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ABSTRACT: The promising influences of K+ and Ca2+ ions in the
development of effective MnO2 for the selective oxidation of 5-
hydroxymethylfurfural to 2,5-furandicarboxylic acid (FDCA) were
studied for the catalytic performance under a high-pressure reaction of
aqueous O2 (0.5 MPa) in a basic system. Various oxidation states of
manganese in MnO2 were able to accelerate the oxidation of 5-formyl-2-
furancarboxylic acid to FDCA in the rate-determining step. The results
were in good agreement that Ca2+ played a key role in the highest FDCA
yield up to 85% due to the associated cations on the local coordination to
enhance the high surface area and the electronic effect on the manganese
ion. Both K−MnO2 and Ca−MnO2 catalysts showed excellent catalytic
activities without a significant change in the efficiency in the reusability
experiments.

1. INTRODUCTION
Integrated biorefineries have been receiving more attention to
increase the demand response in biogreen-circular economy
for solving the environmental global issues leading to the
sustainable development goals.1−7 The technological foresight
of 2,5-furandicarboxylic acid (FDCA), which is the superior
performance properties of the bio-based chemical building
block for polyethylene furanoate are focused on the market
attractiveness to replace polyethylene terephthalate.8−10

Particularly, 5-hydroxymethylfurfural (HMF) derived from
cellulosic C6 sugars plays an important role in the chemical
manufacture for the long-term investment to produce
FDCA.11−14 A feasibility study of stepwise reaction mechanism
for HMF oxidation shown in Scheme 1 is proposed through
two pathways, which include 5-hydroxylmethyl-2-furan carbox-
ylic acid (HMFCA), 2,5-diformylfuran (DFF), and 5-formyl-2-
furancarboxylic acid (FFCA) as intermediates.15−18 In the past
decade, various catalysts were investigated for the significant
reactivity in the oxidation of HMF to yield FDCA at the high
temperature and pressure.19,20 The historical FDCA produc-
tion was conducted in the oxidation process of HMF by
electrochemical oxidation,21,22 biocatalysts,23,24 heterogeneous
catalysts,25−27 homogeneous catalysts,28,29 and photocata-
lysts30−32 as well as the process without any catalyst. The
utilization of homo- and heterogeneous catalysts is still
promising for practical applications. The limitation of the
FDCA production from HMF at a large scale has been more
considered in terms of the thermal stability of HMF in harsh

condition during the oxidation process to produce unidentified
byproducts called humins.33 In the current research regime of
FDCA production, heterogeneous catalysts have been more
attractively developed due to the stability and reusability. The
oxidative catalytic methods have been extensively studied in
various process of noble metals [gold (Au),34,35 palladium
(Pd),36 platinum (Pt),37 rhodium (Rh),38 and ruthenium
(Ru)39 and non-noble metals [cerium (Ce),40 cobalt (Co),41

iron (Fe),42 and manganese (Mn)43−45] supported heteroge-
neous catalysts. Moreover, the nonbase oxidation of HMF was
studied over the Co−Mn−Br catalysts to produce high yield of
FDCA.46−49 Interestingly, a promising nonprecious manganese
oxide (MnO2) could act as an effective heterogeneous catalysts
for the aerobic oxidation of HMF to FDCA in which the
catalytic performance was determined by the oxygen vacancy
formation.50,51 Recently, calcium manganese oxide has been
taken as an inspiration to achieve the goals of biomimetic
oxygen-evolving catalysts and organic sulfide oxidation.52−54

Although the calcium manganese oxides have been used to
support of Pd nanoparticles (PdNPs) in HMF oxidation, their
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catalytic properties of bare support materials remain a
challenge in this field to reveal the synergistic interactions.55

In this report, the crucial roles of the intercalation of calcium
ion to the MnO2 framework structures will be highlighted and
considered for the capability, ability, and stability in the
production of FDCA.56 Notwithstanding their wide studies,
the intercalation of calcium on the structural MnO2 material
used for catalytic reactions of HMF oxidation is a curiosity gap
for making significant advances.

