose and hemicellulose, while the second extracellular protein and other carbohydrates
[10,11]. Furthermore, some starch may be accumulated inside the cell. Therefore, the cell wall
structure and composition deeply influence the hydrolysis of the mentioned polymers to obtain
monomers. The rigidity of the cell wall can be attributed to the high levels of polysaccharides in its
structure, as in Chlorella zofingiensis, or to the presence of a complex composition in sugars,
including arabinose, galactose, rhaminose, mannose and xylose, as in Tetraselmis suecia and T.
striata. Alternatively, the cell wall stiffness can be associated with the presence of algaenan or
sporopollein, which can be found in some species such as Chlorella sp [12].

To facilitate the cleavage of the wall cell, its next disruption, and finally, the hydrolysis of the
polymers it is composed of, it is often needed to pre-treat the microalgal biomass. Several pre-
treatments are now available, distinguished in mechanical, physical and chemical methods.
Mechanical and physical treatments may include ball milling, microwave irradiation, sonication, or
thermal treatments. As an alternative, several solvents, such as acids, alkali etc. may be employed
together with enzymatic methods [12,13].

Considering that the recovery of residual cellulosic algal biomass via thermochemical or fermentative
processes is not convenient, a promising alternative may be the catalytic conversion of the residual
sugars in furanic compounds, such as 5-hydroxy-methylfurfural (5-HMF). This molecule is produced
from the dehydration of C6 sugars (glucose, fructose) and it is considered a platform chemical, being
the biomass-based alternative for the synthesis of polymers, pharmaceuticals, agrochemicals, flavours
and fragrances, macro- and heterocycles as well as it may be a precursor for fuel components [14]. 5-
HMF is produced from the dehydration of fructose, which in turn may isomerise from glucose in the
presence of acidic heterogeneous catalysts [15].



The chemical treatment of lignocellulosic biomass can yield several compounds that can be converted
into different platform chemicals. In the microalgal carbohydrate residual fraction, the hemicellulose,
composed of pentoses and hexoses, can be hydrolysed in Cs and Ce¢ sugars and subsequently
dehydrated in furfural and 5-HMF, while the cellulose, composed only of Cs substrates, can be
hydrolysed in glucose, which isomerizes in fructose and is subsequently dehydrated to S-HMF [16].
Further steps of the process are the reactions leading to the degradation of the furanic species, such
as the condensation reaction of 5-HMF which gives rise to the formation of insoluble humins and/or
the 5S-HMF hydration which results in the formation of levulinic acid and formic acid, as shown in
Figure 1.
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Figure 1: Scheme of the reaction for 5-HMF production from the cellulose provided by the algae.

As reported in Figure 1, 5-HMF can be obtained from glucose by stepwise isomerisation and
dehydration stages. These two reactions require an acidic medium and various materials have been
tested as acidic catalysts, including homogeneous and heterogeneous presenting both Lewis and
Brensted acid sites. The employment of a solid catalyst is to prefer with respect to homogeneous one,
such as mineral acids as HCI or HoSOs, for environmental reasons, health risks and special disposal
necessities. Furthermore, solid catalysts may be reused and therefore represent a more eco-sustainable
alternative to mineral acids.

In the current research commercial amorphous Nb2Os (niobic acid) and NbOPOj4 (niobium phosphate)
were used as catalysts in the valorisation of the algae by the isomerisation/dehydration steps reported
in Figure 1. The reaction of dehydration of fructose to 5S-HMF has been successfully carried out in
aqueous suspension of Nb2Os-based catalysts [17]. Nb2Os is a well-known acidic catalyst. It is an
abundant material, water-tolerant non-toxic material, with strong redox ability, Brensted acid sites
(BASs) and also Lewis acid sites (LASs) [18]. The hydrated niobium pentoxide (Nb2Os-nH>0),
known also as niobic acid, is a white polymeric amorphous material with a variable composition
owing to the inconstancy of its water content which varies depending on the method of preparation
and drying. It is also represented as an isopolyacid HgNbsO19, as shown in Figure 2 (A), possessing
strong acidic properties and exhibiting high catalytic performances for acid-catalysed reactions. The
precursor used for the oxide synthesis as well as impurities and preparation method strongly influence
its physical-chemical properties [19]. By heating the hydrated isopolyacid it loses water forming
stoichiometric hydrates. The amorphous solid, called also y-niobic isopolyacid, exists up to 435 °C.
Literature reports the use of Nb2Os in the catalytic glucose valorisation pointing out that the LASs
are responsible for the isomerization of glucose into fructose, while the BASs have an active effect
on the dehydration of fructose to 5-HMF. An excess of LASs may have a deleterious effect on the 5-
HMF yield due to the formation of by-products, as shown in Figure 1 [20]. In Figure 2 (A) the
Brensted (BASs) and Lewis (LASs) acid sites of niobic acid are also schematised.
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Figure 2: Structure of (A) the niobic acid cluster, HgNbsO19, representative of the Nb,Os commercial catalyst
HY-340 and of (B) NbOPOs polymer, where P atoms are closed on the tetrahedral structures. A representation
of Bronsted and Lewis acidic sites are also shown.

Niobium oxyphosphate, NbOPOs, possesses a lamellar structure constituted by layers consisting of
distorted NbOg octahedra and regular POy tetrahedra, as shown in Figure 2 (B). The four equatorial
Nb-O bonds are roughly parallel to the layers making the infinite Nb-O-P linkage of the layers [21].
Each layer interacts with the others by hydrogen bonding, allowing the occlusion of neutral
molecules, for example water. Consequently, this solid is behaved a water-tolerant bifunctional
catalyst [22] possessing surface phosphate groups providing both Brensted and Lewis acid sites, as
shown in figure 2 (B), attributed to the penta-coordinated Nb sites [23]. Literature reports that the
transformation of glucose to 5S-HMF carried out in the presence of the NbOPOj4 catalyst leads to better
catalytic yields to 5-HMF compared to the use of niobium oxide. This result is explained in terms of
superior textural, catalytic and acidic properties, in addition to a higher number of BASs [24,25].

