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Abstract: 2,5-Furandicarboxylic acid (FDCA), an eco-friendly
biomass resource capable of replacing petroleum-based
fuels, is gaining increasing popularity. In this article, 2,5-
FDCA was prepared by liquid-phase oxidation of the sustain-
able precursor 5-hydroxymethylfurfural using the Co-Mn-Br
catalyst system. The effects of catalyst concentration, catalyst
ratio, reaction temperature, reaction time, reaction pressure,
and solvent ratio on the reaction of FDCA were investigated.
The products are subjected to qualitative and quantitative
analyses using high-performance liquid chromatography,
infrared spectroscopy, and hydrogen nuclear magnetic spec-
troscopy. Moreover, considering the loss of catalytic liquid,
the suitable reaction conditions were determined as follows:
n(Co)/n(Mn)/n(Br) = 1/0.04/0.5, n(HMF)/n(HAC) = 0.05, reac-
tion temperature of 170°C, reaction pressure of 2 MPa, reac-
tion time 40 min, and airflow rate 1.0 L-min”%. Under these
conditions, the yield of the product is 86.01%, the purity is
97.53%, and the loss of the catalytic liquid is about 5.63%,
which is at an ideal level and provides a good basis for the
recovery of the subsequent catalytic liquid and multiple
cycle reactions. Through the optimization of the existing
process, the use of noble metal catalysts has been reduced,
and the recycling of catalytic liquid has also reduced the
consumption of catalysts. This advancement marks a signif-
icant stride toward sustainable development in the green
chemical industry.

* Corresponding author: Haibo Jin, School of New Materials and
Chemical Engineering, Beijing Institute of Petrochemical and
Technology, Beijing 102617, China; Beijing Key Laboratory of Fuels
Cleaning and Advanced Catalytic Emission Reduction Technology, Beijing
102617, China, e-mail: jinhaibo@bipt.edu.cn

Linrun Li, Suohe Yang, Guangxiang He, Xiaoyan Guo, Lei Ma: School
of New Materials and Chemical Engineering, Beijing Institute of
Petrochemical and Technology, Beijing 102617, China; Beijing Key
Laboratory of Fuels Cleaning and Advanced Catalytic Emission Reduction
Technology, Beijing 102617, China

Keywords: 5-hydroxymethylfurfural, 2,5-furandicarboxylic
acid, Co-Mn-Br, liquid-phase oxidation

1 Introduction

As the consumption of non-renewable resources continues
to rise, the copious release of gases such as CO, CO,, SOy,
and others has contributed to the escalation of environ-
mental pollution and intensifies the greenhouse effect in
the atmosphere, exacerbating the energy crisis. The pursuit
of sustainable and eco-friendly alternatives has become an
urgent priority [1]. Therefore, there is a growing preference
for green biomass resources, which offer abundant content
and minimal environmental pollution impact [2]. The sub-
stitution of biomass resources for fossil resources presents a
viable solution to mitigate the environmental issues asso-
ciated with fossil fuel combustion and alleviate the energy
crisis [3].

2,5-Furandicarboxylic acid (FDCA), recognized as an
essential green bio-based chemical [4,5], was included
among the high-value-added bio-based chemicals by the
U.S. Department of Energy in 2004 [6]. Polycondensation
of FDCA with ethylene glycol (EG) enables the production
of high-performance bhio-based polyester materials, such as
polyethylene 2,5-furan dicarboxylate (PEF). Compared with
polyethylene terephthalate (PET), PEF is superior to PET in
terms of tensile strength, Young’s modulus, gas barrier
properties, thermal stability, and mechanical properties.
Additionally, PEF offers the advantages of environmental
sustainability and renewability [7-9]. FDCA can not only be
used as the upstream monomer of new polyester materials
but also be widely used in food materials, medical mate-
rials, aviation materials, and other fields [10-16]. Its diverse
applications make it a subject of significant research interest.
Therefore, it is necessary to develop sustainable, eco-friendly,
and heterogeneous catalytic methods for the preparation of
green biomass and its derivatives under mild reaction condi-
tions [17].
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The liquid-phase catalytic oxidation of 5-hydroxymethyl-
furfural (HMF) to FDCA synthesis can be divided into bio-
synthesis and chemical synthesis. In the biosynthesis method
[18], the preparation process involving biological enzyme cat-
alyst is complex, and the subsequent product purification is
challenging. The chemical synthesis method utilizing the gly-
colic acid method [19] for FDCA preparation encounters
issues with unfriendly reaction conditions, such as the EG
rearrangement, resulting in low yields. As a consequence,
its large-scale industrial applications remain limited. The fur-
fural (furoic acid) method for FDCA production [20,21], uti-
lizing green and environmentally friendly starting materials,
faces challenges due to the presence of numerous isomers,
making separation and purification difficult. Moreover, the
recovery and treatment of by-product salts pose complexities,
rendering it impractical. However, using HMF as raw mate-
rial, the preparation of FDCA by liquid-phase oxidation is
favored because of its simple process and excellent yield and
purity. This process builds upon the Mid-Century liquid-phase
oxidation process and demonstrates suitability for industrial
production. In the single-pot operation of heterogeneous cata-
Iytic systems, the separation and purification of intermediates
can be significantly eliminated and the formation of unwanted
by-products can be prevented [22-24].

