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Abstract: The production of polymers from lignocellulosic biomass is currently one of the challenges
to minimizing dependence on fossil fuels such as oil. The cellulosic fraction of this feedstock can be
transformed into simple sugars such as glucose or fructose. These sugars can be further converted
into 2,5-furandicarboxylic acid (FDCA), a precursor of polyethylene furanoate (PEF). The dehydration
of sugars to 5-hydroxymethylfurfural (HMF), a platform molecule to obtain products of interest, has
been extensively studied. In addition, the oxidation of this platform molecule to FDCA has been
widely investigated. However, a study of the direct or one-step production of FDCA from sugars
is needed. This review provides a general overview of the recent research on the catalytic systems
for the direct production of FDCA from sugars. Ideally, a single-stage system should be employed.
The investigations carried out in a one-step process are first detailed. Different strategies have been
tested, such as the physical separation of two phases, where dehydration and oxidation took place
separately. In this case, an efficient transfer of HMF is needed. To avoid HMF transfer limitations,
other authors focused on the investigation of the one-pot transformation of HMF without physical
separation. The major requirement of these processes is to achieve catalytic systems functional for
both dehydration and oxidation reactions. Therefore, other investigations focused on the study of
two-step integrated systems are also analyzed in this review.
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1. Introduction

Today, a large percentage of used hydrocarbons and products comes from fossil raw
materials; in fact, the use of fossil fuels contributes in the order of 85 % to the total energy
mix [1]. In addition to this, according to the International Energy Agency (IEA, 2022), direct
CO, emissions from primary chemical production amounted to 925 Mt in 2021. Therefore,
different sustainable technologies have to be developed for the production of high-value-
added chemical compounds [2,3]. The use of biomass as raw material can help solve
this problem. Biomass is the only source of carbon capable of replacing petrochemistry-
derived compounds. Hence, the biorefinery concept is an essential key for the production
of sustainable chemical products. For instance, there are some compounds, such as 2,5-
Furandicarboxylic acid (FDCA) and its esterified derivative furan-2,5-dimethyl-carboxylate
(FDMC), that are the most promising compounds for producing polyethylene furanoate
(PEF) to replace the fossil-based polyethylene terephthalate [4-6].

Due to the capacity of the FDCA to produce PEF, in 2004, the United State Department
of Energy (DOE) highlighted this compound as one of the most promising bio-based
materials [7,8]. After that, a large number of research projects have been developed in order
to find a commercially viable route to FDCA. In Figure 1, the previous years’ tendency
regarding the number of FDCA research publications [9] can be observed. FDCA can be
obtained through the oxidation of 5-hydroxymethylfurfural (HMF), and HMF is one of
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the most promising bio-based platform chemicals of the future [10]. HMF can be obtained
by the dehydration of fructose, and this C¢ sugar can be obtained from glucose [11]. In
addition to this, the use of HMF as a platform molecule is so important that new ways to
obtain it, such as electrochemistry, are being studied [12]. However, nowadays, the main
source of HMF is cellulose. Additionally, cellulose is the largest fraction of lignocellulosic
biomass, constituting 30-50% by weight [13], and it is rich in linear hexose polymers [14].
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Figure 1. Evolution of the number of FDCA research-related publications [9].

New research is focused on the development of new catalytic systems to produce
FDCA by partial oxidation reactions [15,16]. In the last 20 years, over 1000 scientific
publications have been published about this topic, and many of them are focused on
optimizing the yield and catalyst design. In many cases, these investigations are dedicated
to FDCA production using HMF as the raw material. Although this route is very interesting,
if an efficient process is the objective, the very low stability of HMF generates a lot of techno-
economic problems [16]. That is why FDCA production needs to be conducted starting
from sugars or cellulose [16]. For the successful transformation process of glucose/fructose
into FDCA via HMF, there are some important challenges. Both steps must be considered:
from sugar to HME, and from HMF to FDCA, but rarely are these two steps compatible [17].

The HMF production from sugars is a widely studied process. This HMF production
is generally carried out by means of acid-catalyzed dehydration of biomass-derived carbo-
hydrates [18,19]. Fructose is the best starting feedstock in this process, due to the primarily
available furanose tautomer being more reactive than the other hexoses [20]. Under acid
conditions, the generated HMEF is not stable, especially in aqueous solutions, due to its
HMF rehydration to levulinic and formic acids. Besides that, insoluble humins can also be
generated by polymerization reactions [21]. Hence, the use of different organic solvents is
usually used to minimize undesirable by-products. Mixtures of DMSO [22-24], MIBK [25],
THEF [26], and other solvents have been employed. Therefore, to reach a high HMF yield,
acid catalysts and organic solvents are required. In the case of the HMF oxidation to FDCA,
it has been proven that high yields are only possible in the presence of water [16]. That is
why it is quite difficult to combine these two steps.