Considering that it has been stated that in the conversion of cellulose to 5-HMF the reaction of
hydrolysation (see Figure 1) is the slowest stage [26], in this work the conversion of microalgal
biomass into 5-HMF has been carried out in two-steps. Notably, the chosen alga was an
autochthonous strain of Chlorella sp, previously isolated [27], which resulted recalcitrant to
hydrolysation. In the first step, a pre-treatment of the biomass was optimized to obtain the maximum
release of monomers. The second step was devoted to the heterogeneous catalytic
isomerisation/dehydration of the Cs monosaccharides (glucose/fructose) to obtain 5-HMF in the
presence of Nb2Os. This second stage of the overall transformation was optimised through a Design
of Experiment (DoE) approach. A further optimisation of the second step of the process has been
achieved through the use of NbOPOys instead of Nb.Os. Moreover, the reaction was also carried out
in a biphasic system in which the chemical reaction takes place in the aqueous phase, while the
simultaneous separation of 5-HMF occurs in methyl isobutyl ketone used as extractive phase. In this
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way, a reactive extraction was performed, in line with the principles of process intensification, with
the aim of improving the energy-efficiency of the entire process. Consequently, this work reports an
early-stage process for the valorisation of the polysaccharides contained in a recalcitrant microalgal
biomass. The results obtained are very encouraging because, under the optimized operational
conditions, a yield to 5-HMF of ca. of 29% with respect to the total sugars content present in the algal
biomass was achieved.

2. Materials and Methods
2.1. Algal growth and analysis of the sugars content of the biomass

Microalga Chlorella sp. Pozzillo was previously isolated from Sicilian littoral and molecularly
characterized [27]. The strain was kept in liquid medium. For this work, a commercial fertilizer
(Spray-feed, Pavoni) diluted in H,O was employed at the concentration of 3 g L™!. A pre-culture of
the microalgae was set up by inoculating 50 mL of sample from a culture flask in 500 mL of fresh
medium. When cells were in late exponential phase (after about 10 cultivation days), the cell
suspension were used to inoculate a bubble column photobioreactor with the volume of 5 L. The algae
were cultivated for 15 days under a photon flux density of about 300 pmol m™ s™'. Light intensity was
measured with a Delta Ohm-HD 9021 quantometer equipped with a Photosynthetic Active Radiation
(PAR) probe (Delta Ohm LP 9021 PAR). After the cultivation, the biomass was harvested by
centrifugation and the obtained biomass was frozen in liquid nitrogen and freeze-dried for 24 h in a
bench lyophilizator (Alpha 1-2 LDplus, Christ, DE). The biomass obtained from several cultivations
was collected and homogenised.

For the quantification of total monosaccharides content, an acidic hydrolysis on the whole biomass
was performed by adding 24 mL of HCI 2 N and 240 mg of SiO> pellets (0.2-0.5 mm size) to 40 mg
of biomass in a stainless-steel autoclave hydrothermal reactor (Tefic Biotech Co. Limited, Xi’an,
China) with a 50 mL PTFE chamber. The autoclave was placed in a thermostatic, preheated synthetic
oil bath, posed on a heated magnetic stirrer. The reactions proceeded under continuous mixing with
a magnetic bar at 500 rpm; after reaction completion, the reactor was rapidly cooled using tap water.
The hydrolysis was performed at 120 °C for 3 h. The suspension was filtered through 0.2 pm
membranes (CA, Millipore) and sugars were analyzed by means of a HPLC Dionex UltiMate 3000
equipped with a column Rezex ROA-Organic acid H' operating at 60 °C and using 0.6 mL-min™! of
a 5 mM H>SO4 aqueous solution as eluent.

2.2. Biomass pre-treatments

As previously explained, in order to valorize the microalgae biomass it was necessary a preliminary
treatment aimed to break down the membrane of the algae cells in order to release and hydrolyze the
carbohydrates to obtain Cs and Cs sugars in solution. For this aim, the biomass of Chlorella sp. was
subjected to various pre-treatments in order to find the best conditions, i.e. those which yielded the
greatest quantity of sugars in solution. It is important to underline that the conditions studied here
were different from those reported in section 2.1 that gave rise the highest amount of sugars. In fact,
here we have tried to obtain the greatest possible release of sugars in solution avoiding the use of
concentrated HCI (2 N) aqueous solution.

Different experimental settings, such as sonication, hydrothermal treatment, acidic hydrolysis with
diluted acetic acid water solution were tested in combination or alone. The biomass hydrothermal
treatments were performed in the same autoclave described in section 2.1. Each pre-treatment was
performed on the same batch of Chlorella sp. by treating 40 mg of lyophilised algae dispersed in 24

mL of suspension. For each treatment two different conditions were applied by changing the
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temperature and reaction time (100 °C for 1 h and 120 °C for 2 h). Selected experiments were carried
out in the further presence of SiOz pellets (10 g-L!; 0.2+0.5 mm size). The ultrasonication pre-
treatment was performed with an ultrasound probe (Sonoplus HD 4100, Bandelin) immersed in the
aqueous algae suspension for 10 minutes at the maximum power. After the treatments, the
suspensions were filtered and the concentration of sugars in the filtrate analysed by HPLC.