Eastman company [25] used the MC production pro-
cess, which involves the liquid-phase air catalytic oxidation
of furfural derivatives method such as 5-methyl-2-furfural
and 5-ethyl hydroxymethyl-2-furfural, to prepare FDCA
using the Co-Mn-Br catalytic system. Furanix Technolo-
gies B.V. [26] also employed the Co—-Mn-Br catalytic system,
but they used a mixture of one or more of these compounds
as raw materials at a specific temperature and pressure.
These furfural derivatives included 5-HMF, 5-methyl fur-
fural, 5-methylfuroic acid, and 2,5-dimethylfuran. The sol-
vent used in this process was a mixture of acetic acid and
water. Canon Co. in Japan [27] has also developed a method
for producing FDCA by liquid-phase catalytic oxidation of
5-HMF using the Co-Mn-Br catalytic system. At the same
time, this method proposed controlling the water content in
the solution to avoid catalyst deactivation and reduce com-
bustion side reactions to improve the FDCA yield. Therefore,
the Co-Mn-Br homogeneous catalytic oxidation system serves
as a valuable reference and provides guidance for the large-
scale preparation of FDCA.

In this study, FDCA was synthesized by liquid-phase
oxidation of HMF. The effects of catalyst concentration,
ratio, temperature, reaction time, pressure, and solvent
ratio on the yield of oxidation reaction and the loss of
reaction solvent were investigated. Through the investiga-
tion of the process conditions, the more suitable reaction
conditions were obtained. Additionally, the potential for
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recycling the catalytic liquid was investigated, offering
valuable insights for future industrial applications.

2 Experimental part

2.1 Reagents and instruments

The following reagents were used in the experiments:
5-HMF (98% purity), 2,5-FDCA (99% purity), glacial acetic
acid, cobalt acetate tetrahydrate, manganese acetate tetra-
hydrate, hydrobromic acid (48% aqueous solution), trifluor-
oacetic acid, and methanol. All were obtained from Meryer
(Shanghai) Chemical Technology Co. Ltd. Deionized water
was used throughout the experiments.

The following experimental instruments were used:
high-performance liquid chromatography (Agilent 1290),
Fourier transform infrared spectrometer (Thermo Scientific
Nicolet iS20), ultrasonic cleaning machine (PS-1004), elec-
tronic balance (MP4002), and high-speed centrifuge.

2.2 Experimental apparatus and methods

The experiment was carried out in a titanium reactor, as
shown in Figure 1. The catalyst, raw material, and reaction
solvent were mixed in the specified proportion, heated,
and dissolved. The resulting mixture was then added to
the titanium reactor through the feed port. Nitrogen gas
was introduced to replace the air inside the reactor, while
leak detection was performed simultaneously. The system
pressure was adjusted, and the reaction mixture was
heated and stirred. The airflow was measured using a
mass flowmeter. After the completion of the reaction, the
reactor was washed with glacial acetic acid to obtain a
mixed solution containing FDCA. The solid-liquid separa-
tion was employed to separate the oxidation product FDCA,
while the recovered catalytic liquid could be recycled for
subsequent reactions.

