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ARTICLE INFO ABSTRACT

Keywords: A green organic, solvent-free, subcritical water-CO, (subW-CO3) system was proposed for the production of
Catalysts furfural from the main hemicellulose’s sugar, xylose. Despite subW itself showed potential for furfural generation
Furfural

due to its catalytic properties under subcritical conditions; when CO, was added into the system as pressurization
agent, higher yields were reached due to its effect as a Brgnsted acid when dissolved in water. Furthermore, its
combination with different Lewis acidic catalysts showed a synergistic effect, further improving furfural yield. In
a batch configuration, five homogeneous and four heterogeneous catalysts were tested at 180 °C and 5.5 MPa and
compared for the first time in a subW-CO; reaction medium. Different furfural production paths were determined
for the two catalysts types, with higher xylose isomerization rates to xylulose when homogeneous trivalent metal
catalysts were used. CrClz and Nafion NR50 resin were selected as best catalysts from each of the groups due to
higher furfural production rates (51.9 + 0.9 % yield/h) and higher furfural selectivity (60.9 %), respectively.
Furthermore, Nafion NR50 catalytic activity remained unchanged after 10 runs at 180 °C. The green subW-COy
system furfural yields were comparable to water-organic solvent biphasic ones, proving to be a promising green

Pressurized carbon dioxide
Subcritical water
Xylose

alternative.

1. Introduction

Furfural (CsH402), also known as 2-furaldehyde, is an aromatic
aldehyde obtained by the hydrolysis of pentoses or other poly-
saccharides rich in pentoses through their subsequent dehydration [1].
Due to the high number of its industrial applications, such as production
of solvents, polymers or fuel additives, furfural production has gained
great interest in the last years and current research [2]. It is considered a
potential bio-based chemical, and its production has been predicted to
grow. In 2020, its world production was estimated between 200,000 and
360,000 tonnes [3] by the International Energy Agency (IEA). Furfural is
industrially produced worldwide by diverse processes where lignocel-
lulosic biomass is used as the raw material [4,5]. Lignocellulosic
biomass is mainly composed of cellulose, hemicellulose and lignin.
Composition varies with the type of biomass, but hemicellulose usually
comprises the 23-32 % [6]. Hemicellulose is a heterogeneous polymer
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formed by Cs and Cg sugars, such as xylose, arabinose, mannose or
glucose, among others, that linked by glycosidic bonds, form poly-
saccharides such as xylans, arabinans and glucans, easily broken into
their monomeric compounds [5]. The resulting pentoses and hexoses
can be converted into valued chemicals, highlighting in this case furfural
production from pentoses dehydration [7]. Currently, batch and
continuous operating modes are used in the industry for furfural pro-
duction, as well as a wide variety of lignocellulosic biomass, mainly
wood of different origin, bagasse or corn cob. Despite the process dif-
ferences, most of them use HySO4 as the catalyst, organic solvents as
reaction media, and operating temperatures ranging from 150 to 200 °C,
although higher temperature can be used in specific cases. Due to the
mentioned value of furfural, many are the research studies focused on its
production by different means and raw materials, being sugars, poly-
saccharides or lignocellulosic biomass the main ones. Focusing on the
synthesis of furfural from sugars, as the basis of the process, the most
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abundant methods found in literature are the ones where catalysts are
used, mainly homogeneous ones such as mineral acids, organic acids,
metal salts and ionic liquids, and in a lesser extent, heterogeneous ones,
such as carbon acids, clays, ion-exchange resins or zeolites [8]. Overall,
furfural yield of these biomass samples can be in the range from 40 up to
70 %, although it is frequently around 50 % [9,10]. However, these
implemented methods also present some drawbacks, such as high
amounts of solvents and chemicals consumption, with their corre-
sponding disposal, contributing to the environment detriment, what
makes necessary a greener approach for furfural production.

Another limiting factor for the obtention of higher furfural yields is
its fast degradation in aqueous media into humins, insoluble polymers
formed when furfural remains dissolved in the aqueous medium [9].
Therefore, a common technique to increase furfural yield is the use of
biphasic systems formed by a water-organic solvent mixture, where the
sugar is dissolved in the water solution, and furfural is transferred into
the organic phase as it is produced, avoiding its degradation and
therefore increasing its yield [10]. Although some of the solvents used
are considered as green, their disposal once they are no longer needed
will negatively affect the environment.

As a greener alternative, a biphasic system consisting in subcritical
water (subW) as the aqueous medium, and CO5, as the pressurizing agent
was used for the first time for the production of furfural from xylose in a
one-pot reaction, from now on named as subW-CO5 system. The great
advantage that this system offers over the previously mentioned ones is
the fact that no mineral acids and no organic solvents are needed for
furfural production, as the only required reaction media is water. Fig. 1
shows the two most commonly accepted pathways for the conversion of
xylose to furfural, (1) through a direct dehydration in the presence of a
Brgnsted acid, or (2) indirectly, through first an isomerization of xylose
to xylulose through a Lewis acid, and then its dehydration to furfural
with a Brgnsted acid [11]. However, based on experimental data and
literature, it is also known that isomerization of monomers can take
place in the absence of a Lewis acid, and dehydration to furfural can
happen with no Brgnsted acid addition, although the yields of these
reactions are significantly lower due to higher activation energy re-
quirements [12]. The second pathway presents some advantages since it
produces less side reactions and requires milder conditions than the
direct dehydration, providing higher furfural yields [13].

