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A B S T R A C T

The sustainable production of 2,5-furan dicarboxylic acid (FDCA) from biomass-derived fructose is crucial yet 
challenging for developing high-yield renewable alternatives to fossil-based polymers. Herein, a sulfonic acid- 
functionalized cross-linked porous organic polymer (S-CPOP) was synthesized via a facile Friedel–Crafts reac
tion, offering a high surface area (1050 m2 g− 1), mesoporosity, and abundant Brønsted acid sites (1.33 mmol 
g− 1). The S-CPOP was employed both as a solid acid catalyst for fructose dehydration and as a support for 
monometallic (Pd and Ru) and bimetallic (Pd-Ru) nanoparticles (NPs) for subsequent oxidation processes. The 
Pd-Ru/S-CPOP exhibited outstanding catalytic performance in the direct, one-pot conversion of fructose to FDCA 
under base-free conditions, achieving a remarkably high FDCA yield of 95 % within a short reaction time. This 
exceptional activity is attributed to the synergistic effect between Pd and Ru NPs, the abundant sulfonic acid 
groups, and the mesoporous structure of the S-CPOP, which facilitates efficient mass transfer and reactant 
accessibility. The radical quenching, kinetic and thermodynamic experiments were also systematically evaluated, 
revealing key insights into the reaction mechanism. Notably, the catalyst demonstrated excellent stability and 
recyclability, retaining high activity over five consecutive runs without significant metal leaching or structural 
degradation. This work presents a cost-effective, environmentally benign, and multifunctional catalytic system 
for efficient FDCA production, offering a promising route for sustainable polymer precursor synthesis in bio- 
based industries.

1. Introduction

The conversion of biomass into high-value-added chemicals, 
including alternative fuels and fine chemicals, has emerged as a focal 
point in the sustainable chemical industry, driven by the rapid global 
depletion of fossil fuels and associated environmental concerns [1,2]. 
Among the various platform chemicals derived from biomass, 5-hydrox
ymethylfurfural (HMF) is particularly noteworthy, as it can be synthe
sized through the selective dehydration of C6 carbohydrate-based 
biomass, such as D-fructose and D-glucose [3]. HMF represents a versatile 
precursor to a wide array of value-added chemicals. Of these, its 
oxidized derivative, 2,5-furandicarboxylic acid (FDCA), garnered sig
nificant attention due to its versatile applications in the synthesis of 
high-performance polymers such as nylons, polyesters, polyamides, and 
plasticizers [4,5]. Notably, FDCA-based polyethylene furanoate has 
emerged as a promising, sustainable alternative to traditional 

terephthalate-based polymer plastics, such as polybutylene tere
phthalate (PBT) and polyethylene terephthalate (PET), exhibiting su
perior properties relative to these conventional plastics, including 
improved thermal and mechanical performance, as well as enhanced 
barrier properties [6]. Therefore, the development of efficient and 
environmentally benign catalytic systems for FDCA production from 
biomass-derived feedstocks is attracting considerable attention.

Biomass conversion to HMF has mainly been achieved using homo
geneous and/or solid acid catalysts [7]. However, homogeneous cata
lysts present challenges due to handling difficulties, corrosive nature, 
environmental pollution, complex product separation, and limited 
reusability in subsequent reactions [8,9]. To mitigate these issues, 
research has increasingly focused on heterogeneous porous catalysts for 
biomass conversion to HMF, due to their ease of separation from the 
reaction mixture and facile recyclability. Examples of such catalysts 
include phosphorus- and SO3H-functionalized carbon materials 
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[10–12], SO3H-functionalized metal-organic frameworks [13], k-carra
geenan/MIL-101(Cr) [14], SO3H-functionalized alumina [15], metal 
carbides [16], ionic liquid-supported metal oxides [17,18], dendritic 
mesoporous silica particles [19], SiNP-SO3H-C16 [20], Fe3O4@SBA-16- 
SO3H [21], AgFe2O4/SBA-16/SO3H [22], KIT-6-PrSO3H [23], Sn(IV)/ 
amine-functionalized γ-Al2O3 [24], and AgFe2O4/TiO2-SO3H [25]. 
Despite progress, some catalysts still exhibit low HMF yields, and their 
preparation often involves multiple steps. Furthermore, sulfonic acid- 
functionalized solid catalysts often require the use of hazardous sulfo
nating agents, such as ClSO3H and/or H2SO4, during their synthesis, 
raising challenges related to safety, environmental impact, and chemical 
instability, which can ultimately limit catalyst reusability. This high
lights the urgent necessity to develop efficient, environmentally 
friendly, and stable catalysts that are easy to prepare, handle safely, and 
are capable of effectively catalyzing biomass dehydration to HMF.

Likewise, several solid noble metal catalytic materials have been 
investigated for the aerobic oxidation of HMF to FDCA, including Au 
[26,27], Pd [28], Pt [29,30], and Ru [31–34], as well as their bimetallic 
nanoparticles (NPs) [35–37], which are generally supported by various 
materials such as carbon [30,31,33,36], resin [29], hydrotalcite 
[26,35], layered double hydroxide [37], and metal oxides [27,32,34]. 
Despite these advancements, several challenges persist, particularly in 
achieving high FDCA yields with certain catalysts, the requirement for 
base additives, prolonged reaction times (ranging from 12 to 24 h), and 
the high cost of Au and Pt NPs. Additionally, issues related to catalyst 
stability and reusability further hinder the practical application of these 
systems. Therefore, developing a stable, economically viable catalyst for 
HMF conversion to FDCA without requiring base additives remains a 
significant challenge in this field.

Porous organic polymers (POPs) have recently gained more attention 
due to their ease of synthesis from inexpensive precursors, high surface 
areas, tunable pore sizes, customizable chemical functionalities, and 
excellent chemical/thermal stability [38,39]. These desirable features 
make POPs promising candidates for diverse applications, such as 
catalysis, gas/energy storage, and environmental remediation [39–41]. 

Recent studies have demonstrated the use of phosphate-functionalized 
POPs in biomass conversion to HMF, achieving an 85 % yield and a 
turnover frequency (TOF) of 18.9 h− 1 at 120 ◦C [42]. Similarly, Ru NPs 
supported on a covalent triazine framework have been employed as a 
catalyst for HMF oxidation, achieving a 77.6 % yield of FDCA with a TOF 
of 13.3 h− 1 at 140 ◦C with 20 bar of air [43]. Few researchers have 
explored the one-pot synthesis of FDCA from fructose utilizing a 
sequential catalytic approach [44–51]. In this process, one catalyst fa
cilitates the conversion of fructose to HMF, while another catalyst is 
employed for the subsequent oxidation of HMF to FDCA. Until now, as 
far as we know, there are no reports on using POPs directly function
alized with sulfonic acid groups as a single catalyst for the biomass 
conversion to HMF and its subsequent oxidation to FDCA. Therefore, the 
development of such multifunctional catalysts could significantly 
enhance the efficiency and economic viability of these reactions while 
simultaneously reducing both manpower and chemical waste during the 
reaction/purification process, thereby advancing the shift toward a bio- 
based sustainable chemical industry.

Herein, we synthesized a sulfonic acid-functionalized cross-linked 
POP with a high surface area and mesoporous structure using inexpen
sive, commercially available precursors through a simple Friedel–Crafts 
reaction (step I in Scheme 1). The catalytic performance of this solid acid 
catalyst was initially evaluated in the dehydration of fructose, achieving 
an excellent HMF yield with a TOF of 38.0 h− 1. Building on this, the S- 
CPOP was utilized as a support for incorporating monometallic Pd and 
Ru (Pd/S-CPOP and Ru/S-CPOP), as well as the bimetallic Pd-Ru (Pd- 
Ru/S-CPOP) NPs (step II in Scheme 1). Notably, the Pd-Ru/S-CPOP 
catalyst exhibited exceptional activity in the aerobic oxidation of HMF 
under base-free conditions, achieving complete conversion and a 98 % 
yield of FDCA with a TOF of 30.1 h− 1. This superior catalytic perfor
mance can be attributed to the mesoporous structure of S-CPOP, which 
facilitates efficient reactant transport during the reaction. Finally, the 
Pd-Ru/S-CPOP catalyst was successfully employed in the direct con
version of fructose to FDCA using O2 as the oxidant under base-free 
conditions. The catalyst demonstrated excellent recyclability, with 

Scheme 1. Synthesis of S-CPOP (step I) and subsequent metallation of Pd and Ru NPs as monometallic NPs or bimetallic NPs (step II).
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easy separation from the reaction mixture, maintaining its high activity 
over five runs. The simplicity of its synthesis and its renewability make 
this catalytic process both environmentally friendly and economically 
viable for the sustainable production of FDCA from biomass-derived 
fructose.

2. Experimental sections

2.1. Chemicals

Dimethoxymethane (99 %, Sigma–Aldrich), 1,1′-bi-2-naphthol (>99 
%, Tokyo Chemical Industry Co., Ltd.; TCI), 4-(2-hydroxy-1-naph
thylazo)benzenesulfonic acid (HNBSA; >97 %, TCI), anhydrous iron(III) 
chloride (FeCl3; >97 %, DAEJUNG), D-(− )-fructose (>99 %, TCI), 
ruthenium(III) chloride (RuCl3; >99 %, Sigma–Aldrich), palladium(II) 
acetate (Pd(OAc)2; 97 %, Sigma–Aldrich), sodium borohydride (>98 %, 
Sigma–Aldrich), 5-hydroxymethylfurfural (HMF; 99 %, Sigma–Aldrich), 
and dimethyl sulfoxide‑d6 (DMSO‑d6, 99.9 % atom D%, Sigma–Aldrich) 
were purchased and utilized directly without further purification. All the 
solvents (high-performance liquid chromatography; HPLC grade) 
involved in this study were received from DAEJUNG chemicals and 
metals (South Korea). O2 (99.99 %) gas was obtained from Hankook 
Special Gas Co., Ltd. (South Korea).