In this work, a general overview of the latest advances in the main catalytic processes
applied for the conversion of hexoses into FDCA using heterogeneous catalysis will be
presented and discussed. Under an oxidizing atmosphere, glucose and fructose can be
easily oxidized to many different unwanted products. That is why one of the main problems
of this process is to obtain high yields. This requires the development of a selective process
using glucose and fructose as raw materials. Therefore, this review focuses on the most
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promising processes to obtain high yields of FDCA that allow its further polymerization to
obtain PEF. For this, different aspects will be analyzed, such as (a) the recent advances in
processes with one and two steps (see Figure 2) to obtain FDCA, (b) the type of solvents and
catalysts employed, and (c) other aspects that seem to be promising in future innovative
FDCA production. Moreover, the scope of the review is limited to the overall transformation
from hexoses to FDCA.
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Figure 2. Scheme of the reactions.
2. Catalytic Conversion of Sugars to FDCA in One Step
2.1. One-Step Production of FDCA by Physical Separation of the Byphasic System
The production of FDCA from sugars has been of interest for some years. The initial
studies were focused on physically differentiating the dehydration stage and the oxidation
stage in order to achieve high yields of the desired product. Table 1 summarizes the research
cited below.
Table 1. One-step production of FDCA.
Catalyst Physical . FDCA
Feed Catalyst Loading Solvent Separation T P Time Yield (%) Ref
SOsH — Selective
* — — © -
Fructose PtBi/C l4g -3¢ Water — MIBK membrane 80°C 7 days 25 [27]
Amberlyst 15 Triphasic
* _ — © -
Fructose — AuPd/HT 0.018g —0.25g TEAB — Water reaction 95°C 20h 78 [28]
Amberlyst 15 + Triphasi
Glucose * CrCl3-6H,0 —  0.018g—025g TEAB — Water iphasic 95°C . 30h 50 [28]
AuPd/HT reaction
Fructose Cobalt silica gel 0.05¢g Water - 160 °C 20 bar (air) 65 min 72 [29]
Amberlyst 15 + . °
Fructose Feq s 20402 0.01g+0.01g [Bmim]Cl - 160 °C 20 bar (Oy) 24 h 46.4 [30]
Fructose Ce-Ru/HAP 01g DMSO - 160 °C 20 bar (Oy) 4h 34.2 [31]
Rice straw HCI1 + MnO, 10mL+1g Water + DMSO - 200 °C - - 52.1 [32]
Water + DMSO
Rice straw Cr-Mn/USY 07g (Additive - 180 °C - - 67 [33]
KHNO;)

* Physical separation of the biphasic system.

In this sense, Kroger et al. [27] proposed an innovative system in which the HMF
formation was carried out in water by 14 g of a solid acid catalyst, followed by the diffusion
of HMF through a selectively-permeable membrane connected to the organic phase (MIBK)
were the oxidation took place by 3 g of heterogeneous PtBi/C catalyst to produce FDCA.
The scheme of the process can be observed in Figure 3.
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Figure 3. Scheme of the process in membrane reactor, adapted from [25].

It was detected that the dehydration of fructose to HMF in water without the sub-
sequent HMF extraction resulted in the rehydration of HMF to produce levulinic acid.
Therefore, low HMF yields were achieved under these conditions. However, it was con-
cluded that it was possible to increase the FDCA vyield (up to 25%) after 7 days at 80 °C
with fructose as feedstock in a two-phase system separated by a membrane that selectively
extracted HME, avoiding its rehydration.