2.3.  Characterization of the Nb-based solid catalysts

Two different heterogeneous catalysts were used in the algae valorisation. They were the commercial
powders: HY-340, corresponding to niobic acid, i.e. amorphous hydrated Nb,O, and therefore
labelled in the following as Nb,Os, and hydrated nioubim oxyphospate NbOPOs. Both solids were
kindly provided from the Companhia Brasileira de Metalurgia e Mineragdo (CBMM) and they were
used as received. An in-depth chemical-physical characterization of the two commercial CBMM
catalysts has already been reported several times in the literature [23,24, 28-32], consequently, we
have confirmed the characteristics already published and in the present study we report further
characterizations, detailed below, to support and enrich the discussion. The specific surface area
(SSA) of the samples was measured by using a Micromeritics FlowSorb 2300 apparatus. Scanning
electron microscopy (SEM) was carried out using a FEI Quanta 200 ESEM microscope, operating at
20 kV on specimens upon which a thin layer of gold had been evaporated. High-resolution
transmission electron microscopy (HRTEM, JEOL-JEM-2100F) and scanning transmission electron
microscopy (STEM, Gatan) combined with energy dispersive X-ray spectroscopy (Oxford, EDX)
were performed to inspect the structures at high magnification and determine their nanostructure and
elemental composition and distribution. Fine powder of every sample was dispersed in ethanol,
shortly sonicated, and sprayed on a Lacey-carbon-on-copper grid (200 mesh, EM science), and then
allowed to air dry. Then, the dried grid was mounted on a JEOL single-tilt holder. Acquiring,
processing and analysis of all micrographs were performed using Gatan Digital Micrograph software.
Quantitative analyses were done using INCA Microanalysis software. Vibrational spectroscopies,
FTIR and Raman, were used to verify the structural features of the solids. FTIR spectra of the samples
in KBr (Aldrich) pellets were obtained by using a FTIR-8400 Shimadzu spectrometer with 4 cm’!
resolution and 256 scans and spectra were recorded before and after the reaction to evidence the
possible presence of humins. Raman spectra were registered by using a Renishaw in-via Raman
spectrometer equipped with an integrated microscope and with a charged-coupled device
(CCD)camera. A He/Ne laser operating at 632.8 nm was used as the exciting source. The power of
the laser used was 15% of the maximum value that was around 300 mW. Three different measures
on the same sample were carried out in different positions on the specimen to confirm the
homogeneity and reproducibility of the measure. The quantification of Brensted acid sites on the
surface of the materials was performed in aqueous suspension by the titration method with 0.01 M
NaOH (aq) as reported in literature for acidic solids [33]. In a typical experiment, 0.1 g of solid was
added to 25 ml of deionized water. The resulting suspension was allowed to equilibrate for 24 hours
under stirring and thereafter it was titrated by dropwise addition of 0.01 M aqueous solution of NaOH
using phenolphthalein as the neutralization indicator.

2.4. Catalytic reactivity set-up: Hydrothermal conversion of Chlorella sp. into furans

The stainless-steel autoclave hydrothermal reactor described in 2.1. was used as catalytic reactor and
the reactions proceed by using the same set-up described before. In the PTFE beaker, 24 mL of the
pre-treated suspension (see section 2.2), previously filtered through 0.2 um membranes (CA,
Millipore), were placed. The heterogeneous catalytic reactions were carried out in the presence of the
commercial Nb2Os or NbOPOg. Other variables were the reaction temperature and time, as well as
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the mass ratio catalyst/biomass. The starting of the reaction has been considered the moment in which
the autoclave was immersed into the hot oil bath.

Some experiments were performed in the presence of a biphasic system in the contemporary presence
of an aqueous suspension and an organic solvent. For that aim, 12 mL of the pre-treated suspension
and 12 mL of Methyl IsoButyl Ketone (MIBK) or 4-heptanone were placed into the chamber along
with the solid catalyst. A selected experiment was carried out in the presence of 200 mg mL™! of NaCl
in order to understand the influence of the ionic strength effect in the conversion and selectivity. After
the treatments, aliquots from both the organic and the aqueous phase were filtered and 5-HMF,
furfuryl aldehyde and residual sugars concentrations were analysed by means of the HPLC described
in 2.1. Results are expressed as yield (Y) to 5S-HMF, calculated as follows:

mol HMF
mol glucose+mol fructose

(1

2.5. Experimental design through (DoE) methodology

The study of the experimental variables involved in the catalytic transformation of sugars into furans
was carried out by an experimental design of 20 trials suggested by the Design-Expert 13® (DoE)
software. The variables studied were temperature (variable A), between 160°C and 210°C, time of
reaction (variable B), between 4.45 and 16 h and percentage of catalyst with respect to the initial
biomass (variable C), between 50 and 200%. The model output is the percentage yield to 5S-HMF
starting from the extracted sugars. A central composite design with the mentioned three inputs and
only one output (the obtained concentration of the product S-HMF) was chosen.

2.6. Calculation of the electric power consumption

A network analyzer was connected to the synthetic oil bath containing the autoclave chamber
employed for the catalytic reactions. The analyzer, Frer Nano Mono 63A, was connected to the power
line of the heating plate LLG-uniSTIRRER 7 and the recorded data were analysed to quantify the
power consumption during the use of the system.

3. Results and discussion
3.1. Effect of pre-treatments on sugars availability

Several kind of pre-treatment on biomass have been reported, and each of them showed different
performance depending on the nature of the cell-wall of the algae under study [12]. In particular,
microalgae of the genus Chlorella sp. are usually equipped of a very resistant cell wall, made of
insoluble polymers. The microalga employed in this work is autochthonous and for this reason there
are no technologies ready for the degradation of its cell-wall. Consequently, with the aim to release
the maximum possible amount of sugars from the cell, employing procedures in which the use of
concentrated solutions of inorganic acids is avoided, various pre-treatment methods and conditions
test, detailed in Table 1, were carried out. In Table 1 the amount of sugars released during the pre-
treatment is reported as a percentage of their total amount, released by using HCI concentrated water
solution (see section 2.1), that resulted to be equal to 9.1 mg in 40 mg of lyophilised biomass,
corresponding to ca. 22.7 % of the total mass.