To the best of our knowledge, the ambiguous predictive
understanding of K+ and Ca2+ cations in the structural
manganese dioxides is still worth demonstrating the catalytic
activity on aerobic oxidation of HMF due to considerable Mn
ions being an active site. In this work, we construct K+ and
Ca2+ cations during the formation of manganese oxides in the
presence of a KOH solution to improve the unique chemical
and physical properties. In addition, the efficient and reusable
heterogeneous catalysts of K−MnO2 and Ca−MnO2 on the
reactivity of FDCA production will be reported.

2. EXPERIMENTAL APPARATUS AND
METHODOLOGIES
2.1. General. All chemicals and solvents including 5-

hydroxymethylfurfural (HMF, Aldrich), 2,5-diformylfuran
(DFF, TCI), 5-hydroxymethyl-2-furancarboxylic acid
(HMFCA, TCI), 5-formyl-2-furancarboxylic acid (FFCA,
TCI), 2,5-furandicarboxylic acid (FDCA, TCI), sodium
hydrogen carbonate (NaHCO3, RCI Labscan), sodium
carbonate (Na2CO3, RCI Labscan), sodium hydroxide
(NaOH, RCI Labscan), potassium hydroxide (KOH, Carlo
Erba), acetonitrile (CH3CN, Honeywell), methanol (CH3OH,
Honeywell), potassium chloride (KCl, Carlo Erba), calcium
chloride (CaCl2, Unilab), and manganese standard (1000 ppm,
Perkin) were of analytical grade and used as received without
further purifications. Commercial manganese(IV) oxide
(MnO2, 60−230 mesh, Aldrich) was activated at 300 °C for
10 h before being used for comparison experiments. Deionized
water (R ≥ 18.2 MΩ·cm) was obtained from Nanopure
Analytical Deionization Water.

The solid samples revealed the structural orientation by
powder X-ray diffraction (XRD), operated by a Bruker D2
Phaser. The X-ray was generated by Cu tube for Cu-Kα
radiation at 40 kV and 40 mA and detected by
LYNXEYE_XE-T (1D mode). The XRD patterns were
recorded with scanning angle (2θ) in the range of 10−90° at
0.2 s/step. The characteristic vibrational frequencies were

carried out by attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy using Bruker Hong Kong
Limited model ALPHA. The maximum wavelength (nm) of
HMF, DFF, HMFCA, FFCA, and FDCA was investigated by
UV−vis spectroscopy (UV-2600 SHIMADZU), operated in
the range 200−800 nm. Thermogravimetric analysis (DSC/
TGA) was performed using a TA Instruments SDT2960
simultaneously at a heating rate of 10 °C/min up to 800 °C
under an air condition. The elemental compositions within the
materials were investigated by X-ray photoelectron spectros-
copy (XPS) using AXIS ULTRADLD, Kratos Analytical,
Manchester, UK. The parameters were used to evacuate in the
chamber about 5 × 10−9 Torr and excite with X-ray hybrid
mode 700 × 300 μm spot area using a monochromatic Al Kα
1,2 radiation at 1.4 keV. Transmission electron microscopy
(TEM) and energy-dispersive spectroscopy (EDS) was used to
characterize the morphology and elemental mapping of the
metal ions on manganese oxides accelerating voltage of 200 kV
using JEOL (JEM-ARM 200F model), manufactured by JEOL
Co., Ltd., Tokyo, Japan. The integrated data acquisition was
powered by Digital Micrograph (Gatan Inc., USA) for high-
angle annular dark-field imaging (HAADF-STEM) and
Analysis Station (JEOL Ltd., Tokyo, Japan) for EDS mapping.
N2 adsorption−desorption isotherms of the solid catalysts were
performed on a Nova 2200e model from Quantachrome
Instruments, Boynton Beach, FL, USA. Prior to N2 adsorption,
150 mg of the solid catalysts was outgassed at 300 °C for 3 h
under a N2 flow. Specific surface area, pore volume, and pore
diameter were measured by the Brunauer−Emmett−Teller
(BET) method. The oxidized products were quantitatively
analyzed by high-performance liquid chromatography with a
UV−vis detector (HPLC/UV) operating at 283 nm,
investigated by UV−vis spectroscopy. The concentrations of
HMF and its oxidized derivatives were detected by the
WATER e2695 separation module with a UV−vis detector
equipped with a Sunfire 5 μm C18 (4.6 × 150 mm) by using
the mixture of acetonitrile and 1% v/v of glacial acetic acid as
the mobile phase in the proper proportions. Microwave plasma
atomic emission spectroscopy (MP-AES) was used to
determine the weight percent (% wt) of K, Ca, and Mn
elements in the catalysts using an Agilent 4100 MP-AES.57