2.3 Product analysis method

The product was identified as FDCA by infrared spectrum
analysis after drying, and the infrared spectrum of the
product is shown in Figure 2. In Figure 2a, the character-
istic peaks at 1,691 and 1,572 cm™! are the product marker
peaks. The characteristic absorption peak at 1,691cm™*
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Figure 1: Reactor plant. 1. Reactor, 2. Mass flow meter, 3. One-way valve
4. Ball valve 5. Screw valve 6. Stirrer 7. Condenser 8. Tank 9. Gas cylinder
10. Feed port 11. Catalyst feed port.

corresponds to the C=0 stretching vibration of the car-
boxylic acid group, confirming the absorption peak of car-
boxylic acid. The absorption peak at 1,572 cm™ represents
the C=C stretching vibration of the furan ring, further
supporting the identification of FDCA. It is consistent with
the Fourier transform infrared (FTIR) spectra of the stan-
dard product (as shown in Figure 2b).

Figure 3 is the H' NMR spectrum of the oxidation pro-
duct. As shown in Figure 3a, the spectrum reveals two
single peaks of H at the chemical shift § 13.60, corre-
sponding to H7 and H9 on the carboxyl group. Additionally,
there are two single peaks of H at the chemical shift § 7.28,
representing H2 and H3 on the furan ring. Figure 3b is the
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H' NMR spectra of FDCA, based on the hydrogen nuclear
magnetic analysis, the structure of the oxidation product H
was confirmed to be consistent with FDCA.

3 Results and discussion

3.1 Influence of total catalyst concentration
on reaction

The effects of different catalyst concentrations on the loss
of oxidation products and catalytic liquid are illustrated in
Figure 4. From Figure 4, with the increase of catalyst con-
centration, the yield and purity of the product increased
first and then decreased, while the loss of catalytic liquid
exhibits an upward trend. This is because, with the increase
of Co-Mn-Br catalyst concentration, the active free radicals
in the oxidation reaction gradually increase, accelerating
the oxidation reaction and facilitating the conversion of
substrate HMF to FDCA.

However, when the catalyst concentration exceeds a
certain threshold, the excessive catalytic concentration
leads to intensify the condensation of intermediate pro-
ducts and side reactions, resulting in reduced product yield
and purity. However, the increase in catalyst concentration
can accelerate the initiation of free radical chain reaction,
thus accelerating the oxidation reaction. However, if the
concentration is too high, the free radicals are too active,
which are easy to attack the furan ring, and then trigger
the ring opening, so that the substrate is deeply oxidized,
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Figure 2: FTIR spectra of FDCA. Figure 2a is the infrared spectrum of product. Figure 2b is the infrared spectrum of standard sample.



4 — Linrunlietal DE GRUYTER

% 0 %0 %0
(a) (b) : ases
10
o) o)
1"
\ o /)
s 5N\ _— /
Ho | N OH
N\ ) e
2: 10
i i
;I-IISNél\(/)IR (4;(;;) MHz, DMSO-d6) p /g\d/c/\
.60 (s, 2H), HO \\ // OH
7.28 (d, ] = 1.5 Hz, 2H). ?—%
'H NMR (400 MHz, DMSO-ds) 6 13.60 (s, 1H), 7.28 (d,J = 1.5 Hz, 1H).
1 1 1 1 1 {2
14 12 10 8 6 J\ )
§/10°8 T I

Figure 3: H'-NMR spectra of FDCA. Figure 3a is the H-NMR spectra of product. Figure 3b is the H'-NMR spectra of standard sample.

and the intermediate cannot be selectively converted to a catalytic concentration of 6,200 PPM is deemed more sui-
FDCA in time, resulting in polycondensation. At the same table for this study.