2.2. Catalysts synthesis

2.2.1. Synthesis of S-CPOP
The S-CPOP was synthesized through a facile route of Friedel–Crafts 

electrophilic substitution reaction between 1,1′-bi-2-naphthol and 
HNBSA using dimethoxymethane cross-linker, as outlined in step I in 
Scheme 1. In the synthesis, dimethoxymethane (1.06mL), 1,1′-bi-2- 
naphthol (0.57g), HNBSA (0.7g), and 1,2-dichloroethane (DCE; 
120mL) were added to a round-bottom flask and stirred at room tem
perature (RT) for 30 min. Anhydrous FeCl3 (2.00g) was introduced, and 
the reaction flask was equipped with a condenser and stirred at 50 ◦C 
overnight. After heating at 90 ◦C for 24h, the brown solid was collected 
by filtration and washed sequentially with copious amounts of N,N- 
dimethylformamide (DMF), ethanol, and water. The final solid was 
further purified by Soxhlet extraction using DMF:ethanol (100/100 mL) 
mixture for 48 h, followed by drying under reduced pressure at 160 ◦C 
overnight to obtain S-CPOP.

2.2.2. Synthesis of Pd NPs supported on S-CPOP (Pd/S-CPOP)
As schematized in step II in Scheme 1, pre-synthesized Pd(OAc)2 (30 

mg) and S-CPOP (500 mg) with the mass ratio of 6:100 were added to 
methanol (50 mL) and stirred vigorously at RT overnight. Then, meth
anol was evaporated under reduced pressure to obtain the Pd(II)/S- 
CPOP composite material. This composite was dispersed in water (50 
mL), and then an aqueous solution of NaBH4 (0.5 mL, 0.1 M) was added 
dropwise with constant stirring for 10 min. The solid product was 
collected by filtration, washed with copious amounts of water and 
methanol to remove the unbound Pd particles, and dried at 160 ◦C under 
reduced pressure overnight to obtain Pd/S-CPOP.

2.2.3. Syntheses of Ru NPs and Pd-Ru bimetallic NPs supported on S-CPOP 
(Ru/S-CPOP and Pd-Ru/S-CPOP)

Ru/S-CPOP and Pd-Ru/S-CPOP catalysts with varying Pd-to-Ru mass 
ratios were synthesized via the same procedure as Pd/S-CPOP, using 
alternative metal precursors instead Pd(OAc)2. For Ru/S-CPOP, 30 mg of 
RuCl3 was used, corresponding to a RuCl3:S-CPOP mass ratio of 6:100. 
Bimetallic catalysts were prepared by co-impregnating Pd(OAc)2 and 
RuCl3 in different ratios: 15 mg of each metal precursors (Pd(OAc)2: 
RuCl3:S-CPOP = 3:3:100) for Pd-Ru/S-CPOP; 7.5 mg of Pd(OAc)2 and 
22.5 mg of RuCl3 (1.5:4.5:100) for Pd0.5-Ru1.5/S-CPOP; and 22.5 mg of 
Pd(OAc)2 with 7.5 mg of RuCl3 (4.5:1.5:100) for Pd1.5-Ru0.5/S-CPOP 
were used.

2.3. Catalysts characterization

High-performance X-ray photoelectron spectroscopy (XPS) was per
formed using a hemispherical analyzer (Thermo Scientific, USA) with a 
monochromatic Al Kα X-ray source. Fourier transform-infrared (FT-IR) 
spectra were collected using a Nicolet iS50R spectrometer, covering a 
wavelength range of 4000–650 cm− 1. The FT-IR spectrum of pyridine- 
adsorbed S-CPOP was recorded to estimate the acid strength of the 
polymer. Before analysis, the polymer was exposed to pyridine vapor at 
room temperature for one day. The C, H, N, and S contents of the S-CPOP 
were analyzed with a Vario MICRO cube elemental analyzer. Powder X- 
ray diffraction (XRD) was performed with a Rigaku MiniFlex 600 in
strument with a Cu Kα radiation (λ = 1.5405 Å) with a 2θ range of 5–90◦. 
N2 sorption isotherm analysis was measured at 77 K using a BELSORP 
MAX II volumetric analyzer. The specific surface area and pore size were 
estimated using Brunauer–Emmett–Teller (BET) theory and the non- 
local density functional theory (NLDFT) model with a slit pore geome
try, based on the adsorption isotherm, respectively. Before N₂ sorption 
analysis, the catalytic materials were vacuum-treated at 160 ◦C for 3 h. 
Field emission scanning electron microscopy (FESEM) with energy- 
dispersive spectroscopy (EDS) images were obtained using a Gem
iniSEM 500. Field emission transmission electron microscope (FETEM) 
and scanning TEM (STEM) with EDS were performed using a JEM-2100F 
electron microscope. STEM-EDS imaging used high-angle annular dark 
field (HAADF) modes. The Pd and Ru contents were determined by 
inductively coupled plasma-optical emission spectroscopy (ICP–OES) 
using an OPTIMA 8500 (PerkinElmer Inc.). Nuclear magnetic resonance 
(NMR) spectra were recorded using an Agilent-ProPulse 500 MHz 
spectrometer.

2.4. Reaction studies

2.4.1. Dehydration of fructose to HMF
Typically, fructose (2 mmol) and the desired catalyst (20–80 mg) 

were added to a 20 mL batch reactor autoclave containing 5 mL of 
solvent. The reaction mixture was heated to 110–130 ◦C with a stirring 
speed of 400 rpm for the desired reaction time. After the reaction, the 
reactor was cooled to RT, the mixture was diluted with the respective 
solvent to a final volume of 30 mL, then centrifuged at 10,000 rpm for 
10 min to separate the catalyst. The collected catalyst was washed three 
times with 10 mL of methanol to remove other impurities and reused in 
subsequent runs. The supernatant was filtered again through a 0.22 μm 
syringe filter before high-performance liquid chromatography (HPLC) 
analysis.

2.4.2. Aerobic oxidation of HMF to FDCA
Typically, HMF (2 mmol) and the desired catalyst (20–60 mg) were 

added to a 20 mL batch reactor autoclave containing 5 mL of DMSO: 
water (v/v; 3:2) mixture. The autoclave was then pressurized with 10 
bar of O2 gas at RT and heated to 110–130 ◦C with a stirring speed of 
400 rpm for the desired reaction time. The catalyst separation procedure 
was carried out in the same manner as in the fructose dehydration re
action process.

2.4.3. Direct conversion of fructose to FDCA
Typically, fructose (2 mmol) and the desired catalyst (60 mg) were 

added to a 20 mL batch reactor autoclave containing 5 mL of DMSO: 
water (v/v; 3:2) mixture. The reaction mixture was heated to 130 ◦C 
with a stirring speed of 400 rpm for 1 h. The reactor was then cooled to 
RT, and the autoclave was pressurized with 10 bar of O2 gas at RT, then 
heated to 130 ◦C for the remaining reaction time. The reaction was 
quenched by placing the reactor in an ice bath, followed by depressur
ization. The catalyst separation procedure was carried out in the same 
manner as in the fructose dehydration reaction process.
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2.4.4. Product analysis
The quantitative analysis of the reaction mixture was carried out 

using HPLC (Perkin Elmer series 200) equipped with both a refractive 
index (RI) and an ultraviolet (UV) detector. The compounds in the re
action mixture were separated at 60 ◦C using 5 mM H2SO4 as the mobile 
phase (flow rate: 0.6 mL min− 1) on an Aminex Bio-Rad HPX-87H column 
(300 × 7.8 mm). Fructose, levulinic acid (LA), and formic acid (FA) were 
analyzed using the RI detector, while HMF, 2,5-diformylfuran (DFF), 
and 5-formyl-2-furancarboxylic acid (FFCA) were quantified with the 
UV detector at an absorption wavelength of 285 nm. FDCA was analyzed 
at an absorption wavelength of 260 nm. The concentrations of the 
compounds were determined using calibration curves constructed with 
commercial standards. The fructose conversion (Eq. (1)), HMF yield (Eq. 
(2)), HMF selectivity (Eq. (3)), TOF of the catalyst (Eq. (4)), and carbon 
balance (CB; Eq. (5)) in the dehydration reaction were calculated using 
the following equations [23,52]. 

Fructose conversion (%) = 1 −
moles of unreacted fructose

moles of initial fructose
× 100

(1) 

HMF yield (%) =
moles of produced HMF
moles of initial fructose

× 100 (2) 

HMF selectivity (%) =
moles of produced HMF

moles of converted fructose
× 100 (3) 

TOF
(
h− 1)

=
moles of HMF formed

moles of active sulfonic acid sites × reaction time
(4) 

CB (%) =

∑
(moles of products formed + moles of unreacted reactant)

moles of initial reactant
× 100

(5) 

Similarly, the HMF conversion (Eq. (6)), the yield of DFF, FFCA, and 
FDCA (Eq. (7)), FDCA selectivity (Eq. (8)), and the TOF of the catalyst 
(Eq. (9)) in the aerobic oxidation reaction were calculated using the 
following equations [31]. 