In the proposed subW-CO, system, xylose is dissolved in the
subcritical water, which is water in its liquid state in the temperature
range from 100 °C to 374 °C 14. Under these conditions, the water

Xylose Xylulose

0 Isomerization HO OH

OH OH — IS —
Lewis acid / )\/\OH

Furfural

Fig. 1. Furfural production pathways, direct (green) and indirect (blue) [12].
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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acquires new properties, such as an increase of its ionic product, which
gives the water acidic and basic catalyst properties [14], due to the
higher concentration of hydronium (H30™") and hydroxyde (OH™) ions.
In a recent study where glucose was dehydrated to hydrox-
ymethylfurfural in a subW-scCO; treatment, it was determined that the
subW itself could act as a Lewis and Brgnsted acid at the same time. They
observed that isomerization of the sugar monomer was favoured by
hydroxyde ions, acting as the Lewis acid, and the dehydration step of the
isomer was produced by the hydronium ions, as a Brgnsted acid [14].
This means that in a subW system at an appropriate temperature, xylose
conversion to furfural could take place without further catalysts addi-
tion. In the proposed subW-CO; system, the Brgnsted acid effect is
reinforced through the election of CO as the pressurizing agent, which
partially dissolves in the water, and forms carbonic acid, acting as a
Brgnsted acid after its dissociation in water. Additionally, to further
improve furfural production, catalysts that act as Lewis acids were
added into the system.

Therefore, the aim of this work was to study for the first time the
effect and interactions of different homogeneous and heterogeneous
catalysts in a solvent-free subW-CO, system for furfural production in a
one-step system from sugar-derived biomass, xylose.

2. Experimental section
2.1. Materials

Xylose (99 %), furfural (99 %), and the homogeneous catalysts used
in this work, chromium (III) chloride hexahydrate (98 %), aluminum
chloride hexahydrate (99 %), iron (III) chloride hexahydrate (97 %),
aluminium potassium sulfate dodecahydrate (99 %) and aluminum
sulfate tetradecahydrate (97 %), were purchased from Sigma-Aldrich.
The heterogeneous catalysts, Montmorillonite K10, zeolite ferrierite,
ammonium, Zeolite B, hydrogen (Hp), and Nafion NR50 resin, were
purchased from Thermo Scientific.

2.2. Subcritical water (subW) treatments

Subcritical water (subW) treatments of xylose were performed in a
0.5 L reactor (pmax = 6 MPa) in a batch configuration. This equipment
has been described elsewhere [15]. Briefly, in a typical run, 200 mL of
the prepared sugar monomer and the required amount of catalyst were
charged into the reactor and homogenized with a magnetic stirrer. An
initial sample was collected and pH was determined at the beginning of
each kinetic experiment. The reactor was then sealed and working
temperature was reached through a ceramic resistor jacket. At the same
time, the system was pressurized up to 5.5 MPa using either N, as an
inert gas, or CO,. Average heating time was 8 + 1 °C/min. Total treat-
ment time was 4 h for each experiment, and initial time was considered
as the time when the desired working temperature was reached. After
that, samples were withdrawn periodically and kept refrigerated until
their analysis to follow the furfural production kinetic. A final sample
was collected by the end of the experiment and then the reactor was let
to cool down until reaching a temperature below 90 °C, when it could be
depressurized. pH was determined in all collected samples. In selected
experiments, the depressurization gas phase was collected in two
consecutive cold traps and further analysed in the same way as the subW
collected samples. Filtration of the final liquid in the subW reactor
allowed to collect formed solid materials.

The present study aims to elucidate furfural production from the
biomass sugar-derived xylose conforming the polysaccharide fraction of
lignocellulosic biomass. This information will serve for future treat-
ments of biomass by subW. Therefore, considering this future approach,
and based on the composition in hemicelluloses, specifically in xylose, of
frequent studied biomass such as corn stover or brewer’s spent grain, the
initial concentration of xylose solutions was fixed as 11 g/L (73 mM).
The effect of different operating conditions, such as pressurization
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agent, and presence and type of catalyst were considered in this study.

2.2.1. Effect of pressurization agent and Lewis acid catalyst presence

The effect of the pressurization agent (N or CO2) on furfural pro-
duction from xylose was carried out at 180 °C. This effect was studied in
the absence of any added Lewis catalyst and by adding a 2 wt % of
AlCl5-6H20 (0.91 mM). As a control system, the Lewis catalyzed system
was carried out at atmospheric pressure and 75 °C.

2.2.2. Effect of homogenous and heterogeneous catalysts on furfural
production

The effect of different homogeneous and heterogeneous catalysts was
studied. All trials were performed at 180 °C and 5.5 MPa using CO5 as
pressurization agent and catalyst concentration of 2 wt % in relation to
xylose (2.2 g xylose and 0.044 g catalyst in 200 mL). In the case of Nafion
NR50, supplied as solid transparent spheres, 10 units were added (0.48
g)-

Regarding homogeneous catalysts, three different metal trivalent
salts acting as Lewis’s acids, AlCl3-6H30 (0.91 mM), CrCls-6H20 (0.83
mM) and FeCl3-6H20 (0.81 mM), and two aluminum catalysts con-
taining sulfates, Al(SO4)3*14H20 (0.64 mM) and KAI(SO4)2*12H20
(0.73 mM), were selected to test their catalytic activity in the subW-CO
system and to study the effect of the cation and the anion on the catalytic
process. From now on they will be named as AlCls, CrCls, FeCls,
A12(504)3 and KAl(SO4)2.