Guangshun et al. [28] designed a triphasic reactor where phase I (green in Figure 4) and
phase III (blue in Figure 4) were separated by MIBK (phase I, grey in Figure 4). Fructose,
tetraethyl ammonium bromide (TEAB), water, and 0.018 g of Amberlyst-15, which acts as
a catalyst, are added to the reactor (phase I). On the other side of the reactor, 0.25 g of
AugPd, /HT catalyst, Na;COj3, and water were added (phase II). During the first 10 h, the
FDCA yield increased almost linearly with time, reaching a maximum total FDCA yield of
78% at 20 h because of the separation of the phases. In this sense, phase II exhibited diverse
roles, such as extraction, transportation, and purification. Moreover, glucose was employed
as feedstock. To convert glucose to HMF in phase I, TEAB was extracted as the reaction
medium, and Amberlyst-15/CrCl; was selected as the catalyst, since CrCl; is necessary for
the isomerization of glucose to fructose. A total of 50% of FDCA yield was achieved with
full glucose conversion after 30 h of reaction at 95 °C. Finally, after the kinetic study, it was
concluded that the mass transfer of HMF from phase I to phase II was the controlling step
for the production of FDCA. Thus, further investigations into the extraction of HMF could
improve the total yield of the process.
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Figure 4. One-pot conversion of fructose to FDCA in the triphasic reactor scheme, adapted from [28].
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2.2. One-Step Production of FDCA without Physical Separation of the Biphasic System

The production of FDCA directly from fructose with no physical separation was first
studied by Ribeiro et al. [29]. An amount of 0.05 g of g cobalt encapsulated in a silica gel
matrix catalyst was synthesized and tested in a batch reactor under 20 bar of air. Silica gel
was active in the dehydration step, but no FDCA was produced in the absence of cobalt.
However, low fructose conversion but high FDCA selectivity was achieved in the presence
of Co(acac);. For this reason, the cooperation of the silica gel acidic matrix and the cobalt
metal complex was essential to produce FDCA efficiently (up to 72% yield).

Realizing the need to catalyze two different reactions, Yan et al. [30] employed an
ionic liquid ([Bmim]Cl) as the solvent, with 0.01 g of Amberlyst-15 as the catalyst for the
dehydration reaction and 0.01 g of Fe( 4Zr( 4O, as the catalyst for the oxidation reaction
in the same reactor without separation. After the optimization of the reaction parameters,
a 46.4% yield of FDCA was achieved at 160 °C and 20 bar of oxygen pressure. Moreover,
the effect of different acid catalysts on the dehydration of fructose was deeply studied,
concluding that both Lewis and Brensted acid sites were active in fructose dehydration.
However, Lewis acid sites could also favor the formation of humins.

Taking into account that ruthenium shows excellent performance in the catalytic
oxidation of HMF, Yangyang et al. [31] studied a bifunctional ruthenium-based catalyst
(Ru/HAP). This catalyst was modified with cerium (Ce-Ru/HAP), which enhanced the
production of FDCA due to the formation of oxygen holes, which improved the oxygen
storage capacity. Moreover, the addition of Ce enhanced weak acid sites and diminished
strong acid sites, which inhibited side reactions. The effect of Ce content was studied, and
it was concluded that the optimum value was 8%, reaching a maximum FDCA yield of
34.2% after 4 h of reaction at 160 °C and 20 bar of oxygen pressure.

Recently, Chai et al. [32] have proposed an innovative experimental device to produce
FDCA directly from rice straw. The rice straw was pretreated in a DMSO/H,O solution
with ultrasonic equipment. After the treatment, diluted HCl and MnO, were added to
the solution, and the reactor was heated to reaction temperature. Multiple variables were
optimized by response surface methodology, reaching a maximum yield of FDCA (52.1%)
when 1 g of straw was pretreated for 60 min, 1 g of MnO, and 40 mM of HCI were loaded,
and the reactor was heated up to 200 °C. It was concluded that the dilution of the acid
pretreatment and the reaction temperature had a significant effect on the production of
FDCA. Moreover, the effect of heavy metals from the raw biomass was studied, concluding
that at high temperatures, the metals shift to the liquid phase, increasing the production of
FDCA, which was further studied in the subsequent research with the aim of increasing the
yield of FDCA [33]. In this case, a bimetallic Cr-Mn supported on a USY zeolite monolithic
catalyst was studied. The coordination of Mn and Cr enhanced oxygen mobility, increasing
the production of FDCA. Moreover, the addition of KHCO3; was also investigated. The
alkaline environment positively affected the oxidation of HMF, probably because this
environment could dissolve FDCA in the form of a salt, preventing the addition of this
compound to the active sites of the catalyst. In this case, a maximum yield of 67% was
reached at the optimum conditions. Lastly, as in the previous research, the presence of
heavy metals in the raw biomass was investigated, concluding that they could act as Lewis
acid sites, enhancing the catalytic activity.