HMF conversion (%) = 1 −
moles of unreacted HMF

moles of initial HMF
× 100 (6) 

Yield of A (%) =
moles of produced A
moles of initial HMF

× 100 (7) 

where A = DFF, FFCA, and FDCA 

FDCA selectivity (%) =
Yield of FDCA

Conversion of HMF
× 100 (8) 

TOF
(
h− 1)

=
moles of FDCA formed

moles of active Pd&Ru sites × reaction time
(9) 

3. Results and discussions

3.1. Materials characterization

The chemical functionalities, porous characteristics, and 
morphology of the synthesized S-CPOP were confirmed through several 

Fig. 1. Deconvoluted XPS of (a) C 1s, (b) N 1s, (c) S 2p, and (d) O 1s core levels of the S-CPOP catalyst.
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analytical techniques. The chemical functionalities and elemental states 
of S-CPOP were first analyzed using XPS (Fig. 1). The deconvoluted C 1 s 
spectrum of S-CPOP (Fig. 1(a)) exhibited five binding energy peaks at 
283.9, 285.1, 286.5, 287.8, and 289.8 eV, assigning to C––C, C–C/C–H/ 
C–S, C–OH, C-N=N, and π–π* transitions, respectively [39]. The N 1 s 
peak (Fig. 1(b)) of the azo bond was detected at 400.2 eV [53]. The 
deconvoluted S 2p (Fig. 1(c)) binding energy peaks of the sulfonic acid 
(–SO3H) group were observed at 167.4 and 168.4 eV for 2p3/2 and 2p1/2, 
respectively, which are slightly lower than the reported values [11]. The 
deconvoluted O 1 s peaks (Fig. 1(d)) at 531.3 eV and 532.5 eV were 
assigned to C–OH and S–O bonds, respectively [11]. The lowered 
binding energy could be attributed to an increase in electronic density 
[54,55], indicative of a charge transfer from the phenyl ring in the S- 
CPOP framework to the sulfonic acid.

Fig. 2(a) shows the FT-IR spectra of S-CPOP in comparison with its 
precursor chemicals such as binaphthol and sulfonic acid: (i) a peak at 
2925cm− 1 could be originated from C–H vibration peak in the meth
ylene group [39], (ii) peaks at 1116 and 1033 cm− 1 corresponded to the 
stretching vibrations of the S––O bond in the SO3H group [11], (iii) 
bands at 1501 and 1316cm− 1 could be originated from the N––N and 
C–N stretches, respectively [56], and (iv) peaks at 3427 and 3276 cm− 1 

could be originated from the stretching vibration of two phenolic 

hydroxyl groups [57]. Elemental analysis of S-CPOP revealed a 
composition of C (68.21 %), H (5.95 %), N (2.82 %), and S (3.16 %), 
deriving that 0.99 mmol g− 1 of SO3H moieties was functionalized in the 
CPOP. The amount of Brønsted and Lewis acids in the S-CPOP catalyst 
was estimated using the FT-IR spectrum of the pyridine-adsorbed S- 
CPOP catalyst (Fig. S1(a)). The characteristic broad vibration band at 
1548 cm− 1 and the sharp peak at 1439 cm− 1 are attributed to pyridine 
adsorbed on the Brønsted and Lewis acid sites of the CPOP, respectively, 
due to the formation of pyridinium ions [58]. Based on the areas of these 
peaks, the amounts of Brønsted and Lewis acids in the S-CPOP catalyst 
were estimated to be 1.33 mmol g− 1 and 1.24 mmol g− 1. The XRD 
pattern of S-CPOP (Fig. 2(b)) displayed three broad peaks at around 11o, 
21o, and 44o, revealing that the material framework exhibits direct 
phenyl ring-ring interactions, intrinsic flexibility, and a disordered 
linkage structure, characteristic of an amorphous nature [59]. The 
porous properties were determined by N2 sorption isotherm (Fig. 2(c)), 
which are summarized in Table 1. The S-CPOP catalyst exhibited a type- 
IV isotherm with an H3 hysteresis loop, implying the presence of both 
micropore and mesopore. Because of such a hierarchically nanoporous 
structure, the S-CPOP possessed a high BET surface area of 1050 m2 g− 1 

and a large mesopore volume of 0.84 cm3 g− 1. The pore size distribution 
plot revealed a prominent peak at 0.71 nm, along with several smaller 

Fig. 2. (a) FT-IR spectra, (b) powder XRD patterns, (c) N2 sorption isotherms, and (d) pore size distribution plots of S-CPOP and metal-loaded S-CPOP catalysts.
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peaks in both the micropore and mesopore regions (Fig. 2(d)). The 
FESEM images of S-CPOP displayed aggregated spherical particles with 
flower-like surface textures (Fig. 3(a)). EDS mapping showed that N, O, 
and S, along with C atoms, were uniformly distributed throughout the 
polymer network, confirming the presence of SO3H groups on the sur
face of the S-CPOP material (Fig. 3(b–f)).

As characterized above, the S-CPOP consisted of sulfonic acid moi
eties with various organic functional groups on a wide surface of the 
organic framework, which could be potentially used for the design of 
multifunctional catalysts. More specifically, the abundant hydroxyl and 
azo groups could be used to support metal nanoparticles via the post- 
metallation process (step II in Scheme 1). After metallation, the FT-IR 
spectra of the Pd/S-CPOP, Ru/S-CPOP, and Pd-Ru/S-CPOP catalysts 
(Fig. S2(a)) revealed slight shifts in the characteristic peaks corre
sponding to the phenolic hydroxyl group, the N––N bond, and the C–N 
bond stretching vibrations, compared to the pristine S-CPOP material 
without metallation. These shifts suggest that the metallic Pd and Ru 
particles are strongly bound to the surface functional groups of the S- 
CPOP. The amounts of Brønsted and Lewis acids in the Pd-Ru/S-CPOP 
catalyst were estimated to be 1.02 mmol g− 1 and 3.31 mmol g− 1, 
respectively, from FT-IR spectrum of the pyridine-adsorbed Pd-Ru/S- 
CPOP catalyst (Fig. S1(b)). The elemental states, compositions, the na
ture of chemical bonds, and surface exposed metallic amounts in Pd/S- 
CPOP, Ru/S-CPOP, and Pd-Ru/S-CPOP catalysts were analyzed using 
XPS (Figs. S3 and Fig. 4), and the results are listed in Tables S1 and S2. 
The Pd/S-CPOP catalyst exhibited two prominent peaks at binding en
ergies of 334.78 and 340.28 eV for the 3d5/2 and 3d3/2 states of Pd(0) 
(Fig. 4(a)) [60]. Additionally, weak doublet peaks were observed at 
336.58 and 342.18 eV, attributed to the 3d5/2 and 3d3/2 states of Pd(II) 
ions. This suggests the presence of a small amount of unreduced Pd(II) 
bound to the support material. Similarly, Fig. 4(b) displays two binding 
energy peaks at 461.98 and 484.28 eV, attributed to the 3p3/2 and 3p1/2 
states of Ru(0) in Ru/S-CPOP. Minor peaks at 465.28 and 487.78 eV 
were also observed, which are attributed to Ru(IV) ions, likely due to 

surface oxidation under exposure to moisture [61,62]. The deconvo
luted XPS of the C 1s - Ru 3d, N 1s, and S 2p regions for the Pd-Ru/S- 
CPOP catalyst (Fig. S3(a–c)) did not show significant peak shifts 
compared to those of the pristine S-CPOP support (Fig. 1(a–c)). How
ever, the deconvoluted peaks at 530.78 and 532.18 eV in the O 1s XPS of 
Pd-Ru/S-CPOP catalyst in Fig. S3(d) were slightly downshifted 
compared to those in the pristine S-CPOP support in Fig. 1(d), indicating 
a change in electronic interactions probably due to the metal binding. 
Notably, the 3d3/2 peak overlaps with the C 1s peaks. The XPS analysis of 
the bimetallic Pd–Ru/S-CPOP catalyst reveals distinct binding energy 
shifts compared to the corresponding monometallic Pd/S-CPOP and Ru/ 
S-CPOP catalysts (Fig. 4), with the corresponding binding energy values 
listed in Table S2. The Pd 3d peaks shift to higher binding energies at 
335.38/340.58 eV for Pd(0) and 337.08/342.78 eV for Pd(II) ions (Fig. 4
(a)), indicating a decrease in electron density on the Pd surface. In 
contrast, the Ru 3p peaks shift to lower binding energies at 461.58/ 
483.88 eV for Ru(0) and 464.78/486.98 eV for Ru(IV) ions (Fig. 4(b)), 
suggesting an increase in electron density on the Ru atoms. These 
reciprocal shifts strongly support the effective electron transfer from Pd 
to Ru atoms, consistent with previous reports [63,64]. As a result of this 
charge redistribution, the Pd becomes more electron-deficient, lowering 
its d-band center and consequently weakening its interaction with 
electron-accepting O2 species. Conversely, the increased electron den
sity on Ru raises its d-band center, which enhances its ability to donate 
electrons to the antibonding orbitals of O2 and thus facilitates O2 acti
vation [63]. Furthermore, the electron-deficient Pd surface can interact 
favorably with the electron-rich hydroxyl group of the HMF substrate, as 
discussed in the mechanistic section. This electronic synergy between Pd 
and Ru plays a crucial role in the enhanced catalytic performance 
observed in aerobic oxidation reactions. These FT-IR and XPS results 
also confirm that the Pd and Ru particles are strongly bound on the 
hydroxyl group of the support material without inducing significant 
structural changes in the catalyst.