time, the side reaction of bromination will also be intensi-

fied, resulting in more brominated by-products, reducing

the selectivity of FDCA and accelerating the corrosion of

the equipment. Moreover, the increases in solvent loss 3-2 Influence of n(Co + Mn)/n(HMF) on

occur because the solvent is susceptible to attack by active reaction

radicals or high-valent ions in the Co-Mn-Br catalytic system,

triggering the dehydrogenation reaction that generates CO, or  The effects of n(Co + Mn)/n(HMF) on the oxidation products
CO and forming active radicals. Consequently, this leads to  and catalytic liquid loss are shown in Figure 5. From Figure 5,
the loss of catalytic liquid. Based on the experimental results, as the concentration of Co and Mn catalysts increases, the
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Figure 4: Effect of catalyst concentration on oxidation reaction. (Reaction conditions: n(Co)/n(Mn)/n(Br) = 1/0.04/0.5, n(HMF)/n(HAC) = 0.05, reaction
temperature 170°C, reaction pressure 2 MPa, reaction time 40 min, airflow 1.0 L'min™".
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yield and purity of the product increase first and then
decrease, while the loss of the catalytic liquid increases. The
liquid-phase oxidation technology of 5-HMF is based on the liquid-
phase oxidation technology of p-xylene. Both are Co-Mn-Br three-
way catalytic systems with HAC as the solvent for air oxidation.
There are similarities in the liquid-phase oxidation mechanism
between the two processes. In the Co-Mn-Br catalytic system,
Co* is oxidized to Co* by air, and Co** acts as a strong oxidant.
Similarly, Mn?" is oxidized to Mn*, with the halflife of Mn*" being
much larger than that of Co®". During the oxidation reaction, Br™ is
oxidized to Br, forming active free radicals and initiating chain
reactions.

Therefore, when the concentration of Co and Mn ions
is at a low level, the formation rate of high valence metal
ions is slow, which affects the whole oxidation reaction
rate. As a result, incomplete reactions of the intermediate
products occur, leading to the production of by-products
and a decrease in yield and purity. The increase in catalytic
liquid loss is due to the higher concentrations of the Co and
Mn ions. When Co®* oxidizes Mn?", it will also make the
solvent completely oxidized or deeply oxidized to produce
CO, or CO, thus increasing the solvent loss. Considering
industrial production, it is advisable to avoid excessively
high concentrations of Co and Mn ions. Therefore, n(Co +
Mn)/n(HMF) = 0.173 is more appropriate in this experiment.

3.3 Influence of n(Br)/n(HMF) on reaction

The effects of n(Br)/n(HMF) on the loss of oxidation pro-
ducts and catalytic liquid are shown in Figure 6. It can be
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seen from Figure 6 that with the increase in Br concentra-
tion, the yield and purity of the product increased first and
then decreased, while the loss of the catalytic liquid showed
a downward trend. In the Co-Mn-Br catalytic system, Br
plays a role in assisting catalysis. Br has a strong hydrogen
absorption ability, which can capture the hydrogen on the
furan ring and form active free radicals, thus triggering the
chain reaction. Therefore, at the beginning of the reaction, a
particular concentration of Br ions can promote the smooth
progress of the chain reaction so that the substrate HMF can
be deeply oxidized. However, when the concentration of Br
ions is too high, it is more conducive to the occurrence of
bromination side reactions, which ultimately leads to a
decrease in the yield and purity of the product. The loss of
the catalytic liquid gradually decreased because Co*" was
easy to form a complex with Br ions, and electron transfer
occurred inside, so that Br ions replaced the acetic acid
group and complexed with Co**, thus slowing down the
process of decarboxylation of the acetic acid group. There-
fore, n(Br)/n(HMF) = 0.083 is more appropriate in this
experiment.

3.4 Influence of reaction temperature on
reaction

The effects of reaction temperatures on the loss of oxida-
tion products and catalytic liquid are shown in Figure 7. It
can be seen from Figure 7 that as the reaction temperature
increases, the product yield first increases and then
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Figure 5: Effect of n(Co + Mn)/n(HMF) on oxidation reaction. (Reaction conditions: n(HMF)/n(HAC) = 0.05, reaction temperature 170°C, reaction

pressure 2 MPa, reaction time 40 min, airflow 1.0 L'min™).
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Figure 6: Effect of n(Br)/n(HMF) on oxidation reaction. (Reaction conditions: n(Co)/n(Mn) = 1/0.04, n(HMF)/n(HAc) = 0.05, reaction temperature 170°C,

reaction pressure 2 MPa, reaction time 40 min, airflow 1.0 L'min™").