Four heterogeneous catalysts were tested in the subW-CO5 system.
Two commercial zeolites: Zeolite ferrierite, ammonium (SiO2:Al;03),
and Zeolite p, hydrogen (Hp) (Al,OsSi), one clay: Montmorillonite K10,
and one resin, Nafion NR50, a solid sulfonated polymer with a strong
Brgnsted acidity [16]. Nafion NR50 reutilization was tested up to 10
times. For this, after each experiment with the resin spheres, those were
collected and washed with distilled water, until clear water, in order to
remove the remaining furfural or other degradation components that
could have been formed.

To better characterize the mechanism of furfural production using
different catalysts, the kinetics for xylose, xylulose and furfural varia-
tions were studied, as well as their effect in pH and in the formation of
side products.

2.3. Furfural production evaluation

To evaluate the effectiveness of each of the conditions and catalysts
tested, furfural yield was calculated using Equation (1).

moles of furfural,

moles of sugar monomer g,

Furfural yield (%) = %100 (Eq. 1)

The selectivity of the process was also evaluated according to
Equation (2):

moles of furfural

moles of sugarmonomer, —moles of sugarmonomer,

Furfuralselectivity (%)=
*100
(Eq.2)

Additionally, sugar monomers conversion was also evaluated using
Eq. (3).

. moles of unreacted monomer
Sugar monomers conversion (%) = (1 - < f m) )

moles of monomer g,
100
(Eq. 3)

where (t) indicates the time during the treatment when the sample was
taken, and (0) the initial concentration.

Initial furfural production rate (% yield/h) and xylose conversion
rate (% converted/h) were compared among catalysts. For this, a linear
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regression of their initial reaction rate data was performed using furfural
production (% yield) or xylose conversion (% converted) values corre-
sponding to the linear reaction rate period, as the dependent variables,
and time, (in average, the time from O to 0.5 h), as the independent one.
The slope values obtained from each catalyst data representation were
statistically compared among the homogeneous or heterogeneous
groups using Statgraphics v.19.

2.4. Analytical methods

2.4.1. High-performance liquid chromatography (HPLC) analysis

All compounds present in the initial and hydrolyzed solutions were
identified and quantified by high-performance liquid chromatography
(HPLC) using an Aminex-HPX-87H column, a refractive index detector
(RID), and a variable wavelength detector (VWD). The three items were
maintained at 40 °C during analysis, and 0.005 M sulphuric acid was
used as mobile phase. A calibration for each of the compounds was
previously performed [17].

2.4.2. pH measurements

pH values were measured in all collected samples using a GLP 21 pH
meter (Crison Instruments S.A.) right after their collection and prior to
HPLC analysis.

3. Results

3.1. Effect of pressurizing agent and catalyst presence

Fig. 2 shows the effect of the pressurization agent and the synergic
effect of a Lewis catalyst, specifically AlCls, on furfural yield from
xylose. Regarding the pressurization gas, it can be observed that in the
subW system, furfural was produced even in the absence of any catalyst.
When Ny was used, a 30 % maximum yield was obtained for furfural,
confirming the role of subW as a Lewis and Brgnsted acid itself, and its
action as a catalyst [14]. But when CO2 was used, the furfural yield
showed an increase up to 41 %, produced by the partial dissolution of

60
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Fig. 2. (a) Furfural yield (%) and (b) xylose concentration (mM) in the liquid
phase during subW experiences at 180 °C and 5.5 MPa using xylose (73 mM)
and AlCl3 (0.91 mM): CO»-no catalyst (@), CO5 -2 % AlCl3 (o), No-no catalyst
(W) and N»-2 % AICl3 ([0). Lines are a guide to the eye.
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the gas in water, producing carbonic acid, which acts as a Brgnsted acid,
and therefore improving furfural production compared to Ny. When a
Lewis acid (AlCl3) was added, furfural production further increased for
both pressurization agents. In the case of the Ny experiment, furfural
yield approximately increased from 30 to 41 %, and in the CO5 one, from
41 to 53 %.

Xylose consumption was initially slower in the absence of catalyst
(Fig. 2b). However, despite of the similar xylose consumption rate from
1 h of treatment, higher furfural yield was obtained in the COy-no
catalyst experiment than when nitrogen was used. The same behaviour
was observed in the comparison where catalyst was included, confirm-
ing a higher selectivity of the subW-CO2 system towards furfural pro-
duction compared to the subW-Nj system.