The XRD pattern of the mono-metallic Pd/S-CPOP and Ru/S-CPOP 
displayed peaks at 39.0o and 42.9o corresponding to the face-centered 
cubic (fcc) structure of Pd(111) and the hexagonal close-packed (hcp) 
structure of Ru(002) planes, respectively (Fig. 2(b)) [65,66]. In contrast, 
the bimetallic Pd-Ru/S-CPOP exhibited strong diffraction peaks at 39.9o, 
46.3o, 67.9o, and 81.7o, which are attributed to the fcc of Pd(111), Pd 
(200), Pd(220), and Pd(311), respectively (Fig. 2(b)) [65]. A weak peak 
at 42.5o was observed, corresponding to the hcp of Ru(002) lattice. The 
positions of these peaks were slightly shifted relative to those of the 
monometallic Ru and Pd NPs [67]. As shown in Fig. 2(c), the BET surface 
areas decreased to 661, 698, and 672 m2 g− 1 for the Pd/S-CPOP, Ru/S- 
CPOP, and Pd-Ru/S-CPOP catalysts, respectively, compared to the 
pristine support. This reduction is attributed to the increased sample 
mass and partial pore-filling by the Pd and Ru NPs. The pore size dis
tribution plots showed no significant changes, indicating that the Pd and 
Ru NPs are primarily located on the surface of the support material 
(Fig. 2(d)). This observation is consistent with the fact that the particle 
sizes of Pd and Ru NPs are relatively larger than the pore size of the 
support, as confirmed by FETEM images (Fig. 5(a–l)). Particle size dis
tribution histogram of Pd/S-CPOP, Ru/S-CPOP, and Pd-Ru/S-CPOP was 
performed using low-magnification FETEM images, as shown in Fig. 5
(m–o). The Ru/S-CPOP and Pd-Ru/S-CPOP catalysts exhibited a mean 
particle size of around 4 nm with homogeneous dispersion, while the 
Pd/S-CPOP showed an average size of approximately 7 nm. This result 
indicates that the Pd particle size decreased from ~7 nm to ~4 nm upon 
incorporation of Ru NPs, indicating that Ru effectively enhances the 
dispersion of Pd on the S-CPOP support network. This behavior is 
consistent with the previous report [35]. The FESEM images and STEM 
with EDS mapping images of Pd-Ru/S-CPOP further confirm the ho
mogeneous dispersions of Pd and Ru atoms on the surface of the S-CPOP 
polymer network (Figs. S4 and Fig. 6). The metal loadings on S-CPOP 
support were estimated by ICP–OES to be 1.92wt% for Pd, 1.87 wt% for 
Ru, and 0.90/0.98 wt% for Pd/Ru in the Pd/S-CPOP, Ru/S-CPOP, and 

Table 1 
Porous properties of the synthesized catalysts.

Catalysts SBET
a

(m2 g− 1)
Vtot

b

(cm3 g− 1)
Vmicro

c

(cm3 g− 1)
Vmeso

d

(cm3 g− 1)
Vmeso/Vtot

S-CPOP 1050 1.25 0.41 0.84 0.67
Pd/S-CPOP 661 0.87 0.27 0.60 0.69
Ru/S-CPOP 698 0.78 0.26 0.52 0.67
Pd-Ru/S-CPOP 672 0.66 0.26 0.40 0.61

a SBET = BET surface area.
b Vtot = total pore volume calculated at a relative pressure of 0.99bar.
c Vmicro = micropore volume calculated at a relative pressure of 0.10bar.
d Vmeso (mesopore volume) = Vtot – Vmicro.

Fig. 3. (a) FESEM and (b–f) EDS mapping images of S-CPOP.
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Pd-Ru/S-CPOP, respectively. The mass ratio of the Pd, Ru, and Pd-Ru in 
S-CPOP for Pd/S-CPOP, Ru/S-CPOP, and Pd-Ru/S-CPOP was 1.96:100, 
1.91:100, 0.91:0.99:100, respectively.

3.2. Reaction studies

The successive conversion of fructose to FDCA via HMF involves two 
distinct catalytic processes (Scheme 2), each requiring unique catalytic 
sites [15,34]. In the first step, fructose undergoes dehydration to form 
HMF, catalyzed by acid sites. In the second step, HMF is converted to 
FDCA via an aerobic oxidation process, catalyzed by metal NPs with 
oxidation ability in the presence of O2. To achieve the successful direct 
conversion of fructose to FDCA via HMF, not only the individual cata
lytic sites but also many requirements should fit satisfactorily. Two 
different catalytic sites for two distinct reaction steps should exist, with 
balanced catalytic interplays between them. Each reaction process al
ways produces undesired byproducts, in which the reaction pathways 
for the byproduct formation should be carefully controlled for achieving 
a high yield of the desired product, i.e., FDCA. To make it feasible, the 
reaction thermodynamics and kinetics should be delicately controlled by 
adjusting the reaction conditions and catalysts. Based on this rationale, 
we approached the catalyst design by systematic investigations of in
dividual reaction processes, i.e., fructose dehydration and HMF 
oxidation.

3.2.1. Dehydration of fructose
One of the crucial issues in HMF production is the acidity of the 

catalyst used for fructose conversion to HMF (Scheme 3). Organic acids 
are easier to handle and less corrosive than strong mineral acids [68,69]. 
With this in mind, we investigated S-CPOP as the organic-acid func
tionalized heterogeneous catalyst for the dehydration of fructose (2 
mmol) to HMF under various conditions, as summarized in Table 2. 
Without the addition of a catalyst, the reaction yielded only 7 % HMF in 
DMSO solvent at 130 ◦C for 1 h (entry 1 in Table 2). In contrast, with the 
S-CPOP catalyst (60 mg), 90 % conversion of fructose was achieved, 
yielding 83 % HMF along with byproducts such as LA (2 %), FA (2 %), 
and others (entry 2 in Table 2). Other byproducts may include humins, 
although their quantities could not be determined [11,70]. The LA and 
humins are typically formed via the rehydration of HMF, involving 
nucleophilic attack or aldol condensation, which can subsequently 
polymerize into oligomers [50]. The susceptibility of HMF to nucleo
philic attack is fundamentally governed by its lowest unoccupied mo
lecular orbital (LUMO) energy, as molecules with lower LUMO energy 
are more electrophilic nature and thus more reactive. The highly polar 
aprotic DMSO solvent plays a crucial role in stabilizing HMF via H- 
bonding interactions with its carbonyl and hydroxyl groups. This 
interaction not only enhances HMF solubility but also increases its 
LUMO energy level, thereby reducing its electrophilicity and suscepti
bility to nucleophilic attack [51,71]. As a result, the formation of humins 
was suppressed during the reaction. When other polar solvents, 
including water, DMF, acetonitrile (CH3CN), and tetrahydrofuran 
(THF), were used (entries 3–6 in Table 2), fructose conversion decreased 
compared to the use of DMSO. This is likely due to the bi-heteroatom (O 
and S) of DMSO, which can destabilize protons of the sulfonic acid group 

Fig. 4. Deconvoluted XPS of (a) Pd 3d and (b) Ru 3p core level of Pd/S-CPOP, Ru/S-CPOP, and Pd-Ru/S-CPOP catalysts.
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in the S-CPOP catalyst, facilitating their interaction with fructose and 
promoting its conversion to HMF [72,73]. Note that the HMF selectivity 
was also high when water was used as the solvent (entry 3 in Table 2), 

but the high polarity of water lowered the catalytic activity of sulfonic 
acid in S-CPOP and hence the HMF yield was close to half of that ach
ieved when DMSO was used as solvent (entry 2 vs. 3 in Table 2).

Fig. 5. FETEM images of (a–d) Pd/S-CPOP, (e–h) Ru/S-CPOP, and (i–l) Pd-Ru/S-CPOP, along with particle size distribution histograms of (m) Pd/S-CPOP, (n) Ru/S- 
CPOP, and (o) Pd-Ru/S-CPOP catalysts.

Fig. 6. STEM-EDS mapping images of the Pd-Ru/S-CPOP catalyst.
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To achieve high fructose conversion while maximizing HMF yield, it 
is essential to optimize the fructose dehydration and minimize the HMF 
rehydration into byproducts. Tuning the solvent polarity of the reaction 
medium, the different volume ratios of DMSO and water were used to 
construct the optimized reaction environment. When a DMSO:water 
(4:1, v/v) solvent mixture was used, the HMF yield increased to 88 % 
(entry 7 in Table 2). Increasing water content to a 3:2 (DMSO:water; v/ 
v) ratio further improved the HMF yield to 92 % (entry 8 in Table 2) 
along with the formation of small amounts of byproducts such as LA, FA, 
and others. The improvement in fructose conversion and HMF yield can 
be attributed to the enhanced solubility and mobility of fructose into the 
active sites of the catalyst. After recovering the catalyst by centrifuga
tion, FT-IR analysis was performed to assess its structural stability and to 
check for the presence of insoluble humins (Fig. S2(b)). No structural 
changes or humin-related stretching vibration peaks were observed, 
indicating that the catalyst remained highly stable and that no insoluble 
humins were present in the catalyst. In addition, pyridine-adsorbed S- 
CPOP analyzed after the catalytic process exhibited a nearly identical 
distribution of Brønsted acid (1.33 mmol g− 1) and Lewis acid (1.23 
mmol g− 1) sites compared to the fresh one, indicating no significant loss 
of sulfonic acid moieties during the catalytic process (Fig. S1(a)). 
Further increases in water content led to decreased fructose conversion 

and HMF selectivity (entries 9–10 in Table 2), due to the formation of 
side products such as LA, FA, and humins [20]. These findings suggest 
that the amount of water is crucial for maximizing fructose dehydration 
and minimizing the byproduct formation via rehydration of the desired 
HMF. Additionally, fructose conversion was tested using Pd/S-CPOP, 
Ru/S-CPOP, and Pd-Ru/S-CPOP catalysts, which gave 90, 88, and 87 
% HMF yield, and 5, 9, and 10 % DFF yield, respectively (entries 11–13 
in Table 2). The noticeable formation of DFF is likely due to the oxida
tion of HMF, which can be attributed to the oxidation catalytic ability of 
metal NPs in S-CPOP catalysts [74,75].