decreases, while the product purity gradually reaches a
stable state. Additionally, the loss of catalytic liquid gradu-
ally increases. The oxidation reaction is a free radical reac-
tion, and the reaction temperature significantly influences
the activity of the catalyst, which in turn affects the forma-
tion of free radicals. Gonzalez-Casamachina et al. [28]
found that temperature affected the selective conversion
of HMF to FDCA by affecting the formation of free radicals
under visible light with O, as oxidant and ZnO/PPy as
photocatalyst. At lower reaction temperatures, the sub-
strate HMF cannot be converted to the product in time,
leading to incomplete oxidation of the intermediate and
gradual accumulation, thereby impacting the yield and
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purity of product. On the other hand, increasing the reac-
tion temperature can accelerate the oxidation of the sub-
strate HMF to FDCA. However, excessively high temperatures
can result in deep oxidation of the substrate, resulting in poly-
condensation side reactions and reduced yield. The increase in
catalytic liquid loss is due to the increase in temperature,
which accelerates the process of oxidative decarboxylation or
decarbonylation of acetic acid. This process contributes to the
loss of catalytic liquid. Based on the experimental findings, the
reaction temperature of 170°C is considered more suitable for
this study, as it strikes a balance between achieving a higher
product yield, maintaining product purity, and minimizing
catalytic liquid loss.
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Figure 7: Effect of reaction temperature on oxidation reaction. (Reaction conditions: n(Co)/n(Mn)/n(Br) = 1/0.04/0.5, n(HMF)/n(HAC) = 0.05, reaction

pressure 2 MPa, reaction time 40 min, airflow 1.0 L'min”").
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3.5 Influence of reaction time on reaction

The effects of reaction times on the oxidation products and
the loss of catalytic liquid are shown in Figure 8. It can be
seen from Figure 8 that as the reaction time increases, the
product yield gradually increases to a slight decrease,
while the loss of catalytic liquid gradually increases. The
oxidation reaction is a series of reactions that require a
particular reaction time to complete oxidation. With the
increased reaction time, the chain reaction can be carried
out smoothly, enabling high selectivity in the oxidation of
the substrate HMF.

However, with the increase in reaction time, side reac-
tions become more prevalent, leading to an increase in the
possibilities of intermediate polycondensation and exces-
sive oxidation. Consequently, this results in a reduction in
the yield and purity of the product. The loss of catalytic
liquid demonstrates a steady increase until the reaction
time reaches 40 min. After this point, the increase in
catalytic liquid loss becomes negligible. This indicates
that the oxidation reaction has reached completion, and
any further increase in catalytic liquid loss may be attrib-
uted to self-combustion. Based on these observations,
the reaction time of 40 min is considered appropriate
for this experiment. It allows for sufficient reaction time
to achieve high selectivity in the oxidation process while
minimizing the negative effects of side reactions on pro-
duct yield and purity. Additionally, it ensures that the
oxidation reaction is completed, thus minimizing the
loss of catalytic liquid.

100
//177777177777’***1
{
///
9 -
— s
80
X
—= Yield
70 —o— Purity
60 —
1 1 1 1 1
20 30 40 50 60

Reaction time(min)

Air oxidation of 5-hydroxymethylfurfural to 2,5-furandicarboxylic acid == 7

3.6 Influence of reaction pressure on
reaction

The effect of reaction pressures on the oxidation products
and the loss of catalytic liquid is shown in Figure 9. From
Figure 9, the yield and purity of the product increased first
and then decreased with the increase in reaction pressure,
while the loss of catalytic liquid gradually decreased. In the
liquid-phase oxidation reaction, when the pressure is low,
the dissolved oxygen content in the solvent is low, and the
mass transfer resistance of gas-liquid is considerable.
Increasing the reaction pressure can enhance the dissolved
oxygen concentration in the solvent. Enough oxygen can
make the reaction substrate and the intermediate oxida-
tion product more quickly to the substrate for high selec-
tive conversion, thus increasing the product’s purity. How-
ever, with the increase in the reaction pressure, there is
also a promotion of oxidation side reactions. These side
reactions can lead to undesired outcomes such as the poly-
condensation reaction of the oxidation intermediate, the
ring opening of the furan ring, etc., which result in a
decrease in the yield and purity of product. Moreover,
excessive high pressure places higher demands on the
material of the reactor, which can compromise safety con-
siderations. The increase in reaction pressure makes it
easier for the solvent to reach the saturated vapor pres-
sure, slowing down the process of solvent combustion. This
is also a contributing factor to the decrease in the loss of
catalytic liquid. Under the premise of ensuring the safety of
industrial production and maintaining the product’s yield
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Figure 8: Effect of reaction time on oxidation reaction. (Reaction conditions: n(Co)/n(Mn)/n(Br) = 1/0.04/0.5, n(HMF)/n(HAC) = 0.05, reaction tem-