When the COy-no catalyst treatment was compared with the N»-2 %
AlCl3 one, it was observed a faster furfural production for the second
one, but the non-catalyzed-CO; system reached the same furfural yield
by the end of the treatment (approximately 41 %) (Fig. 2a). This in-
dicates that the catalytic activity of adding CO5 as a pressurization agent
can be comparable to the addition of a Lewis acid in a subW system,
although with a slower rate since probably the direct path (Fig. 1), with
a higher activation energy, is being promoted due to the increased
Brgnsted acidity compared to the Lewis one. The system CO3-2 % AlCl3
showed the highest furfural production rate and yield, showing a
maximum of 53.1 % after 2.7 h (Fig. 2a). Therefore, it can be concluded
that there is a synergistic effect when using AlCl3 as a Lewis acid and
dissolved CO» as a Brgnsted acid, combination that yielded the best re-
sults in subW reaction medium for furfural production. Furfural yield
production in the subW system can be established in the following order:
Ny-no catalyst < CO2-no catalyst < N3-2 % AlICl3 < CO3 -2 % AlCl3. The
gas phase in the subW system was collected and analysed after depres-
surization in the N3-2 % AlICl3 and CO5 -2 % AlCl3 experiments, to better
understand the furfural partition behaviour in the two different pres-
surizing agents. 0.098 mg of dissolved furfural were found in the N3 gas
phase, while 1.136 mg in solution were collected in the CO, gas phase,
more than 10 times more. These values indicate that the distribution
coefficient of furfural between the liquid and gas phases, seems to be
favourable to carbon dioxide when compared to nitrogen, as well as the
confirmation of a higher production of furfural when using this gas.

A Lewis-catalyzed (AICl3) trial was performed in an aqueous reaction
medium at atmospheric pressure and 75 °C to evaluate the performance
of the catalyst in the absence of subcritical conditions. After 4 h, no
significant conversion of xylose or furfural production was observed.
Therefore, it can be said that not only the presence of a Lewis acid is
necessary for furfural production, but also specific treatment conditions,
such as the ones provided by subW. As previously explained, under
subcritical conditions, water suffers properties changes, being the in-
crease in its self-ionization product (Ky,) with temperature, a key one. At
room temperature, water pKa is 13.99, 12.70 at 75 °C and 11.44 at
180 °C at their corresponding saturated pressure at each temperature
[18]. This makes pH of the reaction medium to decrease and a corre-
sponding increase of the ionic strength, making subW to act as a catalyst.

Based on the findings of this section, the subW-CO5 system was
selected for further studies for catalytic furfural production.

3.2. Effect of different catalysts over furfural yield

3.2.1. Homogeneous catalysts

In Fig. 3, the furfural yield and furfural selectivity during the subW
experiments using five different homogeneous catalysts have been
plotted. According to section 3.1, in the absence of catalyst, the
maximum furfural yield observed was 41.6 % after a total 4-h experi-
ment, while when using any of the selected homogeneous catalysts, the
maximum furfural yield was close to 50 % in all cases.

3.2.1.1. Effect of the cation on furfural production. Firstly, the effect of
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Fig. 3. Furfural yield (a) and selectivity (b) and xylose conversion (c) during
subW experiments in a subW-CO2 system at 180 °C and 5.5 MPa using xylose
(73 mM) with the homogeneous catalysts: CrCly (0.83 mM) (x), AlCl3 (0.91
mM) (o), FeCl3 (0.81 mM) (o), KAI(SO4), (0.73 mM) ([]) and Al»(SO4)3 (0.64
mM) (/). Lines are represented as a guide to the eye.

the cation was analysed considered the catalysis by AlCl;, CrClg and
FeCls. All catalysts showed furfural selectivity values around 50 %
except FeCls, which nearly reached 65 %, showing to be the catalyst
with the highest selectivity towards furfural, although the one with the
lowest furfural production rate. The catalyst activity was also evaluated
through the initial furfural production and xylose conversion rates
(Table S1). Among the three trichloride catalysts, cr®t had the highest
slope value for the initial rate for furfural production, with a 51.9 + 0.9
% yield/h, followed by AI** with a 32.6 + 1.5 value and finally Fe*
with 20.8 + 0.6 % yield/h. They were all significantly different among
them both for furfural yield and xylose conversion rates. Regarding
initial xylose conversion rate, a similar trend was determined, showing
Fe3* the lowest slope for xylose conversion rate among all the tested
catalysts.

Cr®* and AI** reached their maximum furfural yield in around 1.5 h
of isothermal treatment, while Fe>* needed 3 h to produce the same
furfural yield values. Although the three catalysts could be expected to
have similar effect as Lewis acid catalysts, the slower conversion of Fe>*
when compared to Cr¥Tand AI** complexes has been previously proved
in a similar scenario, where glucose conversion mechanism to fructose
was studied at 140 °C and 80 bar [19]. While the three metals are hard
Lewis acids, AI** and Cr®* showed pKa values of 5.5 and 4.1, and the
pKa value for Fe3* was 2.2. This much higher Lewis acidity was
attributed as the reason for lower conversion rates, as it was found that it
prevented the formation of ligands of interest that lead to the formation
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of furfural. On the other hand, AI** and Cr* fitted into the optimal
catalyst criteria, favoring the furfural production path [19].