The effect of stirring on the conversion of fructose (2 mmol) was 
investigated using the S-CPOP catalyst (60 mg) in DMSO:water (v/v; 
3:2) solvent mixture at 130 ◦C for 1 h, to evaluate the influence of mass 
transfer resistance on the reaction rate. As shown in Fig. S5, no signifi
cant change in fructose conversion was observed across varying stirring 
speeds, indicating that the reaction proceeds under a kinetically 
controlled regime, with the rate governed predominantly by the 
intrinsic catalytic activity rather than by external mass transfer limita
tions. Therefore, all subsequent catalytic experiments were performed at 
a fixed stirring speed of 400 rpm to ensure consistency in kinetic eval
uation. The effect of the catalyst amount on fructose conversion and 
HMF yield is displayed in Fig. 7(a). As the catalyst loading increased 

Scheme 2. Direct synthesis of FDCA from fructose via HMF as the intermediate species.

Scheme 3. Dehydration of fructose to HMF and other byproducts (levulinic acid and formic acid) that could be produced via an undesired rehydration reaction.

Table 2 
The catalytic activity of S-CPOP for the dehydration of fructose to HMF.a

Entry Catalyst Solvent (mL) Conversionb (%) Products yieldb(%) HMF Selectivityc (%) CBd (%)

HMF LA + FA

1 – DMSO 8 7 – 88 99
2 S-CPOP DMSO 90 83 4 92 97
3 S-CPOP Water 56 44 6 79 94
4 S-CPOP DMF 69 56 8 81 95
5 S-CPOP CH3CN 21 13 4 62 96
6 S-CPOP THF 15 10 2 67 97
7 S-CPOP D:We (4:1) 99 88 6 89 95
8 S-CPOP D:W (3:2) 98 92 4 94 98
9 S-CPOP D:W (2:3) 85 75 6 88 96
10 S-CPOP D:W (1:4) 74 63 4 85 93
11 Pd/S-CPOP D:W (3:2) 99 90 2 91 93
12 Ru/S-CPOP D:W (3:2) 100 88 – 88 88
13 Pd-Ru/S-CPOP D:W (3:2) 100 87 2 87 89

a Conditions: Catalyst (60 mg), fructose (2 mmol), molar ratio of fructose/acid content in catalyst (34:1), solvent (5 mL), temp. (130 ◦C), and time (1 h).
b Conversion of fructose and yield of products were calculated by the quantitative method from the calibration curve of the standard solution of respective 

compounds.
c Selectivity of HMF was calculated using Eq. (3).
d CB was calculated using Eq. (5).
e D:W, DMSO:water (v/v).
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from 20 to 40 and 60 mg, the fructose conversion also increased pro
portionally from 33 % to 64 % and 98 %, respectively, with corre
sponding HMF yields of 31 %, 61 %, and 92 % after 1 h. This 
improvement is attributed to the enhanced accessibility of active sites in 
the catalyst. Nevertheless, a decreased HMF yield was observed for 
further increases in catalyst loading, revealing that the excess catalyst 
accelerated the rehydration of HMF, leading to the formation of 
byproducts like LA and FA (Scheme 3). The fructose dehydration reac
tion was then examined for 1 h at three different temperatures of 110, 
130, and 150 ◦C, with optimized catalyst loading (60 mg) and DMSO: 
water (v/v; 3:2) solvent mixture. Fig. 7(b) showed that the fructose 
conversion and HMF yield increased as the temperature was raised from 
110 to 130 ◦C, and then HMF yield decreased at 150 ◦C, indicating that 
the excess heating would promote side reactions such as the formation of 
LA, FA, and humins via the hydration of HMF and thereby decrease HMF 
yield. The effect of reaction time on fructose conversion and HMF yield 
was also studied under the optimal catalyst amount and solvent at 
130 ◦C. Fig. 8 illustrates the time-dependent conversion of fructose and 
the yield of HMF. Both fructose conversion and HMF yield increased 
linearly with time up to 50 min, reaching a maximum conversion of 98 
% and an HMF yield of 96 %. After 50 min, the HMF yield began to 
decline slightly, despite complete conversion of fructose. Fructose con
version was also monitored using nuclear magnetic resonance (NMR) 
spectroscopy (Fig. S6). These results demonstrate that the excessive 

catalyst loading, high reaction temperature, and longer reaction time 
facilitated the rehydration of HMF to byproducts like LA, FA, and 
humins, and also proved the sensitivity of the dehydration process to 
achieve a high HMF yield. Finally, we obtained a maximum fructose 
conversion of 98 % with an HMF yield of 96 % under the optimized 
reaction conditions, including S-CPOP amount (60 mg), DMSO:water 
(v/v; 3:2), temperature (130 ◦C), and reaction time (50 min).

To gain insights into the reaction competitiveness and energy values 
for fructose conversion, the kinetics studies were executed at different 
loadings of S-CPOP catalyst and within a temperature range of 
110–150 ◦C, assuming that all side reactions and byproducts were 
negligible. Before these calculations, the reaction was performed with 
different fructose amounts (Fig. S7(a)) under the optimized catalyst 
amount (60 mg) and temperature (130 ◦C). The rate constants were 
calculated using Eqs. (10) and (11) [39], and the derived constants are 
listed in Table 3. Fig. S7(b–c) showed a linear fit of fructose conversion 
versus reaction time, confirming that the reaction follows first-order 
kinetics with respect to fructose concentration. 

rate = k[fructose]a[S − CPOP]b (10) 

rate = kobs[fructose]a (11) 

where kobs = k[S − CPOP]b

So, 

ln(kobs) = ln(k)+b ln[S − CPOP] (12) 

ln(kobs) = −

(
Ea

RT

)

+ ln(A) (13) 

where kobs, R, T, A, and Ea are the rate constant (s− 1), gas constant 
(0.008314 kJ mol− 1 K− 1), temperature (K), Arrhenius constant (s− 1), 
and activation energy (kJ mol− 1), respectively. 

Fig. 7. (a) Effect of S-CPOP catalyst loading and (b) effect of temperature on the dehydration of fructose to HMF.

Fig. 8. Time course of fructose dehydration to HMF over S-CPOP catalyst 
at 130 ◦C.

Table 3 
Rate constants for the dehydration of fructose and the oxidation process of HMF 
to FDCA.

No. Temp. 
(K)

Rate constant 
(s− 1)

Rate constant (h− 1)

Fructose to 
HMF (kobs)

HMF to DFF 
(k1)

DFF to 
FFCA (k2)

FFCA to 
FDCA (k3)

1 383 2.8736 0.6084 0.1889 0.0480
2 403 5.4366 1.1712 0.6532 0.3230
3 423 6.6542 1.9661 1.3438 0.9863

P. Puthiaraj et al.                                                                                                                                                                                                                               Chemical Engineering Journal 522 (2025) 167222 

10 



ln
(

kobs

T

)

= ln
(

kB

h

)

+
ΔS*

R
−

ΔH*

RT
(14) 

where h, kB, ΔH*, and ΔS* are the Planck's constant (6.626 × 10− 34 J s), 
and Boltzmann constant (1.381 × 10− 23 J K− 1), activation enthalpy (kJ 
mol− 1), activation entropy (J mol− 1 K− 1), respectively. 

Gibbs free energy (ΔG*) = − RTln
(

hkobs

TkB

)

(15) 

The kinetics of fructose conversion were also investigated with 
different S-CPOP loading experiments with the fructose amount of 2 
mmol at 130 ◦C, showing a linear increase of fructose conversion as a 
function of reaction time and catalyst amount (Fig. S8(a)). Fig. S8(b–c) 
showed the first-order kinetics for the S-CPOP catalyst using Eq. (12), 
revealing that a sulfonic acid moiety is involved mainly in the fructose 
dehydration process. Further, the thermodynamic parameters for the 
fructose conversion to HMF were calculated using the Arrhenius Eq. 
(13), the linearized form of the Eyring Eq. (14), and the Gibbs free en
ergy Eq. (15) to determine the feasibility of the reaction [76,77], from 
which the derived values are listed in Table 4. Temperature-dependent 
kinetic experiments (Fig. S9(a–b)) were studied to derive the Ea for the 
fructose dehydration process. A linear fitting as functions of ln(kobs) vs 
− 1/RT derived the Ea of 28.49 kJ mol− 1 (Fig. S9(c)), suggesting that the 
fructose dehydration reaction is more feasible within this temperature 
region.