Table 1. Experimental conditions applied in the preliminary treatment of Chlorella sp. algae along
with the percentage of sugars released with respect to their total amount measured by following the
procedure described in section 2.1.

. Temperature Sugar
Run Pretreatment Time [h] o released
[°C] (%]
A Hydrothermal (in H>O) 1 100 16.9
B Hydrothermal (in H>O) 2 120 18.0
C Hydrothermal (in CH;COOH 0.1 M) 1 100 20.6
D Hydrothermal (in CH;COOH 0.1 M) 2 120 18.4
E Hydrothermal (in CH;COOH 0.1 M) in 2 120 29.5
the presence of Si0; pellets

F Ultrasonication 10 min r.t. 24.1

G  Ultrasonication followed by hydrothermal 10minand2h r.t. and 120
: 27.9

(in H20)

H  Ultrasonication followed by hydrothermal 10 minand2h r.t. and 120

(in CH3COOH 0.1 M) in the presence of 353
Si0, pellets

*1.t. stands for room temperature

Pre-treatments were distinguished by the medium in which the hydrothermal treatment have been
carried out, i.e., only water or acetic acid diluted aqueous solution. For each of them, two different
severity levels were applied, by changing the temperature (100 or 120 °C) and the reaction time (1 h
or 2 h). Acetic acid was employed also in the presence of SiO», due to the mechanical damage that
silica pellets can cause to the cell and due to its acidic nature. As a further treatment, ultrasonication
was chosen and applied either alone or followed by a hydrothermal treatment. In experiments G and
H, after ultrasonication a hydrothermal treatment in water (G) or in acetic acid solution in the presence
of Si02 (H) for 2 h at 120 °C was performed.

A perusal of Table 1 evidences that amongst the pre-treatments carried out at 100 °C for 1 h, the
presence of acetic acid (experiment C) increased the hydrolysis of the biomass ensuring a release of
sugars of 20.6%, while in water alone (A) it was only 16.9%. At 120 °C for 2 h, water hydrolysis (B)
and acetic acid mediated hydrolysis (D) gave similar results, i.e. 18 and 18.4%, respectively. When
acetic acid was employed in the presence of SiOz (E), the release of the sugars was 29.5%. The
addition of SiO; has a notable effect on the release of sugars probably because it induces an increase
in the cell disruption. Although studies showing cytotoxic effect of SiO2 nanoparticles (10-20 nm) in
Dunaliella tertiolecta are reported [34], the SiO» particles used in this work were bigger (size 200-
500 pm) than those of the aforementioned work, and probably they helped in the rupture of the cell
membrane due to mechanical stress. In order to increase the percentage of sugar release, we tested an
alternative pre-treatment, i.e. ultrasonication homogenisation. The ultrasonication is often employed
for the pre-treatment of biomass because ultrasound waves cause the periodical compression and
rarefaction when propagating through the medium. Ultrasonication alone (F) caused 24.1% of sugar
release; the combination of ultrasonication and successive hydrothermal treatment resulted in 27.9%
and 35.3% of sugar release at 120°C for 2 h in water (G) and in acetic acid and Si0, (H), respectively.
For this reason, we chose to proceed with experiments by using this last pre-treatment (H) as
preliminary step of the catalytic reactions.

The ultrasonication and successive hydrothermal treatment releases a quantity of sugars comparable
to that reported on recent literature. For example, the employment of pulsed electric field in Chlorella
vulgaris leads to a carbohydrates yield of 25 to 39% of the total carbohydrate content, the employment
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of lonic Liquid on Chlorella vulgaris leads to a carbohydrates yield of 26% of the entire carbohydrate
content [35]. An enzymatic pre-treatment on Chlorella pyrenoidosa leads to a sugar yield of 19% of
biomass [36].

3.2. Characterization of the catalysts

As far as regards the morphological characterization of the catalysts to be used in the
isomerisation/dehydration reaction of the released sugars, Figure 3 shows the SEM micrographs of
the two catalysts before and after their use in the catalytic tests. Both fresh catalysts consist of
agglomerates of nanoparticles ranging in size from 20 to 40 nm in the case of Nb,Os, and between 12
and 20 nm for NbOPO4. HRTEM inspection of Nb2Os (Figure 4a,b) and NbOPOs (Figure 4c,d)
confirmed that the agglomerates at the nanoscale do not show any crystallinity and all selected area
electron diffraction patterns (see supporting information) were typical of amorphous structures. The
STEM-EDX area mapping and quantitative analysis showed the homogenous distribution of Nb and
O (Figure 5 upper panel, table 2) and Nb, P and O (Figure 5 lower panel, table 3) in the agglomerates
of Nb2Os and NbOPOg, respectively. After the catalytic experiments, an increase in particle size up
to 26-40 nm was observed for the NbOPOy catalyst, indicating a sort of thermal sintering of the
particles only in the case of this material. In particular, after the catalytic experiments the particle
dimensions of the two catalysts Nb2Os and NbOPO4 were found to be very similar.

Figure 3: SEM micrographs of the catalysts (a) Nb,Os fresh and (b) after being used in reaction, and (c)
NbOPO; fresh material (d) after being used in the catalytic reaction.



Figure 4. HRTEM imaging of Nb,Os (a,b) and NbOPO4 (c,d) at different magnification scales proving their
amorphous structures.
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Figure 5. Bright-field STEM imaging (grey scale images) and EDX area mapping for agglomerates of Nb,Os
(upper panel) and NbOPOj4 (lower panel) for the elements: Niobium (red), Oxygen (green) and phosphorus
(yellow) proving the homogenous distribution of all elements at the nanoscale.