Lyu et al. (2021) also performed an extense study regarding furfural
production/inhibition when using metal chloride catalysts [5].Their
conclusion was that the best properties for furfural production in a
catalyst were mainly three: (1) to have a strong Lewis acid strength.
Regarding the three tested catalysts their Lewis acid strength is AI**
(0.58) > Fe3* (0.53) > Cr’* (0.50). (2) To have weak oxidizing prop-
erties, which measured through the standards reduction electrode po-
tentials is Fe*™ (+0.77 V) > Cr*" (-0.42 V) > AP** (~1.68 V), and
finally, (3) to form hydroxides of the metal ions with high solubility
when dissolved, which in this case are Cr(OH)3 (6.7 x 10 3y Al(OH)3
(1.9x10733%) > Fe(OH)3 (6.3 x 10738). As explained before, the higher
Lewis acid strength of Fe3* did not promote furfural production, so it
would not be a determining parameter. The lower solubility products
obtained with FeCls could be also a reason for lower furfural production.
However, Lyu et al. (2021) found that while precipitation of Fe(OH)3
took place at 90 °C, it did not at 170 °C. Therefore, it is probable that
Fe3" presents worse properties for furfural production than Cr®* or A3+
due to its higher oxidizing action. The authors found that 90 % of Fe>*
ions had been reduced to Fe?" after xylose treatment with FeCls at
170 °C, drastically reducing the action of Fe*>' and the formation of the
corresponding hydroxyde Fe(OH)s [5]. This effect is clearly observed in
the low and much slower furfural yield rate of this catalyst (Table S1 and
Fig. 3a), due to the small availability of Fe3*. The main side products
quantified during xylose treatment with the 3 metal chloride catalysts
were included in Fig. S1. Formic and acetic acid were the main detected
compounds. In the case of formic acid, CrCls showed a similar trend as
for furfural production, much higher and faster than the other two
compared catalysts, reaching 9.5 mM as the highest concentration. In
the case of acetic acid, the three metal catalysts showed a similar trend,
with average values of 1.5 mM. With these results, it can be concluded
that although lower furfural concentration was obtained using FeCls, it
was not due to a higher production of side products, but due to the lower
availability of the metal ion due to its oxidation. This lower concen-
tration of side products is in accordance with FeCls having the highest
selectivity towards furfural.

Other studies showed similar results for CrCls and AlCls. Binder et al.
(2010), synthetized furfural in a biphasic aqueous:organic solvent from
xylose using CrCl; as catalyst, and dimethylacetamide (DMA) as solvent
plus LiBr as additive. After 4 h at 100 °C, a furfural yield of 47 % was
reached [20]. In the literature, synergic effects by combining Brgnsted
and Lewis acid catalysis were also considered. Choudhary et al. (2012)
used HCI as a Brgnsted acid, and CrCls as Lewis acid in an aqueous
media. When only using HCI at 145 °C, a maximum furfural yield of 29
% was obtained after 2 h, while when CrCl3 was added, the yield
increased to 39 % at the same temperature and 1 h of treatment [11].
The same behavior was observed by Lopes et al. (2017), when furfural
yield from xylose was increased from approximately 40 % to 68 and 65
% when formic acid (55 wt%) was added to CrCl;s or AlCls, respectively
[21]. Those results are in agreement with the present work, where
furfural yield was 41.6 % in the subW-CO4, system and no Lewis catalyst
(high Brgnsted acidity), and it increased up to around 50 % with any of
the Lewis acid catalysts addition, proving the effectiveness of their
synergistic effect. Therefore, it can be concluded that the use of pres-
surized CO5 as a Brgnsted acid through its dissolution in water can be
equivalent to other conventional ones, such as HCl or formic acid.
However, the use of those acids presents many disadvantages such as
being corrosive for the used materials, specific disposal requirements
and air and water pollutants, what makes the subW-CO, system a
convenient and ecofriendly alternative.

3.2.1.2. Effect of the anion on the furfural production. The kinetic cata-
lyzed by Aly(SO4)s was also plotted in Fig. 3, showing similar or lower
results as to AlCl3 (maximum furfural yield of 48.2 %). Under the tested
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conditions, the SOF~ group did not improve furfural production from
xylose, although this anion has shown to improve furfural yield when
compared with others in previous studies [22]. Yang et al. (2017)
highlighted the importance of the SOZ™ ions to catalyze xylose isomer-
ization to xylulose [23], but as previously stated, the reaction medium
and the used substate are key parameters in order to compare the per-
formance of catalysts. In this study, the two catalysts containing sulfates,
KAI(SO4)2 and Aly(SO4)3 showed similar maximum furfural yield values
between them, with maximum values close to 50 %. KAI(SO4)s,
commonly known as “alum”, is frequently used in organic synthesis due
to its low cost and non-toxicity, and has shown its effectiveness on
furfural production from feedstocks in biphasic reaction media. No
previous studies, where non-organic biphasic media were used, were
found for comparison, but furfural yield obtained in this work was
similar to the results obtained in the studies using organic biphasic
media. Gupta et al. (2017) obtained a furfural yield of 47 % when
treating xylose in a water + MIBK system and KAI(SO4)2at 180 °Cfor6 h
[24,25], and in the present study, using the same catalyst and a shorter
treatment, a furfural yield of 50.1 % was obtained in the subW-CO,
system (Fig. 3a), showing once again that the new proposed system can
be equivalent to the biphasic organic ones.