2.2. Synthesis of K+ and Ca2+ Intercalated Manganese
Dioxide (K−MnO2 and Ca−MnO2). The formation of Ca−
MnO2 catalyst was prepared by a developed method by varying
the molar ratio of Ca2+/Mn2+/Mn7+, as shown in Table S1.53

The K−MnO2 catalyst was similar to the synthetic procedure

Scheme 1. Possible Reaction Pathways to Produce FDCA from HMF Oxidation
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without CaCl2. Typically, solution A was added dropwise into
solution B and vigorously stirred at room temperature for 1 h
to obtain a dark brown suspension. For more information, a
mixture of solution A was prepared by using KMnO4 (4 mmol,
316 mg) in the presence of KOH (14.20 g) dissolved in DI
water (100 cm3). A mixture of the solution B was prepared by
using Mn(CH3COO)2 (8 mmol, 1961 mg) and CaCl2 (6, 4, or
3 mmol, respectively) depending on the molar ratio of Ca2+

and a total of Mnn+ as 1:2, 1:3, or 1:4, respectively in the
presence of DI water (10 cm3). After completing the catalyst
synthesis, they were collected by centrifugation at 7500 rpm
for 10 min and washed several times with DI water until the
pH value of water was approximately 6 to 7. The obtained
solids were dried in the oven at 100 °C overnight and then
calcined at 400 °C for 10 h.
2.3. Aerobic Oxidation of HMF in the High-Pressure

Reactor. FDCA production was successfully studied by
reacting in a highly pressurized reactor, as shown in Figure
S1. HMF (0.25 mmol, 32 mg, 25 μL) was dissolved in H2O (5
cm3) and then 1 mol/dm3 of NaHCO3 (3 equiv). The catalysts
were used by calculating the same amount of manganese oxide
at 100 mg based on mass % in each element from MP-AES
analysis, as shown in Table S2. After that the catalysts of
activated commercial MnO2 (100 mg), K−MnO2 (125 mg), or
Ca−MnO2 (125 mg) was directly added into the reactor and
pressurized with O2 (0.5 MPa). The reactor started the process
in a sand bath at 150 °C for 24 h. After completion of the

reaction, the internal solution was quenched by 1 mol/dm3 of
HCl and the solid catalyst separated out by centrifugation at
7500 rpm for 10 min. The crude products were collected and
washed by methanol and DI water several times. All collected
solutions were adjusted into a volumetric flask size 25 cm3 and
prepared on a small vial to analyze by the HPLC/UV
technique.
2.4. Reusability of K−MnO2 and Ca−MnO2 Catalysts.

After finishing the reaction, the catalysts were collected by
centrifugation at 7500 rpm for 10 min and washed several
times with DI water. To completely remove any organic
substances that might be adsorbed on the surface of the
catalyst, methanol solvent was used to wash the catalyst in the
final step and dried in the oven at 100 °C overnight. According
to the deactivated catalyst by moisture content, the used
catalysts were calcined at 300 °C for 10 h before being used
the next time.

3. RESULTS AND DISCUSSION
The easy fabrication of the birnessite structure on the K−
MnO2 and Ca−MnO2 by the reaction of Mn(CH3COO)2 and
KMnO4 with and without Ca2+ addition in the presence of
KOH is illustrated in Figure 1 and their crystalline structures
were confirmed by XRD patterns, as shown in Figure 2.
Alternative building units of nanosized materials were relied on
the single-step process to obtain a high yield of self-assembly
nanosheets. The XRD patterns of K−MnO2 and Ca−MnO2

Figure 1. Synthetic procedure of birnessite-type potassium and calcium manganese oxides and the calcined catalysts as well as the proposed
structures.