perature 170°C, reaction pressure 2 MPa, airflow 1.0 L'min™").
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Figure 9: Effect of reaction pressure on oxidation reaction. (Reaction conditions: n(Co)/n(Mn)/n(Br) = 1/0.04/0.5, n(HMF)/n(HAC) = 0.05, reaction

temperature 170°C, reaction time 40 min, airflow 1.0 L'min™").

and purity, a reaction pressure of 2.0 MPa is deemed more
appropriate for this experiment.

3.7 Influence of m(HMF)/m(HAC) on reaction

The effects of solvent ratios on the loss of oxidation pro-
ducts and catalytic liquid are shown in Figure 10. It can be
seen from Figure 10 that with the decrease in solvent ratio,
the yield and purity of the product increased first and then
decreased, while the loss of catalytic liquid gradually
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decreased. The substrate HMF has high reactivity and is
sensitive to reaction temperature and concentration. Under
high solvent ratio conditions, HMF is more susceptible to
brominated side reactions, polycondensation reactions,
and other undesired reactions, which can adversely affect
the yield and purity of the product. By reducing the sol-
vent ratio, the instantaneous concentration of substrate
HMTF is decreased, which in turn reduces the occurrence
of brominated side reactions, polycondensation reactions,
and other undesired reactions.

However, when the solvent ratio becomes too low, that
is, the substrate concentration is very low, a large number
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Figure 10: Effect of m(HMF)/m(HAC) on oxidation reaction. (Reaction conditions: n(Co)/n(Mn)/n(Br) = 1/0.04/0.5, reaction temperature 170°C, reaction

pressure 2 MPa, reaction time 40 min, airflow 1.0 L'min™.
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of free radicals attack the furan ring. This can lead to the
ring-opening reaction of the furan ring and the generation
of additional ring-opening by-products, resulting in a decrease
in product yield and purity. Furthermore, while the lower
solvent ratio can slow down the combustion of acetic acid, it
may also bring about the problem of excessive solvent and
increased energy consumption. Considering these factors, the
solvent ratio of 1/30 is more appropriate in this experiment.

3.8 Influence of the airflow on reaction

The effect of airflow rates on the oxidation products and
catalytic liquid loss is shown in Figure 11. From Figure 11,
with the increase in airflow rate, the yield and purity of the
product increased first and then decreased slightly, while
the loss of catalytic liquid continued to increase. When the
airflow rate increases, the amount of oxygen in the reaction
also increases. This leads to an improvement in the solubi-
lity of oxygen in the catalytic solution and an increase in the
gas-liquid-phase interface area, both of which is conducive
to improving the oxidation reaction rate.

However, when the airflow rate is too large, the reac-
tion can enter an oxygen saturation state controlled by the
reaction kinetics. In this state, the airflow rate has little
effect on the reaction rate. Additionally, a high airflow
rate reduces the residence time of air in the solvent, which
can be detrimental to the reaction process. Furthermore,
an increase in airflow can result in the larger amount of
solvent being entrained with the exhaust gas. This not only
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increases the cost of exhaust gas treatment but also leads to
a loss of catalytic liquid. Therefore, to ensure that the reac-
tion is not controlled by gas phase mass transfer, it is
advisable to carry out the oxidation reaction at a lower air-
flow rate. In this experiment, an airflow rate of 1.0 L-min " is
more appropriate.