Table 2. EDX quantitative analysis showing the normalized atomic % of several Nb,Os agglomerates

Element Atomic% Standard deviation
Nb 32.07 1.68
O 67.93 1.68

Table 3. EDX quantitative analysis showing the normalized atomic % of several NbOPOg4

agglomerates
Element Atomic% Standard deviation
Nb 19.06 1.27
(0] 69.30 2.11
P 11.64 1.09

The crystallinity of both commercial Nb2Os and NbOPOys solids has been studied before by XRD [37]
evidencing the amorphous character of both powders. FTIR was carried out to study the structure of
the samples both as received and also after being used in the catalytic reaction. FTIR spectra of both
samples are reported in Figure 6(A). For both samples the typical bands assigned to water are present.
The large band centered at ca. 3300 cm™ is attributed both to the hydroxyl groups of the water
physically adsorbed on the catalyst surface and to the Nb-OH groups, whereas the transitions at ca.
1680 cm™! is due to the bending of the water. The intense peak at 590 cm™! with a shoulder at 890 cm"
! have been assigned to Nb-O groups and Nb=0 vibrations, respectively [38]. The NbOPO4 sample
furtherly showed a strong transition centered at 1010 cm™, assigned to the O=P=0 asymmetric
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stretching vibration of phosphate species [39]. In NbOPOs, the Nb=0 stretching frequency is masked
by the phosphate vibrations. Interestingly, no apparent differences in the FTIR spectra were observed
for the spent catalysts with respect to the original materials, indeed the colour of the used catalysts
did not changed significantly with respect to the initial solid. Also Raman spectroscopy has been
employed to investigate structure features of both catalysts. Figure 6 (B) shows the Raman spectra
related to both solids. Each measurement was performed at different positions on the surface of the
specimen in order to verify the homogeneity of the material. Three broad vibrational transitions
characterised the Nb,Os spectrum, centered at ca. 660, 200, and 150 cm™" the most intense at ca. 660
cm’! has been attributed to stretching vibrations of the Nb-O-Nb bridging bond of distorted octahedral
polyedra NbOg, as reported before by Pittman for niobic acid [40]. The amorphous degree of the
structure is associated to the presence of distorted NbOs, NbO7 and NbOgs polyhedra justifying the
broadening of the =660 cm™! centered band. Moreover, the group of weak and broad bands in the low-
wavenumber region was assigned to the bending modes of the Nb—O—Nb linkages [41]. The widening
of the bands attributed to the bending modes of Nb—O—Nb distorted bridges is justified by the
amorphous niobic acid structure. This results are in agreement with the previous observations[37].
The structure of the niobic acid, the HY-340 sample, consists of distorted NbOg, NbO7 and NbOsg
polyedra containing also water molecules bonded by hydrogen bonds to the oxygens of various
strengths [42]. These hydrated polyedra are responsible for the Bronsted acid centers [43,44]. The
Raman spectrum of NbOPOy is characterised by two main peaks. The strong band present at 680 cm”
! can be assigned to the stretching O-Nb-O mode of the distorted NbOs polyhedra, whereas the
phosphate units, O-P-O bonds, can possess different geometries according to their connectivity
depending upon the number of bridging oxygen atoms per PO4 tetrahedron (n = 0 to 3) [45].
According to Razum et al., the phosphates vibrational transitions are responsible for the group of
bands in the range 750 to 1100 cm’'; for instance, the signal at 780 cm™' can be attributed to stretching
P-O-P but also to O-Nb-O bonds coupled to O-P-O deformation modes; and the shoulder centered at
ca. 925 and 1010 cm™ to the O-P-O the symmetric and asymmetric stretching, respectively. The
presence of the above described vibrational transitions justify and support the existence of structures
reported in Figure 2 for the catalysts used in this research.
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Figure 6. (A) FTIR and (B) Raman spectra of the catalysts (a) Nb,Os and (b) NbOPO4

The results obtained from textural characterization of the samples are shown in Table 4. Both Nb2Os
and NbOPOy catalysts showed similar specific surface areas, nonetheless, according to literature
reports, where type IV BET classification adsorption-desorption isotherms have been reported for
both solids, NbOPOj4 presented higher pore volume and diameter values than Nb>Os [46] attributed
to the 2D lamellar structure of NbOPO4 shown in Figure 2 (B), capable of occlude neutral molecules,
as water. The acidity of catalysts in aqueous suspension was determined by titration with NaOH. This
method quantifies only the Bronsted acid sites through the measurement of free protons in solution
due to the initial cation exchange between the catalyst surface and the solvent. The acidity measured
by titration evidenced the much higher acidity of NbOPO4 with respect to the niobic acid Nb2Os,
which can enhance the 5-HMF yield in the monosaccharide isomerisation/dehydration reaction.

Table 4. Specific surface area and acid properties of prepared catalysts as determined by NaOH
0.01 M titration.

Catalyst Specific surface Acid sites by NaOH Surface density of
area [m?-g!] titration Bronsted acid sites x10°
[mmol H' g!] [mmol H m?]
NbOPO4 119 31.8 270
Nb2Os 115 0.694 6.03

3.3. Heterogeneous catalytic valorisation of Chlorella sp. in the presence of Nb20s and
modelling of the results

Table 5 shows the results of the catalytic experiments conducted according to the design obtained
from the DoE software. The monosaccharides (glucose and fructose) content of the dried Chlorella
sp, estimated as indicated in Section 2.1, resulted the 22.7% of the total mass for each algal sample.
This sugar content was used to determine the yield to 5S-HMF by using equation 1. However, in Table
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5 is reported also the yield to 5-HMF with respect to the amount of sugars released during the algae
pre-treatment.