Figure 2. XRD patterns of (a) before and (b) after calcination at 400 °C for 10 h of K−MnO2, Ca−MnO2 1:2, Ca−MnO2 1:3, and Ca−MnO2 1:4.
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before and after calcination at 400 °C for 10 h were
summarized in Figure 2a,b. The characteristic XRD patterns
of K−MnO2 before calcination appeared at 12.6, 25.4, 37.1,
and 66.3°, corresponding to the (001), (002), (100), and
(110) miller plane indices, respectively, as shown in Figure 2a.
The data were observed in the self-assembled materials of
intercalated K+ in the MnO2 materials.58 The XRD results
before calcination of Ca−MnO2 with the ratio difference
between Ca2+ and the total of Mnn+ in Figure 2a showed the
poor resolution at 37.6 and 67.1° because of the amorphous
character of typical nanolayered calcium−manganese oxides.54

The crystalline Ca−MnO2 nanoparticles were verified after
calcination at 400 °C for 10 h that the structure was calcium-
type birnessite, as shown in Figure 2b. Based on the well-
established birnessite MnO2, the structural equivalent inter-

stitial site on corner and edge participating MnO6 octahedra
could be intercalated by the cation and water into the
framework. K+ and Ca2+ are commonly reported as the
intercalating cations, for which the salt ions were surrounded
by water molecules and inserted between the layers. To
understand the major hydrous manganese(IV) oxide bearing
K+ and Ca2+ mineral cations, the composition of H2O was
found in the interlayer region that was confirmed by the weight
loss (%) of H2O in DSC/TGA analysis, as shown in Figure S2.
Interestingly, the effect of thermal decomposition on phase
transformation of K−MnO2 was investigated in Figure 2b and
formed as the characteristic peaks of α-MnO2 (JCPDS no. 00-
044-0141) appear at 12.7, 18.0, 25.7, 28.8, 37.5, 41.9, 49.8, and
60.2°.50

Figure 3. SEM images of (a) K−MnO2 and (b) Ca−MnO2 1:4 at the difference in magnifications.

Figure 4. TEM/EDS images (inset is the HR-TEM image to calculate d-spacing values) of (a) K−MnO2 and (b) Ca−MnO2 1:4.

Figure 5. ATR-IR spectra of (a) freshly prepared and (b) first used catalysts of K−MnO2, Ca−MnO2 1:2, Ca−MnO2 1:3, and Ca−MnO2 1:4.
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SEM images of the synthesized K−MnO2 and Ca−MnO2
1:4 catalysts are shown in the nanolayered particle morphology
in Figure 3a,b, respectively. MnO2 was intercalated by K+ and
Ca2+ ions, showing aggregated nanoparticles with a size of
approximately 40−50 μm, which could be observed in more
detail at higher magnifications due to the difference in layering.
The TEM images of the synthesized catalysts confirmed that
the material texture consisted of randomly stacked nanosheets,
as shown in Figure 4. The bulkiness of the transmission
electron gain showed the opacity of the nanosheet-like pattern
in the range of nanometers. The lengths of K−MnO2 and Ca−
MnO2 1:4 were in the ranges of 50−200 and 20−80 nm,
respectively. The thicknesses of K−MnO2 and Ca−MnO2 1:4
were in the ranges of 10−50 and 2−6 nm, respectively. An
interatomic spacing for K−MnO2 and Ca−MnO2 1:4 was
defined as the d-spacing value of 5.24 and 9.12 Å, respectively,
which affected by cation and water in the layer of MnO2.59 The
thickness of the transmission electron gain showed the opacity
of the tube-like pattern. The elemental determination
performed by MP-AES (Figure S3 and Table S2), SEM/
EDX (Figure S4), and TEM/EDS (Figure S5) that was an
analytical identification of the existence of K+ and Ca2+ into the
structural MnO2 framework.