3.9 Influence of catalytic liquid recycling on
reaction

In the first three catalytic liquid recycling, the yield and purity
of the product were not significantly reduced (Figure 12),
indicating that the catalyst system still had an ideal catalytic
effect. However, a significant reduction in the yield and purity
of the product was observed in the fifth cycle. This can be
attributed to the loss of a portion of the Br catalyst during the
separation of the FDCA mixture from the solid-liquid.

Although the Co-Mn-Br synergistic catalytic perfor-
mance is improved by adding 25% Br catalyst during the
fourth catalytic liquid recycling, the accumulation of by-
product water has a particular impact on the recycling of
the catalytic liquid, and multiple reactions also reduce the
performance of the catalytic liquid itself, resulting in a
decrease in yield and purity of the product. Therefore, under
suitable conditions, the catalytic liquid can be recycled mul-
tiple times, leading to a reduction in the consumption of pre-
cious metal catalysts in the reaction. This recycling capability
broadens the scope of industrial application, offering eco-
nomic and environmental benefits.
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Figure 11: Effect of airflow on oxidation reaction. (Reaction conditions: n(Co)/n(Mn)/n(Br) = 1/0.04/0.5, n(HMF)/n(HAC) = 0.05, reaction temperature

170°C, reaction pressure 2 MPa, reaction time 40 min).
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Figure 12: Effect of catalytic liquid recycling on oxidation reaction.
(Reaction conditions: n(Co)/n(Mn)/n(Br) = 1/0.04/0.5, n(HMF)/n(HAC) =
0.05, reaction temperature 170°C, reaction pressure 2 MPa, reaction time
40 min).

4 Liquid-phase oxidation reaction
process of HMF

HMF oxidation follows the classical free radical oxidation
mechanism and undergoes a chain reaction, generally
divided into three stages: chain initiation, growth, and ter-
mination. The Co-Mn-Br system acts as a catalyst [29-31],
facilitating peroxide decomposition and promoting the for-
mation of free radical. The three catalytic components of
Co-Mn-Br with different valence states can increase the
rate of electron transfer rate within the chain reaction.
These components can cycle between valence states, effec-
tively enhancing the rate of oxidation reaction. Yang and
Zhang [32,33] found that charge transfer affects the reduc-
tion rate of ions, which affects the selective conversion of
substrates to products, and is the rate-determining step
affecting the conversion efficiency of HMF.

R-CH.OH

R- CH(OH)'

R-CH(OH).

R-CHO

R-CH(OH)OOH 02

R-CH(OH)0O"

DE GRUYTER
3+ 3+
Co Mn R-CHO
R-CO*
0: R-CH-0OH
Co? Mn® R-CH(OH)"

Figure 13: Effect of catalytic liquid recycling on oxidation reaction [34].

During the chain initiation stage, the Co-Mn-Br system
undergoes oxidation by air. Specifically, the Co**~Br com-
plex is oxidized to the Co**~Br complex by air, while Co**
oxidizes Mn** to Mn**. The half-life of Mn®* is much longer
than that of Co®, prolonging the presence of Mn** in the
system. This leads to electron transfer from Br electron,
resulting in the generation of bromine radicals. These radi-
cals then capture hydrogen from the hydroxymethyl or alde-
hyde group of HMF, initiating the formation of free radicals
and initiating the chain reaction. At the same time, Co®* can be
oxidized to Co®" again. The reaction is repeated throughout the
reaction, as shown in Figure 13.

The preparation of furan-dicarboxylic acid catalyzed
by catalytic oxidation of the Co—-Mn-Br system is a free
radical oxidation reaction, mainly involving the oxidation
of the hydroxymethyl and aldehyde group to the carboxyl
group [34]. The oxidation of HMF to FDCA mainly includes
two oxidation processes: alcohol oxidation to aldehyde and
aldehyde oxidation to acid. The oxidation process follows
the chain reaction mechanism, and the change in catalyst
valence state is also coupled with each other until the end
of the reaction, as shown in Figure 14.