To summarize, as it can be seen in Table S1, no significant difference
was found among the initial furfural rate of the three catalysts con-
taining A1*" as cation, as well as similar maximum furfural yield values
(Fig. 3a), what means that in these catalytic systems, the main element
promoting furfural production is the trivalent metal itself and the anion
group effect was not as relevant.

3.2.1.3. Furfural production paths among homogeneous catalysts. To
better understand the role of the trivalent cation metals and the different
anion groups in furfural production paths, the formation of the inter-
mediate xylulose (indirect furfural production path) was further inves-
tigated. The variation in the concentration (mM) of the main three
components involved in the furfural formation path during subW-CO4
experiments was plotted in Fig. 4 for all homogeneous catalyst trials.

Regarding the metal trivalent catalysts, as previously observed, great
differences were found in the rate of xylose conversion and furfural
production, with Cr>* showing the highest rates and Fe>* the lowest,
what aligns with the previously lower xylose conversion rates found for
this ion. It is also interesting to observe the differences in the formation
of the intermediate xylulose. In Fig. 4b—c it is possible to observe that the
formation of xylulose was directly related to the furfural production,
since, the higher the xylulose concentration obtained, the faster the
furfural rate production. In the case of the Cr>* catalyst, the maximum in
xylulose concentration observed was 12.3 mM, being 10.8 mM for AI>*
and 5.8 mM for Fe®*,

This maximum was found in early treatment times (less than 1 h),
and then its value gradually decreased, although furfural concentration
kept increasing in a greater extent than xylulose consumption. This
behavior indicates that furfural production was leaded by the indirect
formation path (Fig. 1), with furfural production coming from xylose
isomerization to xylulose and its consequent dehydration to furfural.
While there is xylose available, xylulose is being formed and then
transformed into furfural. After longer time, when there is no xylose or it
is present in a low concentration, the xylulose concentration decreases
and disappears as well, and furfural concentration remains unchanged.
On the other hand, when xylose has not been completely consumed, as
in the case of FeClz and no-catalyst experiments, xylulose is still present
after long treatment times, and furfural concentration does not stabilize,
keeps slightly continuously increasing (Fig. 4b). Regarding the sulfate-
containing catalysts, very similar xylose, xylulose and furfural kinetics
can be observed as to AlCls, with intermediate rates between Cr®* and
Fe®* catalysts. This confirms the leading effect of AI>* over the sulfate
group.

The subW-CO2-no catalyst xylulose formation was higher than
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Xylose concentration (mM)

Furfural concentration (mM)

Xylulose concentration (mM)

Fig. 4. (a) Xylose, (b) furfural and (c) xylulose concentration (mM) during
subW-CO2 experiences using xylose (73 mM) at 180 °C and 5.5 MPa with no
catalyst (*) and the homogeneous catalysts: CrCl; (0.83 mM) (x), AlCl; (0.91
mM) (o), FeCls (0.81 mM) (o), KAI(SO.)2 (0.73 mM) ([]) and Aly(SO4)s (0.64
mM) (A\). Lines are a guide to the eye.

expected, with a maximum concentration of 8.2 mM, close to the values
obtained by the AI** catalysts. However, furfural production was much
lower than when any of the catalysts were used (Fig. 4b), confirming the
previously mentioned synergetic effect of the catalyst and the subW-CO5
system.

Based on all results in this section, CrCl; was selected as the best
homogeneous catalyst under the experimental conditions used in this
work, due to its significantly higher furfural production rates in the
subW-CO, system that led to higher furfural productivities in the first
hour. An additional advantage of the metal trivalent salts is their low
price and abundance, and that they are environmentally friendly [23,26,
27].

3.2.2. Heterogeneous catalysts

In Fig. 5, the furfural yield and selectivity and xylose conversion for
the four heterogeneous catalysts tested at 180 °C in the system subW-
CO4 can be observed. In general, the reached yields were similar among
all the heterogeneous catalysts with values around 40-45 %, but those
values were lower than the previously reported ones by the homoge-
neous catalysts, with yields closer to 50 % (see Fig. 3a). Also, slower
furfural initial production and xylose initial conversion rates were
determined for heterogeneous catalysis (Table S2) probably due to in-
ternal mass transfer limitation to reach the active sites in the hetero-
geneous catalysts.
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Fig. 5. (a) Furfural yield (b) and selectivity and (c) xylose conversion (%)
during subW experiments in a subW-CO2 system at 180 °C and 5.5 MPa using
xylose (73 mM) with heterogeneous catalysts: Ferrierite ammonium (o),
Montmorillonite K10 ([]), Zeolite HB (o), Nafion NR50 (/\) and average 10 runs
Nafion NR50 (/\). Lines are represented as a guide to the eye.

Considering the different heterogeneous catalysts groups used, some
conclusions can be raised.

3.2.2.1. Zeolites as catalyst. Ferrierite ammonium showed the fastest
xylose conversion and furfural production (Fig. 5) among all tested
heterogeneous catalysts. Regarding zeolites, significantly higher initial
furfural production rate and furfural yield values than Zeolite Hf
(Table S2) were obtained with ferrierite ammonium (maximum furfural
yield of 46.8 and 43.8 % for ferrierite ammonium and Zeolite Hf,
respectively). Zeolites are microporous aluminosilicates that differ
among them in their surface area and Si/Al ratio. The Si/Al mole ratio
was 20:1 for ferrierite ammonium and 360:1 for zeolite HB. The higher
the Si/Al ratio value, the lower the acidity of the zeolite due to the lower
Al content. Therefore, the higher initial furfural production rate was due
to the higher acidity of ferrierite ammonium when compared to zeolite
Hp [28].