The ΔH* and ΔS* values were found from the linear correlation plots 
(Fig. S9(d)) of ln(kobs/T) vs − 1/RT, in which the slope of the plot cor

responds to ΔH*, and the intercept 
(

ln
(

kB
h

)

+ ΔS*

R

)

was used to estimate 

the ΔS* value. The resultant positive value of ΔH* (25.15 kJ mol− 1) for 
fructose conversion was very close to the activation energy, revealing 
that the reaction is endothermic and requires external energy to form the 
catalyst–fructose complex transition state [78]. On the other hand, the 
calculated ΔS* value of − 248.60 J mol− 1 K− 1 indicates that the reaction 
system is more ordered in the transition state than in the ground state 
and has a non-spontaneous nature (see page S11 in Supporting Infor
mation for calculation details) [79]. The ΔG* value for the fructose 
conversion at 130 ◦C was calculated to be 124.90 kJ mol− 1 using Eq. 
(15), which also confirms the non-spontaneous nature of the reaction 
(see page S11 in Supporting Information for calculation details). The 
catalytic performance of the S-CPOP catalyst in the dehydration of 
fructose to HMF was compared with previously reported solid catalysts 
(Table S3). Many of these studies did not report the amount of acid sites 
in their catalysts, limiting the ability to calculate the TOF values and 
directly compare catalyst efficiencies. In contrast, the S-CPOP catalytic 
system achieved a high HMF yield (96 %) and a high TOF (38.0 h− 1) at 
130 ◦C, along with easy catalyst preparation and separation compared to 
other systems.

3.2.2. Aerobic oxidation of HMF
During the oxidation of HMF to FDCA, sequential oxidation pro

cesses are followed as schematized in Scheme 4; (i) oxidation of the 
hydroxyl group in HMF to an aldehyde group, forming DFF, (ii) oxida
tion of one aldehyde group in DFF to the carboxylic acid group, forming 

FFCA, and (iii) oxidation of the remaining aldehyde group in FFCA to the 
carboxylic acid group, forming FDCA. In such stepwise oxidation reac
tion processes, electron-deficient metal ions and/or NPs are highly 
desirable. To evaluate the catalytic efficiency of the prepared S-CPOP- 
supported Pd and Ru NPs catalysts under base-free conditions, the 
oxidation of HMF (2 mmol) was conducted under O2 (10 bar) in the 
DMSO:water (v/v; 3:2) solvent mixture. The monometallic Pd/S-CPOP 
(molar ratio of HMF to Pd is 185:1) and Ru/S-CPOP (molar ratio of 
HMF to Ru is 180:1) catalysts (60 mg) gave only 63 and 78 % of HMF 
conversion with FDCA/FFCA yields of 22/40 % and 43/35 %, respec
tively, after 6 h at 130 ◦C (Fig. 9(a)). These results suggest that the 
monometallic Pd and Ru were ineffective in further oxidizing FFCA to 
FDCA. This limitation may be due to a possible interaction between the 
metals and the carboxylic acid group in FFCA, which could inhibit the 
interaction of the FFCA aldehyde group with the active metallic sites 
[35]. In contrast, the bimetallic Pd-Ru/S-CPOP (the molar ratio of HMF/ 
(Pd + Ru) is 184:1) catalyst gave almost the full conversion of HMF with 
a 98 % yield of FDCA (Fig. 9(a)). No hydrated products were observed, 
likely due to the strong binding affinity of HMF to the Ru and Pd sur
faces, which inhibits its interaction with sulfonic acid groups. The sig
nificant enhancement in FDCA yield could be attributed to the 
synergistic effect of electron transfer between Pd and Ru NPs, as well as 
their close proximity, which promotes the adsorption of the aldehyde 
group in FFCA to active metallic sites, thus facilitating oxidation to 
FDCA. In contrast, the physical mixture of monometallic Pd/S-CPOP (30 
mg; molar ratio of HMF to Pd is 92:1) and Ru/S-CPOP (30 mg; molar 
ratio of HMF to Ru is 90:1) resulted in complete HMF conversion but 
yielded only 81 % FDCA under identical conditions (130 ◦C, 6 h; Fig. 9
(a)). This lower FDCA yield was ascribed to the spatial separation of Pd 
and Ru NPs in the physical mixture, which restricts the cooperative 
catalytic interactions that are present in the bimetallic system. To gain 
further insight into the influence of Pd and Ru composition on catalytic 
performance, the reaction was performed using two bimetallic Pd-Ru/S- 
CPOP catalysts with varying Pd-to-Ru molar ratios (0.5:1.5 and 1.5:0.5). 
These Pd0.5-Ru1.5/S-CPOP and Pd1.5-Ru0.5/S-CPOP catalysts gave 86 % 
and 74 % HMF conversion with 67 % and 51 % FDCA yields, respectively 
(Fig. 9(b)). Compared to the equimolar Pd-Ru system, these catalysts 
exhibited lower activity and selectivity, highlighting the critical role of 
balanced metal compositions. The results suggest that both Pd and Ru 
contribute cooperatively to the oxidation process, and an optimal 1:1 
ratio is necessary to maximize the synergistic interactions that promote 
efficient transformation of HMF and its intermediates into FDCA. The 
effect of Pd-Ru/S-CPOP catalyst loading (Fig. 9(c)) on the oxidation of 
HMF to FDCA was next studied at 130 ◦C for 6 h. A lower catalyst 
loading of 20 mg resulted in only a 27 % yield of FDCA with a 67 % 
conversion of HMF. When the Pd-Ru/S-CPOP amount increased to 40 
mg, the FDCA yield increased to 68 % with complete conversion of HMF. 
Further increase of the catalyst amount to 60 mg resulted in full HMF 
conversion, achieving a 98 % FDCA yield. These results suggest that 
higher catalyst loading provides more active Pd and Ru sites, thus pro
moting greater HMF conversion and higher FDCA yield. The influence of 
O2 pressure on the oxidation of HMF was also examined using the 
optimized amount of Pd-Ru/S-CPOP catalyst at 130 ◦C for 6 h. As shown 
in Fig. 9(d), decreasing the O2 pressure from 10 to 5 and 2 bar led to a 
substantial reduction in HMF conversion from 98 % to 78 % and 31 %, 
respectively. Correspondingly, the FDCA yield decreased to 52 % and 15 
%. This reduction in both conversion and FDCA yield is attributed to the 
limited availability and adsorption of O2 on the catalyst surface at lower 
pressures, which limits the overall oxidation efficiency.

The effect of reaction time was studied at three different tempera
tures using Pd-Ru/S-CPOP catalyst to observe the reaction intermediates 
in the oxidation of HMF to FDCA. At 110 ◦C (Fig. 10(a)), HMF conver
sion gradually increased, reaching a maximum at 4 h, while the for
mation of intermediates (DFF and FFCA) exhibited volcano-type curves 
with respect to reaction time. In contrast, the FDCA yield steadily 
increased as the intermediates decreased, reaching 61 % at 6 h. When 

Table 4 
Thermodynamic parameters for the dehydration of fructose and the oxidation 
process of HMF to FDCA.

Thermodynamic 
parameters

Reactions

Fructose to 
HMF

HMF to 
DFF

DFF to 
FFCA

FFCA to 
FDCA

Ea (kJ mol− 1) 28.49 39.54 66.30 102.14
ΔH* (kJ mol− 1) 25.15 36.20 62.96 98.79
ΔS* (J mol− 1 K− 1) − 248.60 − 156.51 − 95.91 − 13.45
ΔG* (kJ mol− 1) 124.90 99.18 101.14 103.49
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the temperature was raised to 130 ◦C (Fig. 10(b)), HMF was fully con
verted within 2 h, accompanied by a rapid formation of intermediates. 
After this point, the yield of intermediates gradually decreased as FDCA 
formation accelerated, reaching a maximum at 6 h. These results indi
cate that the Pd-Ru/S-CPOP catalyst initially oxidized the terminal hy
droxyl group of HMF to an aldehyde group (i.e., DFF) at a fast rate 
(within 2 h), followed by a slower oxidation to the carboxylic acid (i.e., 
FDCA) at a slow rate (over 6 h). These kinetic results proved that the 

oxidation of HMF to FDCA over the Pd-Ru/S-CPOP catalyst occurred via 
the DFF and FFCA as intermediate species rather than through the for
mation of 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) (Scheme 
4). The reaction pathway was also monitored using NMR spectroscopy, 
confirming the presence of DFF and FFCA as the intermediate species 
and FDCA as the final product (Fig. S10). Further increase in tempera
ture to 150 ◦C (Fig. 10(c)) resulted in a slight decrease in FDCA yield to 
88 %, likely due to the formation of byproducts such as LA, FA, and 

Scheme 4. Base-free aerobic oxidation of HMF to FDCA via DFF and FFCA as the intermediate species formed during sequential oxidation processes.

Fig. 9. (a) Effect of (a) different catalysts, (b) different molar ratio of Pd-to-Ru, (c) Pd-Ru/S-CPOP catalyst loading, and (d) O2 pressure on the aerobic oxidation of 
HMF to FDCA.
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humins (CB is 88 % under this reaction condition). This decline could be 
attributed to the rehydration of HMF catalyzed by the acidic groups on 
the Pd-Ru/S-CPOP catalyst. Thus, the optimized conditions for the 
aerobic oxidation of HMF to FDCA were established as follows: Pd-Ru/S- 
CPOP catalyst (60 mg), HMF (2 mmol), DMSO:water (v/v; 3:2), tem
perature (130 ◦C), and time (6 h). To further elucidate the reaction 
mechanism, the reactions were performed using the key intermediates 
DFF and FFCA as individual substrates under the optimized aerobic 
oxidation conditions. Both intermediates were efficiently converted to 
FDCA, with high yields of 98 % and 99 %, respectively. These results 
provide strong support for the proposed reaction pathway, confirming 
that FDCA formation proceeds via DFF and FFCA as sequential in
termediates during the oxidative transformation of HMF.