In the process of HMF oxidation, there are three inter-
mediate products, as shown in Figure 15, which are furan-
2,5-dicarbaldehyde (DFF), 5-hydroxymethyl-2-furancarboxylic
acid (HMFCA), and 5-formyl-2-furancarboxylic acid (FFCA).
The selective conversion of HMF to DFF is significantly
more potent than that of HMFCA, indicating that the hydro-
xymethyl group on the furan ring of HMF has higher activity
and is more easily oxidized than the aldehyde group. It is
known [35] that the C-H bond dissociation energy on the

R-CHO R-CO"
W
O
R-COOH R-COOOH i
R-COO’
" R-COO0"
Co

Figure 14: In the process of HMF oxidation, alcohol is oxidized to aldehyde and aldehyde is oxidized to acid [34].
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Figure 15: Liquid-phase spectra of FDCA. From left to right are FDCA, HMFCA, FFCA, DFF. (Above experiments were quantitatively analyzed by external
standard method. The analysis conditions are as follows: the chromatographic column is a C18 reverse phase chromatographic column; the mobile
phase was methanol —0.05% phosphoric acid aqueous solution (volume ratio of 55:45). The flow rate was 0.35 mL-min~". The detector wavelength was
278 nm. The column temperature was 40°C. The injection volume was 5 pL.).
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» —_— \ ) oH— HO \ ) o
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Figure 16: Liquid-phase catalytic oxidation of FDCA.

hydroxymethyl group is 309.8 k]-mol ™, the O-H bond disso-
ciation energy is 384.1k]-mol*, and the C-H bond dissociation
energy on the aldehyde group is 359.7 kj'mol . The C-H bond
dissociation energy on the methyl group is much lower than
that of the other valence bonds, so the energy required for
valence bond cleavage is the lowest, consistent with the result
of high-performance liquid chromatography. In summary, this
article gives the possible oxidation reaction process of HMF, as
shown in Figure 16. This mechanistic understanding of the
oxidation process provides insights into the key steps involved
in the conversion of HMF to FDCA and the role of the
Co—-Mn-Br catalyst system in facilitating this transformation.

5 Conclusion

FDCA, a green biomass resource, was prepared by liquid-
phase oxidation using HMF as raw material. The catalyst

concentration, catalyst ratio, reaction temperature, reac-
tion time, reaction pressure, and solvent ratio were inves-
tigated, and the loss of catalytic liquid was analyzed. The
product was quantitatively and qualitatively analyzed by
liquid chromatography, infrared spectroscopy, and hydrogen
nuclear magnetic resonance spectroscopy.

Under the conditions of catalyst concentration 6,200
PPM, n(Co)/n(Mn)/n(Br) = 1/0.04/0.5, n(HMF)/n(HAC) = 0.05,
reaction temperature 170°C, reaction pressure 2 MPa, reac-
tion time 40 min and airflow 1.0 L'min~%, FDCA was pre-
pared by liquid-phase oxidation. The final product yield
was 86.01%, and the purity was 97.53%. Compared with
the existing process [36], this method resulted in an approxi-
mately 20% increase in the product yield.

The loss of catalytic liquid under the above oxidation
conditions was within a reasonable range, indicating favor-
able conditions for the recovery and recycling of subsequent
catalytic liquid. After the catalytic liquid is recovered, mul-
tiple reaction cycles can occur. The yield and purity were
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not significantly reduced in the first three reaction cycles.
The addition of 25% Br catalyst improved the catalytic per-
formance, and there is a declining trend in product yield
and purity. However, the activity of catalyst and the perfor-
mance of catalytic liquid still decreased over time, impacting
the product’s yield and purity. Therefore, the catalytic liquid
can be recycled many times by adding an appropriate
amount of catalyst, which expands the application range
for subsequent industrialization.

The oxidation reaction of HMF exhibited a higher reac-
tivity for the hydroxymethyl group compared to the alde-
hyde group. Therefore, the oxidation reaction primarily
occurs in the hydroxymethyl group first. Through ana-
lyzing the oxidation reaction intermediates and consid-
ering the Co-Mn-Br catalytic mechanism, two possible
paths of the HMF oxidation reaction process were specu-
lated: HMF-DFF-FFCA-FDCA and HMF-HMFCA-FFCA-FDCA.

These findings suggest that the liquid-phase oxidation
of HMF using the Co-Mn-Br catalyst system is an effective
method for the production of FDCA with improved product
yield and purity. The study also highlights the potential for
recycling the catalytic liquid, thereby reducing the need for
additional catalysts and expanding its industrial applicability.
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