3. Catalytic Conversion of Fructose to FDCA in Two-Step

In the two-stage one-pot process, the conversion of fructose to FDCA takes place
through two sequential reactions. The first step involves the dehydration of fructose to
HMF using an acid catalyst. The reaction is followed by a separation stage where the
catalyst or solvent is separated, or another catalyst or an oxidizing atmosphere is added.
Humins are also typically separated, thus preventing the possible deactivation of the
catalyst and increasing the efficiency of the reaction [34]. The scheme of the process is
summarized in Figure 5.
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Isopropanol + HCI (5 mol % )

Figure 5. Conversion of fructose to FDCA with an intermediate exchanger, adapted from [17].

It is important to mention the conversion paths in the second step. To convert HMF into
FDCA, three consecutive oxidation steps have to occur, and there are two reaction pathways
for HMF oxidation to FDCA, as shown in Figure 3. First, the hydroxyl group of HMF is
oxidized to an aldehyde group to produce the DFF, and then the two aldehyde groups are
oxidized to carboxyl groups to produce the FDCA through the FFCA. On the second track,
the HMF aldehyde group is first oxidized to a carboxyl group to produce HMFCA, and
then the hydroxyl group is oxidized twice to produce FDCA, also through FFCA [35]. The
path of HMF conversion depends on the type of catalyst used in the reaction.

Despite the simplicity and lower operating cost of the one-step approach, its imple-
mentation is challenging due to the instability and reactivity of the intermediates involved,
as well as the enhanced side reactions and limited choice of catalysts that can carry out
both dehydration and oxidation reactions simultaneously [36,37]. As a result, two-step
catalytic conversion processes, which provide greater control over the process, have been
widely investigated. Table 2 provides a summary of all the current research.

Several studies have studied these two-step processes with hydrochloric (HCl) as a
homogeneous acid catalyst for the dehydration of fructose to HMF [16,17,38,39]. In spite
of the high yields to HMF obtained with HCl, these processes require further treatments
to separate Y chloride ions, which can deactivate the catalyst employed in the second
stage and reduce the purity of the obtained FDCA. Moreover, the corrosivity of HCl is an
operation-limiting factor [36]. Guangshun et al. [17] reported an HMF yield of 84% using
HC1 as the catalyst (5 mol%) and isopropanol as the solvent. The product was separated
from humins by evaporating the isopropanol after the first reaction step and later extracting
HMF with water (Figure 5). No subsequent separation process was conducted to isolate the
chloride (Cl7) ions, as NapCO3 was added in the subsequent stage to neutralize the reaction
mixture. Eventually, a 98% FDCA yield was achieved using a hydrotalcite-impregnated
noble gold catalyst (AuHT) [40]. Huai et al. [39] carried out a similar C1~ removal with
NaClO. Similarly, an HMF yield of 70% was obtained using HCI and gamma-valerolactone
(GVL)/H;0 as the solvent [38]. Humins were separated by activated carbon, and Cl~ ions
were removed through an ion exchange resin. The solvent was maintained unseparated
and, subsequently, employed for the second reaction stage, where by means of a gold
catalyst impregnated on a hydrotalcite (AuHT), a 91% FDCA yield was achieved. It is
noteworthy that GVL can be synthesized utilizing levulinic acid, a by-product derived
from the dehydration of the fructose to HMEF, thereby offering a more sustainable approach
for repurposing the waste generated during the process to manufacture the solvent [41].
Other studies using HCl as a catalyst [16,39] tested the oxidation of fructose to HMF using
ionic liquids as solvents and non-noble metal catalysts for the conversion of HMF to FDCA.
The ability to precipitate and isolate the ionic liquid facilitates solvent recycling, which is
an essential component of developing a green process. Nevertheless, several studies have
reported that the conversion of HMF to FDCA is more favorable in the presence of water or
alkaline aqueous solutions than in nonpolar molecules such as ionic liquids [42,43]. This
is attributed to the high solubility of oxygen in water, which arises from water molecules’
capability to establish hydrogen bonds with oxygen molecules. Conversely, the dehydration
of fructose to HMF in the presence of water has been shown to promote side reactions, such
as the formation of levulinic acid, and polycondensation of HMF [44].
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Not only HCl but also solid acid catalysts prove to be highly effective in the conversion
of fructose to HMF. They are easily separated by filtration together with humins, simpli-
fying the purification process. Moreover, the solid catalysts can be recycled, providing a
sustainable and cost-effective alternative to traditional homogeneous acid catalysts.