According to our knowledge this is the first time that zeolite has been
used in a subW-CO; reaction medium. Wang et al. (2022), obtained a
77.5 % furfural yield from xylose at 180 °C when using water/n-butanol
as reaction media and modified zeolites as catalyst [29].

3.2.2.2. Clays as catalyst. Using Montmorillonite K10, the highest
furfural yield value was 44.3 % (after 2.8 h). Furfural production and
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xylose conversion rates were similar to the Zeolite ferrierite ammonium
ones, although statistical differences were found (Table S2). The use of
clays for furfural production is not very common in literature. Nanao
et al. (2017), used Montmorillonite K10 to produce furfural from xylose
in a biphasic mixture of water and toluene 1:4 for 5h at 140 °C, reaching
a furfural yield of 27 % when using xylose [30]. Higher furfural yield
was obtained in the present study, although comparison is difficult since
higher temperature was employed in this work (180 °C) and reaction
was carried out in subW-CO» reaction medium.

3.2.2.3. Nafion NR50 as catalyst. Finally, regarding Nafion NR50, it
showed the lowest initial furfural production and xylose conversion
(Table S2) among all heterogeneous and homogeneous catalysts. How-
ever, it also showed a high furfural yield (48.1 %) and the highest
selectivity (60.1 %) (Fig. 5b) among all the heterogenous catalysts and
most of the homogeneous ones. Furfural initial formation rate is lower in
Nafion resins since the hydrophilic cluster-channels of the catalytic
sulfonic acid groups are dispersed in the hydrophobic matrix of the
resin. For furfural production, xylose must first migrate through these
clusters, and its dehydration is catalyzed once it reaches the mentioned
acid groups [31].

The benefit of using heterogeneous catalysts is the easiness to sepa-
rate them from the liquid phase and the option to reuse them. It is
important to mention that although these catalysts are considered as
heterogeneous, all of them except Nafion NR50 got completely dissolved
in the subW-CO; reaction medium at the end of the kinetic experiments.
Therefore, only the Nafion NR50 resin could be tested for its reutiliza-
tion. Nafion NR50 resin was reutilized during 10 runs at 180 °C in the
subW-CO; reaction medium. In Fig. 5, the average furfural yield and
xylose conversion along the 10 runs reusing the resin were plotted. As it
can be appreciated, no significant loses of Nafion NR50 catalytic activity
for furfural production occurred by reusing the resin spheres, with
average furfural yield values similar to those of the first run.

Le Guenic et al. (2016) also tested the reusability of Nafion NR50
through consecutive reactions of 40 min at 170 °C in a biphasic water-
CPME 1:3 system and overnight regeneration of the resin with HCL
After the third cycle, they observed a decrease in furfural yield from 80
to 65 %, attributed to the deposition of humins in the pellets, deacti-
vating the resin [32]. In the present study, Nafion NR50 spheres were
washed with water after each kinetic run, but no deactivation of the
pellets occurred during 10 cycles, what indicates a probable lower
production of humins (solid degradation by-products) in the subW- CO,
system than in organic solvents, as it will be later discussed.

3.2.2.4. Furfural production paths among heterogeneous catalysts. As
previously described for the homogeneous catalysts, xylose, xylulose
and furfural concentration profile during the subW-CO; treatments were
plotted in Fig. S2. Data for the non-catalyst trial has been also added for
comparison.

Xylulose formation in the non-catalyzed experiment was higher than
in any of the trials with the heterogeneous catalyst with a concentration
of 8.2 mM. The zeolites, followed it with values close to 7 mM, the clay
reached 5.5 mM, and finally the Nafion resin just reached a maximum of
4 mM, half of the non-catalyzed one. The zeolites, clay and resin led to a
lesser extent the isomerization of xylose into xylulose compared to the
trivalent metals.

It is also interesting to highlight the only slightly higher furfural
production reached by the heterogeneous catalysts studied in this work,
compared to the non-catalyzed trial, especially in the initial stages of the
treatments (Fig. S2a). This leads to the conclusion that, in general, the
addition of the heterogeneous catalysts studied in this work did not
contribute in a great extent to improve furfural production from xylose
in the subW-COg system, or at least, not as much as the homogeneous
ones. Among the tested heterogeneous catalyst, Nafion NR50 resin was
selected as the preferred one, due to its high furfural yield and selectivity

Biomass and Bioenergy 187 (2024) 107304

(Fig. 5), and due to the possibility of its reutilization during at least 10
runs in the tested conditions with no detrimental of its catalytic
properties.

3.2.2.5. Effect of catalyst type on water pH. To further understand the
differences in furfural production from different kinds of catalysts, pH
was determined right after its mixing with each catalyst, and its varia-
tions during the subW treatments, by pH determination in the collected
samples, has been plotted in Fig. 6.

