PNAS Nexus, 2025, 4, pgae563

PNAS

Y NEXUS

Sustainable production of 2,5-diformylfuran via
peroxymonosulfate-triggered mild catalytic oxidation
of lignocellulosic biomass

https://doi.org/10.1093/pnasnexus/pgae563
Advance access publication 17 December 2024

Research Report

Ke-Yu Chen(®?®, Lin-Qian Yu®P, Yun-Xin Huanga’b, Wu-Jun Liu®, Bao-Cheng Huang ab* Ren-Cun Jin®® and Han-Qing Yu(®“*
#School of Engineering, Hangzhou Normal University, Hangzhou 310018, China

®School of Life and Environmental Sciences, Hangzhou Normal University, Hangzhou 310018, China

“CAS Key Laboratory of Urban Pollutant Conversion, Department of Environmental Science and Engineering, University of Science and Technology of China,
Hefei 230026, China

*To whom correspondence should be addressed: Email: huangbc@hznu.edu.cn (B.-C.H.); Email: hgyu@ustc.edu.cn (H.-Q.Y.)

Edited By Yi-Jun Xu

Abstract

The relentless depletion of fossil fuels accentuates the urgent necessity for the sustainable synthesis of chemicals from renewable
biomass. 5-Hydroxymethylfurfural (HMF), extracted from lignocellulosic biomass, emerges as a beacon of hope for conversion into
value-added chemicals. However, the inherent susceptibility of its unsaturated aldehyde groups to excessive oxidation often
culminates in undesired reactions, compromising both the yield and specificity of the desired products. Here, we introduce a holistic
methodology for the cost-effective and ecologically responsible generation of 2,5-diformylfuran (DFF), through the heterogeneously
catalyzed oxidation of HMF utilizing peroxymonosulfate (PMS) under benign conditions. This strategy, characterized by the
meticulous enhancement of surface ketone groups via a mixed-salt-assisted co-pyrolysis technique, achieves an unparalleled
selective activation of PMS, engendering singlet oxygen to catalyze the oxidation of HMF into DFF with a selectivity surpassing 80%.
Life-cycle assessments underscore a negligible impact on human health, ecosystems, and natural resources, endorsing the holistic
utilization of biomass. This integration of pyrolysis for the creation of functional carbonaceous materials within biomass conversion
processes significantly enhances sustainability and economic viability, while paving green pathways for selective biomass oxidation
and the production of high-value chemicals.
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Significance Statement

Valorizing lignocellulosic biomass for chemicals production is pivotal in advancing green chemistry practice. A biomass refining pro-
cess centered on the platform compound of 5-hydroxymethylfurfural (HMF) is a viable route for value-added chemical production.
However, the precise control of HMF oxidation and the selective synthesis of target products under environmentally benign condi-
tions remains as the bottleneck for biomass-to-chemical conversion. This study fabricates the ketone-rich biochar, which catalyzes
peroxymonosulfate cleavage to achieve a 100% singlet oxygen generation and thereby selectively oxidizes HMF to 2,5-diformylfuran
under mild reaction conditions. Consequently, a fine chemical production process, which is economically viable and environmentally
sustainable, from lignocellulosic biomass is built up. This work represents a significant advancement in the green production of
chemicals by utilizing biomass resource.

Introduction

The production of chemicals, heavily reliant on petrochemical
feedstocks, confronts formidable challenges due to its substantial

synthesis, distinguished by reduced carbon emissions via the
adoption of renewable resources (3, 4). Lignocellulosic biomass,
in this context, presents a promising avenue for the sustainable

emissions, exacerbating climate change and environmental deg-
radation (1). This issue is further exacerbated by the growing de-
mands in sectors such as food production and health care,
amplifying existing environmental concerns (2). Thus, there
emerges an imperative for sustainable and eco-friendly chemical

production of biofuels and biochemicals, capturing significant
attention over recent years (5-7). Within this framework,
2,5-diformylfuran (DFF) is identified as a crucial precursor for
myriad downstream applications, including the manufacturing
of fine chemicals, pharmaceuticals, sterilizing agents, and
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functional polymers (8-10). The conversion process involves the
hydrolysis of cellulose or hemicellulose to produce the platform
compound 5-hydroxymethylfurfural (HMF), followed by its subse-
quent oxidative treatment (8, 11). Conventionally, this oxidation
process utilizes oxygen under stringent conditions to generate
reactive species capable of converting HMF to DFF (9, 12, 13).
However, the severe reaction conditions and the inherent com-
promise between conversion efficiency and product selectivity
greatly limit the practical application of this methodology.
Furthermore, the natural reactivity of HMF's unsaturated alde-
hyde groups frequently results in its over-oxidation, diminishing
DFF yields (14). Therefore, the strategic selection of oxidation spe-
cies with moderate oxidation capacities, coupled with the execu-
tion of the reaction under milder conditions to minimize energy
consumption, is identified as a critical strategy for the sustainable
production of DFF.