Table 5. Experimental design based on Design-Expert 13 software applied for the heterogeneous
catalytic reactivity and results of the experimental trials. Results are expressed as yield to 5S-HMF
considering as starting amount of sugars both the total sugars measured in section 2.1 and the
extracted sugars after the pre-treatment. All the experiments were carried out by using Nb>Os as the
catalyst.

by ‘Yield to
Yield to 5-HMF with
Run A:Time B:Temperature C: ?*Catalyst S-HMF with respect respect to released
[h] [°C] [Yo] to total sugar content
(%] sugar
[o]
1 4.45 160 50 6 17
2 16.0 160 50 16 45
3 4.45 210 50 15 61
4 16.0 210 50 7 24
5 4.45 160 200 16 38
6 16.0 160 200 21 59
7 4.45 210 200 18 73
8 16.0 210 200 6 21
9 0.5 185 126 0 0
10 20.0 185 126 13 48
11 10.3 143 126 3 11
12 10.3 227 126 9 31
13 10.3 185 0 7 25
14 10.3 185 251 13 47
15 10.3 185 126 17 60
16 10.3 185 126 13 49
17 10.3 185 126 19 60
18 10.3 185 126 13 49
19 10.3 185 126 19 60
20 10.3 185 126 17 60

Percentage of catalyst with respect to the initial biomass; *Yield based on the algae total sugars content; “Yield based on
the algae released sugars during the pre-treatment.

The best yield to 5-HMF, with respect to the released sugar in the pre-treatment, is 73%,
corresponding at 18% with respect to the total sugars (run 7). Runs 3, 6, 15 and 20 give also good
results with yield to 5S-HMF of 61-59% with respect to the released sugar and 15-21% with respect to
the total sugars. Since the salt contained in the lyophilized alga (the presence of anions was mainly
limited to phosphates (32 ppm) and chlorides (270 ppm)) can affect the conversion of the sugars to
5-HMF, an experiment (not reported) was carried out in the presence of a high amount of NaCl (270
ppm as CI') in a synthetic glucose solution. From this experiment we concluded that the presence of
chlorides decreased the glucose conversion but the selectivity to 5-HMF remained almost constant,
hence the yield to 5-HMF decreased. Moreover, it was interesting to note that at the same time, the
selectivity to fructose increased. These results suggest that the presence of chloride ions not only
reduces the glucose conversion, but it is also responsible for reducing the formation of by-products
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different from fructose and 5S-HMF. Consequently, the presence of salt is not completely undesirable,
and then it is not convenient to remove them from the solution. The obtained yields compared to the
total sugar content are comparable to what found by other researchers in previous works. For example,
Wang et al. obtained a 5S-HMF yield from 7.5 to 18.5% from Chlorococcum sp. biomass by using H-
ZSM-5 zeolite as catalyst at 200 °C for 2 h [47]. Jeong et al. obtained a maximum HMF yield of
22.3% from Chlorella sp. with a metal sulphate homogeneous catalyst at 165°C for 30 min [48].
Jeong obtained the maximum 5-HMF yield of 37.23% at 170°C and 60 min from Chlorella sp. using
a two-step approach in the presence of ferric sulphate as homogeneous catalyst [49]. It is worth noting
that the mentioned works report reaction times shorter than those used in the present work. This may
be due to the temporal starting point considered, which, in this work, corresponds to the moment in
which the autoclave was immersed in the boiling oil. A specific time is required to warm up the entire
reactor, which increases the overall reaction time.

The Design Expert software was then employed for analysing the experimental data. The software
employs a mathematical model with the aim of fitting in the best possible way the experimental
points. The best fitting was obtained by means of a quadratic equation with an F-value of 18.4 and a
p-value < 0.0001, which implies that the model is significant, an R? of 0.94 and a signal to noise ratio
of 14.479. The analysed factors were A- Time, B- Temperature and C- % catalyst. The significant
parameters employed by the model were A, B, C, AB, B2, C2.

Table 6 reports variables, coefficients together with the relevant F and p values. From the analysis of
coefficients, it is revealed that the strongest antagonistic effect on the final output is due to the variable
AB, while C has the highest synergistic effect.

Table 6: Estimation and statistic of coefficients

Variable Coefficient | F-value | p-value
Intercept 55.75 18.74 <0.0001
A-Time -6.14 10.58 0.0100
B-Temperature | 3.88 6.47 0.0315
C-% catalyst 5.97 15.28 0.0036
AB -17.21 74.39 <0.0001
AC -2.58 1.67 0.2288
BC -3.37 2.85 0.1255
A? 2.48 1.63 0.2340
B2 -11.31 55.11 <0.0001
Cc? -6.12 16.13 0.0030
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Figure 7(a) shows the predicted values vs the actual results of the trials. Line represents perfect model
performance; the model offers therefore a very good fitting. The 3D surface of percentage yield
starting from extracted sugars is shown in Figure 7(b). The response of the model is reported in terms
of Yield (%), shown in z-axis, vs Time (h) and Temperature (°C), shown respectively in x and y axis.
In figure 7, the modelling with 200% of catalyst with respect to the initial biomass is shown. For
lower amount of catalyst the 3D surface presents the same shape but with yield values shifted
downward.
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Figure 7. (a) Model prediction vs actual results of the trials expressed as Yield based on the algae released sugars during
the pre-treatment (b) response surface of the % yield as a function of Temperature and Time with 200% of catalyst with
respect to the initial biomass. Colours of points determine the yield percentage to 5S-HMF in the experimental responses.

According to the model prediction, in order to achieve optimal yields to 5-HMF, both time and
temperature need to be carefully adjusted. When high temperatures are chosen, a relatively short
reaction time is optimal, conversely, at low temperature long reaction time is needed. This occurs
because, as well known and schematised in Figure 1, 5-HMF in water may polymerize together with
other products and sugars to form humins, as side polycondensation product [50,51]. The formation
of humins is favoured by increasing the initial concentration of its precursors; for this reason, when
protracting the reaction for more than 4.45 hours at high temperature (210 °C) the model predicts a
decrease of the yield to 5-HMF. On the other hand, the acidic catalyst role enhances the concentration
of 5-HMF for the highest tested concentrations (200 % with respect to the initial biomass). The
heterogeneous catalyst does not interfere with the effect of time and temperature, but simply increases
the yields under all the conditions.