In the following studies, solid acid catalysts were used. Guangyu et al. [45] reported a
yield of 97.1% to HMF from fructose using 0.4 g of Amberlyst-15 as a solid acid catalyst.
The resulting catalyst was then separated by a simple filtration process. After isolating
the filtrate, which contained primarily crude HMF product and DSMO solvent, a second
reaction was conducted by introducing water as the solvent and Pt/C as the catalyst,
which resulted in a 91% yield of FDCA. Tied to the previous study, Lie et al. [46] used an
Amberlyst-15 catalyst (0.3 g), which was separated by centrifugation after the dehydration
process. The crude HMF obtained from fructose was directly used as the starting material
for the HMF oxidation process without further purification, accomplishing a yield of 89%
of FDCA. Yang et al. [47] synthesized a magnetic acid catalyst (Fe304—RGO—SO3H) for the
dehydration step and a ZnFej ¢5Rug 3504 catalyst for the oxidation step to achieve yields of
81% for HMF and 70% for FDCA, respectively. Magnetic catalysts have become increasingly
popular in various fields due to their ability to be easily separated from reaction solutions
or other solid catalysts. Marcelo et al. [29] reported a conversion of 72% of fructose with
99% of selectivity to FDCA using 0.1 g of a cobalt acetylacetonate (Co(acac)s) bifunctional
catalyst. The fructose dehydration occurred at the acid sites on the silica surface, and
the oxidation occurred within the pore channels of the silica by the action of the metallic
active sites on the silica. Regarding oxidation, two catalysts were tested; Co(acac); and
Co-gel, the latter of the two being the most effective since higher yields are obtained. V.
Pramod et al. [48] employed 20 wt % Pd/CC catalyst which was synthesized by glucose
carbonization. The catalyst showed excellent activity in the synthesis of FDCA, achieving
an HMF yield of 85%. The one-pot two-step approach to produce FDCA from fructose
has demonstrated significant feasibility owing to the elimination of HMF isolation and the
catalytic activity of Pd/CC, which promotes both reaction steps in a single pot.

Several investigations have been carried out using organic solvents for both dehydra-
tion and oxidation steps. The one-pot conversion of fructose into FDCA was also carried
out successfully through two consecutive steps, with a total yield of FDCA reaching 59.8%,
using an aqueous t-BuOOH solution [44]. HMF was first produced from fructose over the
Fe;04@S5i0, —SO3H catalyst, with HMF reaching a maximum yield of 93.1%; then, the
Fe30,@Si0,—SO3H catalyst was magnetically collected, and the nano-Fe3O4—CoOx and
70% aqueous t-BuOOH mixture were added into the liquid solution. The first catalyst was
magnetically collected easily, and the catalyst for the oxidation step was added, avoiding
the need for intermediate purification. Other investigations have employed MIBK as the
solvent. Kroger et al. [27] employed a Lewatit SPC 108 catalyst in water for the dehydration
step. Then, a PtBi/C catalyst and MIBK were added for the second stage, since the aqueous
phase is mandatory for oxidation. A yield of FDCA of 25% was achieved, and one-third
of the amount of HMF was formed (80% referred to fructose). A maximum intermediate
selectivity towards oxidation products of 50% could be observed.

Ionic liquids have also been extensively studied for this process. While conventional
solvents, such as water, are made predominantly of electrically neutral molecules, ionic
liquids are made up primarily of ions. These substances are also called liquid electrolytes,
ionic melts, ionic fluids, molten salts, liquid salts, or ionic glasses [49]. Using ionic liquids
as the solvent opens up the possibility of establishing a chemical pathway to FDCA from
sugars by producing HMF in one step and then loading the system with MnO, and oxygen
to convert the HMF to FDCA in the same reactor [16]. As mentioned above, water plays a
very important role in oxidation due to the fact that the water could favor the formation
of germinal diols as intermediate products to enhance the thermodynamics of the global
reaction and increase the solubility of oxygen, which is known to be very low in ionic
liquids [50]. Therefore, the addition of this solvent in the second step is needed.
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Table 2. One-pot two-step methods for the production of FDCA from fructose.

Synthesis of HMF Synthesis of FDCA FDCA Yield
Feed HMF Yield (% ie
ee Catalyst Solvent Temp. Time feld (%) Catalyst Solvent Temp. Oxidant Time (%) Reference
Fructose HCl1 [bmim]Cl1 - - 89 MnO, [bmim]C1/H,O 130 °C O, (10 bar) 6h 85 [16]
Fructose o . .