The specific stretching vibration of symmetric Mn−O band
for the chain of MnO6 oxide was indicated at 560 cm−1 that
could be considered as a layered manganese oxide, as shown in
Figure 5.54 For Ca−MnO2 1:2 and Ca−MnO2 1:3, the strong
intensity around 560 cm−1 disappeared due to the increased
proportion of Ca2+, as shown in Figure 5a. The vibration band
in Figure 5b at 750−710 cm−1 related to Mn−O−Mn, which
was observed in all used catalysts after activation at 300 °C for
10 h. FTIR spectra showed the moisture uptake with a broad
band at ∼3500−3200 and 1600 cm−1, corresponding to O−H
stretching (antisymmetric and symmetric modes) and H−O−
H bending, respectively.

The BET analysis was determined using a multipoint in the
P/P0 range of 0.00−1.00. The specific surface area (m2/g),
pore volume (cc/g), and pore diameter (nm) of activated
MnO2, K−MnO2, and Ca−MnO2 1:4 showed in Table 1 and

Figure 6. The specific surface areas of K−MnO2 and Ca−
MnO2 1:4 revealed 160 and 173 m2/g, respectively. BET
surface area measurement presented the results of activated
MnO2 that corresponded to the sieved size of about 60−230
mesh. The nitrogen adsorption−desorption isotherm of K−
MnO2 and Ca−MnO2 1:4 could be regarded as a typical type
IV isotherm, indicating the mesoporous nature in structural
birnessite.60

To investigate the different valence states of manganese
oxides derived from the intercalated K+ and Ca2+ cations, the
XPS survey spectrum in Table S3 and Figure S6 was analyzed
in the regions of K 2p, Ca 2p, Mn 3s, Mn 2p, and O 1s. For
K−Mn and Ca−Mn oxides, the Mn 3s core level spectra

demonstrated a spin-energy separation (ΔE) of Mn ions due
to the hole−electron exchange of the Mn 3s and the 3d
electron in the ground state.55,61,62 The experimental analysis
showed that the exchange splitting values of K−Mn and Ca−
Mn oxides were 4.72 and 5.20 eV, respectively, as shown in
Figure 7. The region of Mn 2p3/2 revealed the valence states of
+2, +3, and +4 at binding energies of 643.6, 642.4, and 641.2
eV, respectively.63 The percentage of each oxidation state was
calculated by deconvolution, as shown in Table S4. Therefore,
the reasonable results based on the magnitude of the 3s
exchange splitting and the Mn 2p3/2 confirmed the mixture of
Mn-oxidation states between +3 and +4 in K−Mn and Ca−Mn
oxides. The broad O 1s spectra at 530.1, 531.4, and 532.3 eV
of K−Mn and Ca−Mn oxides were fitted with components of
Mn−O, Mn−O−H, cation (K+ or Ca2+)−OH and adsorbed
H−O−H.63 The binding energies of K 2p3/2 and K 2p1/2 in
Figure 7a were shown at 292.6 and 295.3 eV, respectively.
Moreover, the binding energies of Ca 2p3/2 and Ca 2p1/2 in
Figure 7b were shown at 347.1 and 350.6 eV, respectively. The
XPS analysis in the region of K 2p, Ca 2p, Mn 2p, and O 1s of
catalysts after the reaction confirmed the stability of chemical
states in each metal element, as shown in Figure S7.