As it can be observed, there was a clear difference between the ho-
mogeneous and heterogeneous -catalysts. Homogeneous catalysts
instantly decreased the pH value from its initial pH of 5.8 to 5.0 in the
case of Fe>*, values around 4.5 for the Al>" containing catalysts, and as
low as 3.8 for the Cr®*. The difference between those values is related to
the previously explained difference among their solubility products,
with Cr®* leading the highest pH decrease and furfural formation rates.
During the heating period, pH continuously decreased, but always
maintaining the observed difference among cations. It then remained
constant during the isothermal period.

On the other hand, when heterogeneous catalysts were added, an
opposite effect was observed, increasing pH to values between 7.0 and
7.6. During the heating period, these values decreased and then kept
progressively decreasing during the isothermal period up to 1h, reaching
a pH value of 3.5 (see Fig. 6). From this time and up to the completion of
the treatment, pH values did not vary (data not shown), and showed the
smallest difference between homogeneous and heterogeneous catalysts.

The different pH values for homogeneous and heterogeneous cata-
lysts in the earlier stages of the treatment could also support the dif-
ference observed in the initial furfural production for both types of
catalyst. The homogeneous catalysts easily dissolve in water, rapidly
decreasing its pH and favoring the start of furfural production. On the
other hand, heterogeneous catalysts show less solubility in water,
requiring the increase in water temperature to dissolve (as they were all
dissolved at the end of the kinetic, except Nafion NR50) and initiate
xylose conversion to furfural. Relating this information with the previ-
ously preferred defined paths for furfural formation, it can be said that
lower pH of the medium promotes the isomerization of xylose to xylu-
lose in a greater extent than when pH is closer to neutral values, and that
the lower pH values registered during the homogeneous catalyzed re-
actions could be related to higher formation of furfural degradation
products such as acids, due to the also faster production of furfural. A
comparison of the degradation product profiles was plotted in Fig. S3 for
CrCls and Nafion NR50 as best selected catalysts from each group and
the ones which showed the lowest and highest initial pH values,

Heating ¢ 0.3 0.6 0.9 1.2

period Isothermal time (h)

Fig. 6. pH values during subW-CO, experiences using xylose at 180 °C and 5.5
MPa with no catalyst (*), homogeneous catalysts: CrClz (0.83 mM) (x), AlCl3
(0.91 mM) (o), FeClz (0.81 mM) (o), KAI(SO4), (0.73 mM) ([]) and Al2(SO4)s
(0.64 mM) (A) and the heterogeneous catalysts: Ferrierite ammonium (o),
Montmorillonite K10 ([7), Zeolite HB (o), Nafion NR50 (/\). Lines are repre-
sented as a guide to the eye. The black dash line represents the start of the
isothermal treatment at 180 °C.
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respectively.

In general, all degradation products were formed in higher concen-
trations in the case of CrCls. As reported in the literature formic acid is
the main furfural degradation product in subcritical water solutions
[33], showing a maximum concentration of 9.5 mM with CrClz and 7.5
mM with Nafion. Formic acid formation from furfural follows an
acid-catalyzed mechanism, and some of the studied paths show that its
formation can be reversible to furfural, what makes that somehow, the
formic acid formation itself mitigates furfural degradation [33]. This
could explain why no losses of furfural happen during long time treat-
ments. Acetic acid was found in much lower concentrations for both
catalysts (<2 mM). It is also interesting to mention the lower solid
material recovered after subW treatments with the resin, being 10 mg,
while after CrCls treatment, solid weight was 81 mg, confirming the
higher side reactions taking place. These solid by-products are called
“secondary char” and are usually a result of furfural and other dissolved
organics degradation or self-polymerization reactions [34]. The lower
formation of degradation products under Nafion action proves again the
higher selectivity of the resin towards furfural formation (Fig. 5b), with
the further advantage of lower solids formation, which can affect later
isolation and purification of furfural.

4. Conclusions

The effect of different operating parameters on furfural production
from xylose was evaluated in a subW-CO3 reaction medium for the first
time. Dissolution of carbon dioxide in water showed to provide a strong
Brgnsted acidity, producing similar furfural yields as when Ny was
combined with a Lewis acid catalyst. Among all tested homogeneous
catalysts, CrCls was selected as the best due to its faster furfural pro-
duction rate at 180 °C. Among all tested heterogeneous catalysts, Nafion
NR50 provided the best furfural yield and selectivity values. Further-
more, it was possible to reuse it up to 10 times with no furfural yield
losses at 180 °C and 5.5 MPa, making it a great option as a catalyst for
furfural production. In the deeper study of furfural production paths, it
could be determined that the homogeneous catalysts promoted the
isomerization of xylose into xylulose in a greater extent, when compared
with the heterogeneous ones. This mechanism could be related to the
fast pH decrease caused by these catalysts when dissolved in water.
Overall, the new proposed subW-pressurized CO2 system was proved as
an efficient green technology for furfural production from xylose,
showing a synergistic effect when used with Lewis acid catalysts.
Furfural yields obtained with this system were comparable in many
cases to the biphasic ones using organic solvents in literature. The use of
the new subW-CO, system eliminates the use of strong acids or organic
solvents required for the obtention of high furfural yields, making of it a
promising choice as an eco-friendly technology.
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