Huaia 2020 ChCl/MeCN 150 °C 2h 920 NiOy H,0 100 °C NaClO, open pot 2h 97 [39]
Fructose HCl1 Isopropanol 120 °C 3h 84 Au/HT H,0 95°C O; flow, Na,COs3 9h 98.8 [17]
Fructose HC1 GVL/H,O 180 °C 45 min 70 Pt/C GVL/H;O 110 °C O; (40 bar) 16 h 93 [38]
Fructose FDCA GVL/H,O 180 °C 70 min 70 Pt/C GVL/H,O 110 °C O; (40 bar) 16 h 91 [38]

o N O, flow (30 y
Fructose Amberlyst 15 DMSO 120 °C 1h 97.1 Pt/C DMSO/H,O 100 °C mL/min) KyCOs 10h 91 [45]
o B Ru/C 0 : )
Fructose Amberlyst 15 DMSO 120 °C 2h (NaHCOs) DMSO/H,0 130 °C O, (40 bar) 89 [46]
Fructose Amberlyst 15 TEAB/H,0 95°C 30 min 86 AugPd, /HT MIBK/H,0O 95°C (0)3 20h 78 [28]
Lewatit SPC . . PtBi/C Water saturated ° .
Fructose 108 H,O 80 °C 30 min 80 (5%/5%) MIBK 80 °C Air oxygen 70 h 25 [27]
Fructose CPNj3 Isopropanol 140 °C 3h 75.5 Au/HT H,0 90 °C O, flow Nay,CO3 4h 98 [40]
Fe3O4-RGO— ° ZnFe1‘65 ° ,
Fructose SO.H DMSO 110 °C 2h 81 Rug3s04 DMSO/H,0 130 °C O, 16h 70 [47]
Fructose Fe304@S10, — DMSO 100°C 2h 93.1 nano-Fe; Oy- DMSO 80°C +-BuOOH 15h 59.8 [26]
SOsH CoOx
Fructose SiO; gel H,0 88 °C 8h 93 Co(acac); H,0 160 °C Air 65 min 46 [27]
Fructose SiO, gel H,0 88 °C 8h 93 Co-gel H,0 160 °C Air 65 min 72 [29]

Fructose Pd/CC H,O 140 °C 9h 84 Pd/CC HO 140 °C O, 30h 64 [48]
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4. Conversion of Sugars into FDCA
4.1. Conversion of Glucose into FDCA

To obtain an integrated system, it will be necessary to study other sugars as raw
materials. Compared to fructose, glucose has a structure that makes it difficult for HMF
to form. However, it is more readily available at low cost and is therefore widely used
for HMF production. Cellulose is made up of glucose, which is abundantly stored in
forestry and agricultural biomass, making it the most abundant carbohydrate in the world.
Therefore, a glucose-based material is very promising for the sustainable preparation of
HMEF [33].

The isomerization of glucose to fructose is an essential step for this valorization of
biomass. In general, the transformation of fructose into target products is much easier
than that of glucose, as it has been mentioned above. The dehydration of fructose to
5-hydroxymethylfurfural (HMF) can be easily achieved with catalyst systems containing
Brensted acid sites. However, the direct conversion of glucose to HMF requires the com-
bination of Lewis and Brensted acid sites with a specific solvent, involving unavoidable
side reactions [51]. Table 3 provides a summary of all the current research based on the
conversion of sugars into FDCA.

Table 3. One-pot two-step methods for the production of FDCA from sugars.

Synthesis of HMF HMEF Synthesis of FDCA FDCA Reference
Feed Catalyst Solvent Temp. Time Yield (%) Catalyst Solvent Temp. Oxidant Time Yield (%)
CrCly - . . . [bmim]Cl o
Glucose 6H,0 [bmim]Cl1 120°C 30 min 55 MnO, (20% H,0) 120 °C O, (10 bar) 6h 50 [16]
Glucose AlCl; EtAc/H,O 120°C 12h 529 Pt/C NaHCO;3/H,0 120°C O, (20 bar) 2h 43.2 [52]
Sucrose  H,SO, H,0 200°C 10 min 34 Au/ZrO, H,0/NaOH  100°C SY“;E‘*“C 5h 71 [53]
. MeCN . . o )
Inulin H,S0;4 (KBx) 150°C 4 min >99 Pt/C NaHCO; 70°C 0, (8 bar) 10h 70 [47]