To identify the active oxygen species involved in the aerobic oxida
tion of HMF, a radical scavenger experiment was conducted under 
optimized reaction conditions. DMSO, a commonly used hydroxyl 
radical scavenger, was employed as the reaction medium to enhance 
FDCA yield. The high catalytic performance in the DMSO-water solvent 
system suggests that hydroxyl radicals do not participate in the reaction 
pathway. In contrast, the addition of p-benzoquinone, a superoxide 
radical (O2

⋅-) scavenger, led to a dramatic decrease in HMF conversion (6 
%), strongly suggesting that O2

⋅- plays a crucial role in the catalytic 
process.

Kinetic studies on the transformation of HMF to FDCA were inves
tigated with a Pd-Ru/S-CPOP catalyst. Based on the time-dependent 
reaction results (Fig. 10), the conversion of HMF to FDCA was divided 
into a three-step pathway model (Scheme S1), considering an 

irreversible one-way reaction. Reactions were conducted with different 
amounts of HMF under the optimized conditions (Fig. S11(a)), wherein 
Eq. (16) was used to calculate the rate constant (k1; Fig. S11(b)) [31]. 
Subsequently, the logarithmic k1 versus the logarithmic [HMF]0 drew a 
graph of linear function (Fig. S11(c)), implying that the reaction follows 
first-order kinetics toward the HMF concentration. This result also im
plies that the transformations of DFF to FDCA via FFCA may also follow 
first-order kinetics. Using the k1 value of the transformation of HMF to 
DFF, the rate constants for the subsequent oxidation steps (k2 and k3) 
could be derived by solving Eqs. (17)–(19). The resultant values for all 
steps in the oxidation process of HMF to FDCA are listed in Table 3. The 
rate constant for the conversion of FFCA to FDCA (k3) was significantly 
lower than those for the other steps (k1 and k2), indicating that this step 
is the rate-determining step in the oxidation of HMF to FDCA over Pd- 
Ru/S-CPOP catalyst. In addition, the higher k1 value than k2 and k3 
values also suggest that oxidation of the hydroxyl group (–CH2OH) to 
the aldehyde group (–CHO) is much easier than oxidation of the alde
hyde group (–CHO) to the carboxylic acid group (–COOH), likely due to 
the greater accessibility of the HMF substrate to the Pd-Ru/S-CPOP 
catalyst, which agreed with previous reports [32,80]. 

d[HMF]
dt

= − k1[HMF] (16) 

d[DFF]
dt

= k1[HMF] − k2[DFF] (17) 

Fig. 10. Time courses for the oxidation of HMF to FDCA over Pd-Ru/S-CPOP catalyst at different reaction temperatures (a) 110 ◦C, (b) 130 ◦C, and (c) 150 ◦C.
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d[FFCA]
dt

= k2[DFF] − k3[FFCA] (18) 

d[FDCA]
dt

= − k3[FDCA] (19) 

ln(ki) = ln(A) −
(

Ea

RT

)

(20) 

ln
(

ki

T

)

= ln
(

kB

h

)

+
ΔS*

R
−

ΔH*

RT
(21) 

Gibbs free energy (ΔG*) = − RTln
(

hki

TkB

)

(22) 

where ki = rate constant (h− 1; i = 1, 2, and 3) for three consecutive 
oxidation steps of HMF oxidation to DFF (k1), DFF oxidation to FFCA 
(k2), and FFCA oxidation to FDCA (k3).

The thermodynamic parameters for the oxidation of HMF to FDCA 
were also calculated using the Arrhenius Eq. (20), the linearized form of 
the Eyring Eq. (21), and Gibbs free energy Eq. (22) to find the feasibility 
of the reaction [76,77]. The activation energies for all the steps involved 
in the oxidation process were calculated from temperature-dependent 
kinetic experiments (Figs. 10, S12(a–c), and S13(a–b)), and their 
values are listed in Table 4. The smallest Ea value in the conversion of 
HMF to DFF revealed that oxidation of the hydroxyl group (–CH2OH) to 
the aldehyde group (–CHO) is thermodynamically more feasible within 
this temperature range than the other steps. The ΔH* and ΔS* values 
were determined from the linear correlation plots (Figs. S12(d) and S13 
(c–d)) of ln(ki/T) vs − 1/RT, where the slope and intercept values 

correspond to ΔH* and 
(

ln
(

kB
h

)

+ ΔS*

R

)

, respectively. The ΔS* value 

was then obtained by deriving the intercept (see pages S16–S17 in 
Supporting Information for calculation details). The positive value of 
ΔH* (98.79 kJ mol− 1) for the conversion of FFCA to FDCA was much 
higher than for the other steps (Table 4), indicating the endothermic 
nature of the reaction and suggesting that a significant amount of 
external energy is required to form the catalyst–FFCA complex transition 
state [76,77]. Alternatively, ΔS* values for every step are negative 
(Table 4), suggesting that the transition state of the reaction system is 
more ordered than the ground state, further confirming the non- 
spontaneous nature of the reaction [79]. The positive ΔG* values for 
each step in the oxidation of HMF to FDCA at 130 ◦C also reinforce the 
non-spontaneous nature of the reaction (Table 4, also see page S18 in 
Supporting Information for calculation details). Finally, the catalytic 
performance of the Pd-Ru/S-CPOP catalyst in the base-free oxidation of 
HMF to FDCA was compared with previously reported solid catalysts 
(Table S4). This catalytic system attained a higher TOF (30.1 h− 1) 
without requiring base additives, likely due to its high surface area, 
synergistic effects between Pd and Ru NPs, and readily accessible active 
sites.

3.2.3. Direct conversion of fructose to FDCA via consecutive dehydration 
and aerobic oxidation processes

Based on the reaction studies above, the conversion of fructose to 
FDCA involves two reactions: (1) the dehydration of fructose to HMF 
and (2) the aerobic oxidation of HMF to FDCA. The former was catalyzed 
by sulfonic acid sites from S-CPOP that exhibited a high reaction rate 
and high HMF selectivity at 130 ◦C after 50 min. The latter reaction 
proceeded via Pd and Ru NPs under an O2 atmosphere, achieving a high 
yield of FDCA at 130 ◦C after 6 h. Based on these findings, Pd-Ru/S- 
CPOP was investigated as a multifunctional catalyst for the direct syn
thesis of FDCA from fructose (Scheme 2).

As an initial experiment, we tested the Pd-Ru/S-CPOP catalyst (60 
mg) in a pressurized reactor containing fructose (2 mmol), the molar 
ratio of fructose to Pd + Ru is 184:1 in DMSO:water (v/v; 3:2) solvent 

under 10 bar of O2 at 130 ◦C for 8 h, resulting in a low FDCA yield of only 
46 %. This low yield might be attributed to the undesired oxidation of 
fructose rather than the dehydration reaction, which generated unde
sired byproducts. To enhance the FDCA yield, the reaction was per
formed by a consecutive reaction method; O2 was not purged during the 
first hour, expecting that fructose dehydration would occur more 
dominantly than the competitive oxidation reaction. Subsequently, the 
reactor was pressurized with O2 (10 bar) for the remaining reaction 
time. This approach achieved a maximum FDCA yield of 95 %. To gain 
further insights into the reaction, the conversion of fructose to FDCA 
over the Pd-Ru/S-CPOP catalyst was monitored at various time in
tervals, as shown in Fig. 11(a). The data revealed that fructose rapidly 
produced 87 % HMF and 10 % DFF yield within the initial 1 h, wherein 
the fast production of HMF could be explained by the high kobs value 
discussed above (Table 3). After purging with O2 and extending the 
reaction time, the HMF yield gradually decreased while the yields of DFF 
and FFCA intermediates increased (reaction periods between 1 h to 3 h 
in Fig. 11(a)). With further increases in reaction time, the yields of these 
intermediates steadily diminished, and the FDCA yield increased to 95 % 
at 7 h. The photographic images of the reaction mixture before and after 
the reaction, as well as the reaction solution after catalyst separation, are 
shown in Fig. S14. To evaluate the potential applicability of this method, 
a gram-scale reaction was performed following the same experimental 
procedure using fructose (5 mmol), Pd-Ru/S-CPOP (150 mg), DMSO: 
water mixture (7.5:5.0 mL, v/v), and O2 (25 bar) at 130 ◦C for 7 h. This 
reaction afforded FDCA in 80 % yield, which was moderately lower than 
that obtained in the small-scale condition, likely due to mass transfer 
limitations or differences in heat distribution at a larger scale. The 
performance of the multifunctional Pd-Ru/S-CPOP catalyst in the one- 
pot synthesis of FDCA from fructose was compared with previously re
ported catalytic systems (Table 5). In these reported catalytic systems, 
two different catalysts were used for the sequential conversion process: 
one catalyst facilitated the transformation of fructose to HMF, while a 
separate catalyst was employed for the oxidation of HMF to FDCA (see 
Table 5). However, these systems required external additives, resulting 
in low FDCA yields. In contrast, our catalytic system achieved a high 
FDCA yield without base additives or additional catalysts. This superior 
performance can be attributed to its high surface area, the abundance of 
the sulfonic acid group, the synergistic interaction between the Pd and 
Ru nanoparticle sites, and the presence of readily accessible active sites.