According to the characterization of K−Mn and Ca−Mn
oxides, the results from XPS and XRD suggested structural
patterns of K−MnO2 and Ca−MnO2 1:4. From further
investigation of calcined K−MnO2 from MP-AES elemental
analysis, the existence of nanolayered manganese oxides that
contained the distribution of K+ cation on the structure was
confirmed. It was implied that the K−MnO2 catalyst was the
mixed component of nanolayered K−MnO2 and α-MnO2. The
effect of the reactivity relationship of K+ and Ca2+ cations on
the MnO2 crystal structure was studied in the aerobic oxidation
of HMF into FDCA in the presence of NaHCO3 (3 equiv) as a
base under high pressurized oxygen (0.5 MPa) at a high
temperature. The oxidized products were investigated by
HPLC/UV operating at 283 nm compared to UV−vis spectra,
as shown in Figure S8. The catalytic activity and the control
experiments used in the comparison are shown in Tables 2 and
S5. The results without catalysts in three different conditions
showed that FDCA did not occur. Interestingly, the HMF
reaction in the absence of NaHCO3 could not be converted to
the oxidized products with the low conversion. Humin was
easily produced at high temperature in the condition without
the catalysts. In addition, the control reactions in Table S5
presented improved performance in the conditions of
NaHCO3 and O2. To investigate the catalytic activity of K−
MnO2 and Ca−MnO2 with the different Ca/Mn molar ratios
of 1:2, 1:3, and 1:4, the commercial MnO2 was studied (Table
2). The activated MnO2 showed that the FDCA production
values at 150 and 200 °C were 0 and 11%, respectively, where
the main oxidized product was FFCA (entries 4 and 9). The
K−MnO2 revealed that the expected FDCA products were 37
and 49% at 150 and 200 °C, respectively. It could be seen that
the major product that occurred was FFCA, indicating that the
rate-determining step of FFCA to FDCA was the essence of
this reaction. Interestingly, the promising Ca−MnO2 in all
proportions showed exceptional results to obtain the FDCA as
the majority at 150 °C with 44, 51, and 63% for 1:2, 1:3, and
1:4, as shown in entries 6, 7, and 8, respectively. In addition,
the % yield of FDCA was dramatically increased at 200 °C to
75, 81, and 85% for 1:2, 1:3, and 1:4, respectively (entries 11,
12, and 13). Due to the oxidizing agents, which could be either
molecular oxygen or NaHCO3, the aerobic oxidation of HMF

Table 1. BET Analysis for the N2 Adsorption−Desorption
Isotherm and Pore Size Distribution of K−MnO2 and Ca−
MnO2 1:4

catalysts
specific surface area

(m2/g)
pore volume

(cc/g)
pore diameter

(nm)

MnO2 1 0.00163 3.32
K−MnO2 60 0.433 22.91
Ca−MnO2

1:4
173 0.960 17.20
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was thoroughly examined, as shown in Table S5. The catalytic
performance of CaMnO2 1:4 was investigated for the ratio of
oxygen and NaHCO3 at 200 °C for 24 h. The results showed
that NaHCO3 and O2 played a crucial role in the aerobic
oxidation of HMF. Lower concentrations of NaHCO3 and
oxygen reduced the efficiency at which the oxidized products
was generated. In addition, bases including NaHCO3, Na2CO3,
and NaOH elucidated the stability of catalysts and the catalytic
performance, as shown in Table S6 and Figure S9. The results

showed that NaHCO3 was the most effective and decreased
when using the bases of Na2CO3 and NaOH, respectively. In
addition, the XRD patterns (Figure S9b) of the layered
birnessite structure of Ca−MnO2 1:4 changed after reacting
with Na2CO3 and NaOH due to the reduced composition of
the Ca2+ cation into the MnO2.64 The stability and selectivity
of the K−MnO2 and the Ca−MnO2 1:4 were considered in
reusability at 200 °C under the desired condition, as shown in
Figure S10. The Ca−MnO2 1:4 in the cycling experiment

Figure 6. BET analysis for N2 adsorption−desorption isotherm and pore size distribution of (a) activated MnO2, (b) K−MnO2, and (c) Ca−MnO2
1:4.

Figure 7. XPS spectra of (a) K−MnO2 and (b) Ca−MnO2 1:4 before the reaction in the regions of K 2p, Ca 2p, Mn 3s, Mn 2p, and O 1s.
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showed the ability to produce highly selective FDCA. In
addition, the XRD patterns of K−MnO2 and Ca−MnO2 1:4
before and after the oxidation reaction confirmed the stable of
structural MnO2, as shown in Figure S10. In addition, the small
quantities for leaching amounts of metal species in the filtrate
confirmed the possibility of the heterogeneous nature of K−
MnO2 and Ca−MnO2 1:4, as shown in Table S7. To
summarize the reaction pathways, the aerobic oxidation of
HMF catalyzed by K−MnO2 and the Ca−MnO2 1:4 suggested
that the reaction occurred via DFF (Route A) because the
HMFCA product was not encouraged. The results were
consistent with the HMF oxidation of manganese catalysts.50