In this sense, ionic liquids have been studied as solvents for the production of FDCA
from glucose. In the study [14], two processes are designed for different feedstocks: either
fructose or glucose. The design is different for each alternative since, in the case of glucose,
a previous isomerization step is necessary. Taking this into account, the reaction from
fructose achieved yields greater than 85%, while the dehydration from glucose did not
reach more than 55% yield to HMF at low concentrations. For the reaction starting from
glucose (2% loading), CrCls ... 6H,O was used as the catalyst (7% loading), operating for
30 min at 120 °C. [Bmim]Cl was selected as the solvent, which allowed a greater versatility
for further integration towards sugars and cellulose, since it has been reported that this
solvent favors the direct conversion of cellulose and glucose to HMF. In the second stage,
the reaction conditions were based on introducing oxygen at 10 bars, increasing the reaction
time to 6 h, and maintaining the temperature at 120 °C. MnO; was used as a catalyst (5 mg).
This catalyst proved to be very efficient, giving high yield, selectivity, and robustness,
including demonstrating the ability to recover oligomeric furanic compounds derived from
the dehydration of sugars and convert them into the final product.

Previous works clearly indicated that CrCl; showed effective catalytic performance
for glucose dehydration, but Cr-based catalysts could cause some environmental and
health problems. Therefore, in this study [52], non-toxic metal chlorides were examined
as catalysts for the preparation of HMF in ChCl in order to compare it with CrCls. It was
concluded that AICl; shows the most acceptable performance compared to CrCls, since
almost a complete conversion of glucose 100% was achieved in the presence of 40 wt % of
AICI;. The reaction parameters of this first stage were as follows: 1 g glucose, 1 g water, and
1 g ChCl at room temperature were in 38 mL heavy-walled tubular reactors, and 2.0 wt %
(2.7 mol%) of AlICI3 and 20 mL of co-solvent EtAc were added in the tubular reactors with
a screw cap. Then, the reaction phase was heated to 120 °C for 12 h with a stirring speed
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of 300 rpm. Very low yields of furan products were obtained after the reaction. However,
unexpected humins and other smaller molecules were formed under the strong acidity
conditions due to the fact that AICl; acts as a Lewis acid, enhancing the side reactions.
Nevertheless, an HMF yield of almost 53 % was achieved. The obtained crude mixture
was dissolved in fresh EtAc, and then the furan product substrate was achieved after the
solvent was filtered and concentrated under reduced pressure again. The oxidation was
based on the following reaction parameters: 10 wt % Pt/C (975 mg, 0.5 mmol) and the
furan products substrate were added to the saturated aqueous solution of NaHCOs3 (10 mL).
The reaction was carried out in a stainless steel reactor with 20 bar pressure of O, for 2 h
at 120 °C. This finding suggested a good potential for large-scale HMF production from
high-concentration biomass aqueous solutions.

4.2. Conversion of Sucrose into FDCA

As previously commented, the current industrial production of HMF from fruc-
tose involves thermochemical acid-catalyzed dehydration through the loss of three water
molecules to produce HMF via a cyclic pathway. Nonetheless, the glucose requires an
additional step of isomerization to fructose before dehydration to HMF. Regarding sucrose,
the dehydration of HMF proceeds through a cyclic pathway along the formation of an
intermediate fructofuranosyl cation [53]. In this sense, the FDCA production from sucrose
has been investigated using two-step catalytic processes as this sugar is a largely available
biomass feedstock [54]. In the first step, HMF was synthesized by hydrolysis and dehydra-
tion of sucrose using sulfuric acid in a continuous reactor obtaining a 34% yield using an
aqueous solution of 2 wt % sucrose and 0.005 M sulfuric acid in a tubular reactor operating
at 200 °C and 25 bar. The hydrodynamic residence time was 10 min. In the second step,
the resulting reaction solution was directly oxidized to FDCA without further purification
over a Au/ZrO, catalyst reaching a 84% yield; NaOH was added as a 2.5 M solution to
reach a total volume of 10 mL. This yield corresponds to an overall yield of 29% with
respect to sucrose. This two-step process could allow the production of pure FDCA after
the respective extraction/crystallization despite the impure intermediate HMF solution.
However, to further optimize sustainability, the use of a base in FDCA production should
be minimized by using a solid base or by recycling it. Furthermore, it would be desirable
to extend the process to other sugar-based feedstocks and the polymerization should be
further optimized concerning sustainability, for example, by changing the solvent mixtures.