In literature, simple models have been proposed for the conversions of glucose/fructose or cellobiose
to 5-HMF in the presence solid catalysts [52-54]. It is well known that the conversion of
glucose/fructose to 5-HMF follows the steps: (1) glucose isomerization to fructose, (2) fructose
dehydration to 5-HMF, and (3) 5-HMF rehydration to levulinic acid (LA) and formic acid (FA) (See
Figure 1). This last step accounts for the decreasing of 5-HMF yield after a certain reaction time, as
predicted by our model: 5-HMF may disappear due to the formation of humins but also for its
rehydration to form LA and FA.

Wang et al. concluded that for the conversion of glucose to 5-HMF in the presence of a homogeneous
catalyst such as LiCl, the reaction temperature had an important impact on the activity, confirming
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the results of the present research. Analogously to our present work, Ramli et al., in heterogeneous
catalytic regime in the presence of a Fe/HY zeolite catalyst, conclude that in the conversion of glucose
to 5-HMF the reaction rate increased by enhancing the temperature.

A multiparameter statistical approach was employed previously for the optimization of microalgal
conversion in 5-HMF [43,44,50]. They found as best fitting, a quadratic equation for the modelling
5-HMF production from Chlorella sp. using as parameters temperature, catalyst concentration and
reaction time with a similar approach to this work [48]. Their results are apparently contrasting to
what we have found here, but this may depend again on the chosen experimental conditions for the
time equal to zero. Alternatively, it may be possible that the sugars were more available for conversion
than in our system, therefore shorter times and lower temperatures were required. In another work,
the same author employed the same quadratic equation for the modelling of 5-HMF production from
Chlorella sp. using as parameters temperature, catalyst concentration and reaction time [49]. In this
last work, carried out in the presence of a solubilised salt, Fex(SOa)3, as catalyst, low temperatures
(140 and 150 °C) and longer times were necessary for the conversion to 5S-HMF while at higher
temperature (190°C), shorter times were needed, similarly to what found in the current research. The
lower duration of the overall reactions could be attributed to differences with respect to us in the
consideration of the zero time of reaction, and/or because of the use of an homogeneous catalyst
instead of a solid one. Instead, other authors have found a quadratic equation as best fitting for the
modelling of 5-HMF production from Chamydomonas reinhardtii using as parameters DMSO %,
H2S04% and temperature [55].

Our results suggested that the best catalytic performance in the presence of Nb2Os is provided from
reactions conducted at high temperature (210 °C) for short time (4.45 h) or at low temperature
(160 °C) for long reaction time (16 h). In order to better evaluate the two conditions, we measured
the energetic consumption in our system in the two conditions. Results indicated that at 160 °C for
16 h the system consumed 4.53 KWh, while at 210 °C for 4.45 h the consumption was 1.56 KWh.
For this reason, in the subsequent experiments these last conditions were preferred and employed as
control. All further results will be expressed as a percentage of this value.

3.4. Optimization through NbOPOs catalyst and ketonic solvent reactive extraction

With the aim of optimising the reaction yield to 5S-HMF, in the light of the results obtained by the
hydroxide titration of the acidic surface of Nb2Os and NbOPOys, as well as considering the literature
reports, also niobium oxyphosphate, NbOPO4 was used as heterogeneous catalysts for the
isomerisation/dehydration of the sugars released by the algae. The results achieved by using this last
catalyst are reported in Figure 8 and are expressed as percentage of the yield to 5-HMF obtained in
the control run, conducted at 210 °C for 4.45 h in the presence of Nb,Os-catalyst. Using the NbOPO4
catalyst under the same conditions as in the optimized experiment (control test) increases the S-HMF
yield by 17.4%. This outcome was expected, considering the slightly higher specific surface area but
mainly the remarkable enhanced overall acidity in aqueous suspension of the oxyphosphate with
respect to the niobic acid (see Table 4). The alternative optimized conditions identified by the DoE
approach were also tested, i.e. by decreasing the temperature from 210 °C to 160 °C, increasing
reaction time from 4.45 h to 6 h and a combination of the two, but the yield was decreased by 82.1,
5.1 and 77.4%, respectively, compared to the control test. These results suggest that the optimum
reaction conditions to isomerise/dehydrate the monosaccharides obtained from the step 1 in the
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presence of NbOPOy appears to be 210°C for 4.45 h, probably because the ratio Brensted and Lewis
acid sites of NboOs and NOPOy is different.
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Figure 8. Percentage of increase (positive value) or decrease (negative values) of the yield to S-HMF with
respect to the value obtained in the control test for experiments carried out at different time and temperature
by using NbOPO4nH-O as the catalyst.

Several studies have been reported on the fructose and/or glucose dehydration to get 5-HMF in the
presence of NbOPOy4 in which the use of fructose was favourable than the use of glucose to yield 5-
HMEF. The higher number of Brensted acidic sites (BASs) on the oxyphosphate catalyst surface with
respect to the oxide has been claimed to justify this finding [20] because Bronsted sites are considered
more active for dehydration whereas Lewis sites for isomerisation of glucose to fructose [23]. Indeed,
according to literature, the Bronsted acid sites are present in higher amount on NbOPOg4 than on the
Nb2Os whose Bronsted acid sites present low activity in the dehydration of the hexoses to HMF,
which is obtained with low selectivity [56] Considering that both the hydrolysis of polysaccharides
to monosaccharides and the dehydration of fructose to 5S-HMF are mainly catalysed by BASs [57],
the increased yield to 5-HMF in the presence of oxyphosphate catalyst can be attributed to the
improvement in both these two steps of the overall process of conversion to S-HMF, depicted in the
introduction (see Figure 1). Apart for the conversion of cellulose to levulinic acid [58] and of
industrial syrup to 5S-HMF [59], to the best of our knowledge, niobium oxyphosphate has been never
used before for the valorisation of biomass and in particular of microalgae to S-HMF.