Based on our experimental findings and supported by literature 
precedents [14,23,31,42,81], a plausible mechanism was proposed for 
the one-pot reaction involving the dehydration of fructose to HMF, 
followed by its oxidation over Pd-Ru/S-CPOP in a DMSO:water solvent 
system (Scheme 5). The sulfonic acid moieties on the catalyst surface 
facilitate the dehydration of fructose. Due to the high solubility of 
fructose in the present solvent system, it readily diffuses into the cata
lyst, while DMSO serves as a proton transfer mediator between the 
catalyst and the fructose [14,23,42]. During dehydration, the hydroxyl 
group at the C2 position of fructose attacks the electrophilic sulfur atom 
of protonated DMSO. This attack simultaneously promotes proton 
transfer from the hydroxyl group to the oxygen atom of protonated 
DMSO, resulting in the elimination of the first water molecule and the 
formation of 3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-car
baldehyde intermediate. Subsequent dehydration steps involving the 
hydroxyl groups at the C3 and C4 positions are supported by the pro
tonated DMSO. The elimination of two additional water molecules and 
the deprotonations facilitated by either the catalyst or DMSO, ultimately 
lead to the formation of HMF and regenerate the catalyst. In the 
oxidation of HMF, the O2 was first activated by electron-rich Ru on the 
catalyst surface, generating O2

⋅- species [31]. Kinetic studies (Fig. 10) 
reveal that the reaction proceeds via the formation of DFF as an inter
mediate. The hydroxyl group of HMF adsorbs onto the electron-deficient 
Pd surface (confirmed by XPS), forming a Pd-alkoxide complex. This 
undergoes β-hydride elimination to yield DFF along with the Pd-hydride 
species. The O2

⋅- subsequently abstracts a proton from the Pd-hydride, 
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yielding water and regenerating the active Pd site. Following this, the 
water molecule attacks the aldehyde group of DFF, forming a diol in
termediate, which then undergoes dehydrogenation to produce FFCA. 

Some of the Pd exhibit a complex formation with the carboxylic acid 
moiety of FFCA due to their bidentate nature [82], which in turn inhibits 
the availability of active Pd sites for further oxidation of C5 aldehyde in 

Fig. 11. (a) Time courses and (b) recycling studies of the Pd-Ru/S-CPOP catalyst for the direct synthesis of FDCA from fructose.

Table 5 
Comparison of the present one-pot catalytic system with other reported methods.

Catalyst Temp. (◦C) Oxidant Time (h) Additive Process FDCA 
Yield

Ref

Dehydration Oxidation

0.25 M HCl Au/TiO2 80 O2 8 NaOH Two-step 85 [44]
POP-SO3H Ru/MnO2 110 O2 12 – Two-step 77 [45]
Amberlyst-15 Fe0.6Zr0.4O 160 O2 24 [Bmim]Cl One-pot 46 [46]
Amberlyst-15/CrCl3.6 H2O Au-Pd/HT 95 O2 50 Na2CO3 Triphasic/ Two-step 48 [47]
Fe3O4@SiO2-SO3H Nano-Fe3O4-CoOx 100 t-BuO2H 15 – Two-step 60 [48]
PBnNH3C Au/HT 140 O2 10 Na2CO3 Two-step 74 [49]
Amberlyst-15 Pt/C 120 O2 11 K2CO3 Two-step 88 [50]
Fe-zeolite Mn-zeolite 150 O2 5 pH 8 solution One-pot 65 [51]
Pd-Ru/S-CPOP 130 O2 7 – One-pot 95 This work

Scheme 5. Plausible mechanism for the conversion of fructose to FDCA over Pd-Ru/S-CPOP.
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FFCA. To solve this issue, the adjacent Ru NPs facilitate the oxidation of 
FFCA to FDCA via a similar water-assisted attack and dehydrogenation 
pathway, owing to their relatively weaker interaction with carboxylic 
groups and strong dehydrogenation capabilities.

To confirm the cost-effectiveness and industrial viability of our 
catalyst, we evaluated the stability and reusability of the Pd-Ru/S-CPOP 
catalyst over eight repeated runs in the direct synthesis of FDCA from 
fructose under the optimized conditions [fructose (2 mmol), Pd-Ru/S- 
CPOP (60 mg), O2 (10 bar), DMSO:water (v/v; 3:2), 130 ◦C, and 7 h] 
via a consecutive reaction method. After each reaction, the mixture was 
diluted with DMSO, and the catalyst was collected by centrifugation, 
washed thoroughly with DMSO and ethanol, dried at 160 ◦C for 2 h, and 
reused in subsequent runs. Fig. 11(b) displays that the catalytic con
version of fructose and the yield of FDCA remained largely consistent up 
to five runs. However, a moderate decrease in FDCA yield was observed 
from the sixth to the eighth run. This stable performance up to five runs 
can be attributed to the strong electronic interaction between the Pd-Ru 
NPs and the polymer support. The structural integrity of the Pd-Ru/S- 
CPOP catalyst after five runs was further examined using various 
analytical techniques (Fig. S15). FT-IR, powder XRD, and N2 isotherm 
results (Fig. S15(a-c)) demonstrated that the reused catalyst exhibited 
no significant structural changes compared to the fresh one, and there 
were almost no guest molecules (reactants and products) inside the 
pores. FETEM image and particle size distribution histogram of the 
reused Pd-Ru/S-CPOP catalyst revealed that the Pd and Ru NPs had an 
average diameter of around 6 nm and were still evenly distributed on the 
S-CPOP surface (Fig. S15(d-e)). ICP–OES analysis of the filtrate solution 
from the fifth run confirmed no detectable leaching of Pd and Ru from 
the catalyst. The deconvoluted XPS of Pd and Ru for the catalyst after the 
fifth use showed an increased proportion of Pd(II) and Ru(IV) species 
compared to the fresh catalyst (Fig. 4 and Table S1), indicating surface 
oxidation during the reaction. The decline in FDCA yield observed after 
the fifth run (Fig. 11(b)) is likely attributed to the formation of more PdO 
and RuO2, which may hinder both O2 activation and the interaction 
between HMF and the active metallic sites. This inhibition could arise 
from electrostatic repulsion between HMF (and its intermediates) and 
the oxidized catalyst surface, ultimately reducing the efficiency of HMF 
oxidation and leading to a lower FDCA yield [33,81]. A slight decrease 
in the binding energy shift difference was also observed in the used 
catalyst compared to the fresh one (see Fig. 4 and Table S2), indicating a 
diminished degree of electron transfer from Pd to Ru. This attenuation in 
electron transfer likely suppresses the formation of reactive O2

⋅- species, 
thereby decreasing the efficiency of the oxidation process. The amounts 
of Brønsted and Lewis acids in the reused Pd-Ru/S-CPOP catalyst were 
estimated to be 1.08 mmol g− 1 and 3.04 mmol g− 1, respectively, based 
on the FT-IR spectrum of the pyridine-adsorbed recovered catalyst 
(Fig. S1(b)). A slight decrease in Lewis acidity was observed compared to 
the fresh catalyst, suggesting a minor loss of Pd and/or Ru NPs from the 
support during the catalytic cycle. These results demonstrate that the 
Pd-Ru/S-CPOP catalyst maintains its structural stability, nanoparticle 
dispersion, and catalytic activity across multiple runs, making it a highly 
robust and effective catalyst for the biomass-derived conversion of 
fructose to FDCA. This combination of high reusability, stability, and 
efficiency positions the Pd-Ru/S-CPOP catalyst as a promising candidate 
for industrial applications in the sustainable production of bio-based 
chemicals.

4. Conclusions

In this study, a sulfonic acid-functionalized porous organic polymer 
(S-CPOP) was successfully synthesized using an economically viable and 
straightforward method, offering a high surface area, mesoporosity, and 
abundant acid sites. The S-CPOP catalyst exhibited excellent perfor
mance in the fructose dehydration to HMF at 130 ◦C, due to the presence 
of sulfonic acid functionalities integrated into the polymer network. The 
S-CPOP was also employed as a support for monometallic (Pd or Ru) and 

bimetallic (Pd-Ru) nanoparticles (NPs). The resulting Pd-Ru/S-CPOP 
catalyst showed remarkable efficiency in the base-free aerobic oxida
tion of HMF to FDCA, outperforming both the monometallic Pd and Ru 
catalysts. Optimization of reaction parameters and kinetic analysis 
revealed that the oxidation process of HMF to FDCA proceeded via DFF 
and FFCA as intermediate species. Rate constants and thermodynamic 
parameters for each step in the reaction were determined, and it was 
found that the conversion of FFCA to FDCA is the rate-determining step 
in the oxidation process over the Pd-Ru/S-CPOP catalyst. Furthermore, 
the direct, one-pot synthesis of FDCA from fructose was successfully 
achieved with the Pd-Ru/S-CPOP catalyst, yielding 95 % FDCA. The 
superior catalytic activity of the bimetallic catalyst can be attributed to 
several factors: (i) mesoporous structure accessing the efficient mass 
transfer and reactant accessibility; (ii) the abundant sulfonic acid groups 
facilitating the fructose dehydration process; and (iii) the synergistic 
effects of Pd and Ru NPs, combined with the high content of heteroatoms 
in the catalyst, significantly facilitated the activation of O2, thereby 
accelerating the subsequent HMF oxidation process. Importantly, the 
Pd-Ru/S-CPOP catalyst exhibited superior stability and reusability, 
maintaining high activity over five consecutive reaction runs without 
significant structural degradation or metal leaching. The facile synthe
sis, high catalytic efficiency, and sustainable reaction conditions make 
the proposed catalytic system a promising candidate for industrial ap
plications in biomass valorization. By enabling a cost-effective, envi
ronmentally friendly, and base-free route to FDCA production from 
biomass-derived fructose, this study contributes to the advancement of 
green chemistry and the development of bio-based alternatives to 
petroleum-derived polymers.
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