4.3. Conversion of Inulin into FDCA

That is why other sugars, such as inulin, have also been tested as feedstock for the
production of FDCA. Inulin is a mixture of linear chains of fructose units containing mainly
one terminal glucose unit and characterized by (3-(2-1) linkages between the fructose units,
which is produced by many types of plants [55]. The oxidation of inulin in a single pot
to FDCA with a Pt/C as the catalyst was carried out, obtaining a high yield of 70 % in
two steps, with an intermediate evaporation of the solvent employed in the first stage
and introducing NaHCOj for the second. It should be mentioned that using NaHCO3 as
the base and evaporating the organic solvent (MeCN) before the second oxidation step
increased the yield of FDCA from 52 to 70% with the complete conversion of HMF and
the intermediates HMFCA and FFCA [56]. The reaction conditions consisted of 0.83 mmol
inulin, 30 mol% KBr, and 0.3 mL 0.0125 M H,SO4/MeCN (0.3/2.1 mL), using a reaction
time of only 4 min. For the second step, O, pressure was stabilized at 8 bar, and 2.5 mol%
Pt/C was added.

5. Conclusions

There are different ways to transform glucose or fructose into HMF: one step with
physical separation, one step without physical separation, or the most common, in two
steps. In the case of processes with physical separation, there are processes in which HMF
is extracted from the aqueous solution before its oxidation to FDCA.
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In the case of two stages, the first objective is to obtain HMF from fructose, glucose, or
other sugars. For this, different solvents are used, such as a mixture of DMSO, GVL, or ionic
liquids with water, pure water, etc., using both heterogeneous acid catalysts and mineral
acids. The objective is to maximize the production of HMF by reducing the formation of
by-products, especially humins. In the second step, the oxidation of the HMF obtained in
the first stage is intended using oxidizing catalysts. The solvent can also be changed for
this second stage. The presence of water is essential to carry out the oxidation of HMF to
FDCA. In the case of two stages, there are several works that obtain FDCA yields greater
than 90%, most of them based on noble metals such as Pt/C catalysts, with an FDCA yield
of 91%, or Au/HT catalysts with an FDCA yield of 98.8%. However, it seems that the use of
non-noble metals such as NiOx can also achieve FDCA yields as high as 97%. The catalytic
processes that produced yields of 98% with a Au/HT catalyst and 97% with a NiOx catalyst
employed different basic salts.

This review indicates that the FDCA yields attained using one-stage processes without
phase separation are lower than those with phase separation. Specifically, the maximum
yield of FDCA achieved in one-stage processes conducted without physical separation was
found to be 72%, whereas a process that incorporated a separation step for the catalysts
and the addition of water achieved an overall yield of 88.4%. It is worth noting that one-
stage processes employ more severe operating conditions in comparison to the two-stage
process. Despite this, the latter method necessitates longer reaction times. The two-stage
reaction confers superior control over the reaction, thereby enabling the utilization of more
precise operating conditions and catalysts. These facts enhance the FDCA yield by up to
98%. Accordingly, this approach is anticipated to represent the most suitable pathway for
the production of FDCA. However, an intermediate separation step needs to be avoided.
Therefore, it is important to investigate an integrated process where the outflow of the
dehydration reactor can be directly fed to the oxidation reactor.

Regarding the formation of FDCA from glucose, it can be said that the previous
isomerization step of glucose to fructose makes the process considerably less efficient. The
fact of having to integrate this step in the reaction makes the selection of catalysts much
more complicated, since if the FDCA production in an integrated process is the objective, it
is advisable to use the same catalyst in both steps. This is something that complicates the
process since, for the isomerization stage, catalysts with Lewis acid sites are needed, while
for dehydration, Brensted acid sites are needed. However, looking at the results that have
been published, it can be said that the best process is the one that employs ionic liquids as
the solvent using manganese oxide as the catalyst. However, with respect to starting from
glucose to obtain FDCA, more work is needed to optimize the recyclability of the catalyst
and to achieve a closed-loop system for the economically competitive production of the
desired product.

Starting from sucrose is something innovative in this research area, and the results that
have been revised are promising; inulin could be preferable to fructose for the synthesis
of HMF due to its indigestible nature. This is compatible with all the types of reaction
investigated, and its conversion leads the furan derivatives with very good yields, reaching
up to 70%. That is why, although the investigation of fructose to obtain FDCA is highly
investigated and the process can still be optimized, starting with compounds such as
sucrose or inulin should not be ruled out, since promising results have been obtained, and
they are compounds more directly derivable from biomass.
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