With the aim to furtherly increase the yield to 5-HMF, the catalytic sugars conversion was carried out
in a reactive extraction system. Two water/organic solvent (50/50 v/v), i.e. H-O/MIBK and H,0O/4-
heptanone, systems were tested in different conditions. MIBK was chosen because it is stable in acidic
medium and possesses quite low solubility in water, making it useful for liquid-liquid extraction.
Several examples of its employment are reported in literature for both the extraction of sugars from
biomass and for the extractive reaction to get S-HMF [60]. Selected experiments were also carried
out in the presence of 4-heptanone, instead of MIBK. 4-heptanone was chosen because according to
published theoretical computational analysis taking into account the partition coefficient, water
miscibility, boiling point and toxicity of various organic solvents, it resulted the most indicated for
this scope [61].

As shown in Figure 9(a), the catalytic dehydration experiment in the presence of Nb2Os carried out
for 4.45 h with H2O/MIBK biphasic solvent, lead to an increase of 30.2% in the yield to 5-HMF with
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respect to the control test. This yield increased twice, reaching a 60.6%, by using NbOPOy as catalysts
instead of Nb,Os at the same experimental conditions, leading to a yield compared to the total sugar
of the 29%. When the reaction was conducted in the HO/MIBK biphasic system for 6 h in the
presence of Nb>Os, the yield to S-HMF decreased by 2.05% compared to the control, while for the
test carried out 6 h in the presence of NbOPO4 and MIBK the yield increased by 25.4%.
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Figure 9: a) Optimization of the overall reaction yield with the use of a biphasic reactive extraction system
with two different solvents in different conditions b) Repartition of the products between the organic and the
aqueous fractions of the biphasic reactions.

The repartition of 5-HMF between the organic and the aqueous phase is reported in Figure 9(b). When
MIBK was used, the repartition was around 50% between the two phases, whereas the 4-heptanone
always lead to a decrease of the overall yield, except when it was used in the presence of NbOPOj4 in
the run lasted 4.45 h achieving a yield 32.6% higher than that achieved in the control experiment.
Moreover, 4-heptanone, is less efficient with respect to MIBK to extract 5S-HMF from water; indeed,
the repartition of the product in the organic phase ranged between 26 to 37% (Figure 9 b).

As already reported in literature, the significant increase in the overall reaction yield when using
MIBK as extractive solvent is attributed to a certain solubilisation of 5-HMF in the organic solvent
so decreasing its concentration in the aqueous phase and hence the further formation of side-products.
In the biphasic reaction systems, the reaction occurs in the aqueous phase, since sugars have low
solubility in the organic solvent and also because the solid catalyst is dispersed only in the aqueous
phase. Consequently, while the reaction proceeds the product is partially subtracted from the aqueous
solution to the organic phase. This leads to enhance both selectivity and yields to 5S-HMF when
employing MIBK as co-solvent, facilitating at the same time the reusability of the reactive phase with
used catalyst [60]. Furthermore, the use of the biphasic system helps the future recovery of the
product, lowering the costs for its separation [62,63]. Conversely, the use of 7-heptanone for the
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biphasic reaction resulted not convenient, probably because this solvent is not likely to extract 5-
HMF and furthermore hinders the advancement of the reaction. This means that the choice of the
appropriate solvent is of central importance for the process outcome. Biphasic systems with MIBK
solvents were previously applied in the catalytic transformation of cellulose to 5S-HMF with good
results [64-66], and in some cases for the real biomasses to S-HMF process [67,68]. As suggested by
previous experimentations [63—65], the salting-out effect was studied in the biphasic system with the
addition of 200 mg mL™! of NaCl with MIBK solvent and niobium phosphate catalyst. The condition
led to a reaction yield almost equal to the control (only 3.3% less). Otherwise, the repartition of the
product in the organic fraction was increased compared to the use of MIBK without salt, from 50%
to 72%. This should be an advantage from a process point of view. Although a positive effect on
overall 5-HMF yield is generally observed in other works [69-71], here, a marked decrease compared
to the same condition without NaCl is observed. This difference, anyway, was also observed in other
experiments (not yet published) in which the reactivity of niobium oxide catalyst in transforming
glucose was decreased by conducting the reaction in presence of ammonium chloride. These results
show that the Chlorella microalgal recalcitrant biomass may be valorised in 5-HMF with niobium
phosphate catalyst in biphasic systems in a biorefinery perspective.

4. Conclusions

A catalytic valorisation of Chlorella sp biomass to obtain 5S-HMF has been performed and optimised.
The reaction has been carried out in two steps; the first one was aimed to extract the carbohydrates
from the algae and the second to obtain 5-HMF, by means of a catalytic isomerisation/dehydration,
from the extracted carbohydrates. Some procedures were tested to extract the carbohydrates from the
algae, but the use of ultrasonication and successive hydrothermal treatment in acetic acid solution
gave the best result. The successive steps, isomerisation and dehydration of the carbohydrates
extracted from the algae to obtain 5-HMF, were performed by heterogeneous catalysis in
hydrothermal conditions. Nb2Os-nH>O catalyst was used to identify, through a DoE approach, the
best reaction conditions, that were 4.45 h at 210°C with 200 % of catalyst with respect to the
lyophilized alga. These conditions were further optimised through the use of NbOPOsnH>O as
catalyst and with the adoption of a biphasic system H,O/MIBK. The partition of the HMF between
the aqueous and organic phase was improved by the addition of salt to the aqueous phase. Therefore,
in this work, an early-stage process for the transformation of recalcitrant microalgal biomass is
proposed.
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