In addition, a kinetic study of HMF oxidation was performed
to investigate the performance of K−MnO2 and Ca−MnO2 1:4
by considering the percentage of HMF conversion and FDCA
yield, as shown in Figure S11. Unfortunately, the reaction
profile of DFF and FFCA was hard to follow due to the
heterogeneous system and unstable intermediates. The
formation rate of FDCA catalyzed by Ca−MnO2 1:4 was
more effective than that of K−MnO2 over the time course
because of the surface area. The catalytic performance of Ca−
MnO2 1:4 was comprehensive compared to the other non-
noble metal supported catalyst, as shown in Table S8. The
reusability of Ca−MnO2 1:4 showed a good performance at
least 3 times with a slight reduction of FDCA in Figure 8. The
possible mechanism of HMF oxidation was proposed to be the
reaction on the surface of nanolayered catalysts with the
synergistic effect of NaHCO3 and O2, as shown in Figure 9.

4. CONCLUSIONS
The effective catalytic systems of K+ and Ca2+ intercalated to
the structural MnO2 were clarified to be an active and reusable
nonprecious metal oxide toward the aerobic oxidation of HMF
to high selective FDCA in the presence of NaHCO3 and O2.
The high surface area of the catalysts represented the sole
factor affecting the efficiency due to the stable Mn3+ and Mn4+

active sites on the surface. The K−MnO2 and Ca−MnO2 1:4
catalysts were stable and able to be reused without a significant
loss in the activity. Promising improvements in nanolayer
materials provide valuable insights into the further develop-
ment of biomass-derived precursors.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.3c06333.

Details about the experimental setup for a batch HMF
oxidation; thermograms; calibration curves of Ca, Mn,

Table 2. Catalytic Activity of Various Types of Catalysts in HMF Oxidationa

% yield

entry catalyst NaHCO3 (equiv) O2 (MPa) air (MPa) % conv. HMFCA DFF FFCA FDCA

1 − 3 − 0.1 70 − 20 21 −
2 − − 0.5 0.1 13 − − − −
3 − 3 0.5 0.1 67 − 22 21 −
4 MnO2

b,d 3 0.5 0.1 54 − 14 25 −
5 K−MnO2

b 3 0.5 0.1 100 − 12 40 37
6 Ca−MnO2 1:2b 3 0.5 0.1 100 − − 37 44
7 Ca−MnO2 1:3b 3 0.5 0.1 100 − − 29 51
8 Ca−MnO2 1:4b 3 0.5 0.1 100 − − 23 63
9 MnO2

c,d 3 0.5 0.1 79 − 21 37 11
10 K−MnO2

c 3 0.5 0.1 100 − − 33 49
11 Ca−MnO2 1:2c 3 0.5 0.1 100 − − 21 75
12 Ca−MnO2 1:3b 3 0.5 0.1 100 − − 17 81
13 Ca−MnO2 1:4c 3 0.5 0.1 100 − − 13 85

aThe percentage of conversion and yield were calculated by a linear regression equation in each standard substance of HMF, HMFCA, DFF,
FFCA, and FDCA. bNote: the HMF oxidation was catalyzed by desired catalysts in the presence of NaHCO3, O2, and air using the temperature
outside the reactor of 150 °C. c200 °C for 24 h. dPurchased MnO2 (60−230 mesh) was activated by thermal treatment at 300 °C for 10 h to
remove the moisture of the surface.

Figure 8. Catalytic activity and reusability at 200 °C of MnO2, K−
MnO2, and Ca−MnO2 1:4.

Figure 9. Proposed reaction mechanism on the catalyst surface for the
oxidation of HMF to FDCA.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06333
ACS Omega 2023, 8, 47846−47855

47852

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06333/suppl_file/ao3c06333_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06333/suppl_file/ao3c06333_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06333/suppl_file/ao3c06333_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06333/suppl_file/ao3c06333_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06333?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acsomega.3c06333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06333?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06333?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06333?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06333?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and K concentrations; XPS spectra; UV−vis spectra;
XRD patterns; kinetic studies; experimental data of the
preparation and the catalytic activities; and leaching tests
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