In stark contrast to ephemeral and indiscriminate radicals (15),
metastable singlet oxygen (*O,) exhibits a moderate redox poten-
tial among reactive oxygen species and demonstrates exceptional
selectivity toward electron-rich organics (16), establishingitself as
the ideal oxidant to circumvent the over-oxidation challenge in
DFF production from HMF (17). In addition to activating O, mole-
cules via photosensitization, the catalysis of peroxymonosulfate
(PMS) cleavage through ketone structures also presents an effect-
ive means of generating ‘0, (18, 19). By exploiting the oxygen-rich
nature of biomass, the direct synthesis of ketone-enriched biochar
from biomass waste not only facilitates the generation of 10, from
PMS, but also mitigates the environmental footprint and enhan-
ces process economics.

Here, we propose an innovative strategy for the selective oxida-
tion of HMF under mild conditions, leveraging the generation of
10, via the catalytic cleavage of PMS. Initially, we utilized a
mixed-salt-assisted co-pyrolysis approach to customize the sur-
face oxygen functionalities of biochar, employing representative
biomass as precursors, and successfully synthesized a ketone-
enriched biochar catalyst (KBC). Subsequently, the production of
DFF from HMF via biochar-catalyzed PMS decomposition under
mild conditions (neutral pH, ambient pressure, and aqueous solv-
ent) was experimentally investigated, with a comprehensive
elucidation of the underlying reaction mechanism. Finally, an
economic evaluation and life-cycle assessment (LCA) of the pro-
cess were performed. In this way, a green and sustainable process
for biomass-to-DFF production, characterized by high yield and
selectivity, was successfully established.

Results and discussion

Enriching ketone structure on biochar surface via
mixed-salt-assisted pyrolysis

Through the application of mixed salts consisting of ZnCl, and
KCl, the surface oxygen functionalities of biomass precursors
were refined in the pyrolysis process (Fig. S1), leading to the cre-
ation of the KBC. X-ray diffraction (XRD) patterns and X-ray photo-
electron spectroscopy (XPS) surveys conclusively verified the
absence of metallic contaminants in the resulting biochar (Figs.
S2 and S3). High-resolution O 1s XPS spectra of the KBC were sub-
jected to curve fitting, revealing three distinct peaks (Fig. 1a), i.e.
C=0 (~531.2eV), O=C-O (~532.4eV), and C-O (~533.7 eV) (20).
Mixed salt dosage largely affected the relative abundances of
these oxygen functionalities. Particularly, a 2:1 ratio of mixed salts
to precursor facilitated the highest oxygen incorporation, with
the biochar labeled as KBC-2, showcasing an oxygen content of

21.70 wt.% (Fig. S4) and C=0 groups representing nearly 45% of
this composition (Table S1). Conversely, the direct pyrolysis of bio-
mass without salt incorporation (referred to as BC) resulted in a
significantly lower oxygen content of 9.88 wt.%. The strategic add-
ition of ZnCl,/KCl amplified the overall oxygen content but also
elevated the C=0 group ratio within the catalyst.

To elucidate the potential role of ZnCl,/KCl in ketone structure
formation, a suite of pyrolysis products prepared at varying tem-
peratures (200-800 °C) with a constant salt dosage ratio of 2:1 were
analyzed via Fourier transform infrared spectroscopy (FTIR)
(Fig. 1b). Products carbonized at temperatures ranging from 200
to 600 °C exhibited characteristic stretching vibrations of C=C aro-
matic ring (1,600 cm™) and ~COOH (1,700 cm™Y). After increasing
the temperature to 700 °C, a discernible stretching vibration of
C=0 at 1,650 cm~* emerged, supplanting the previous peaks. In
contrast, the FTIR spectrum of biochar catalyst prepared without
mixed salt displayed no conspicuous C=0O peak until 800 °C
(Fig. S5). This result suggests that the ZnCl,/KCl initially facili-
tated dehydration to engender a short-chain structure during pyr-
olysis, followed by cross-linking and cyclization to construct the
carbon framework, culminating in the induction of additional
C=0 bonds owing to the presence of Lewis acid ZnCl, (21).

The structural properties of KBC-2, distinguished by its highest
ketone group content, were further characterized. Scanning elec-
tron microscopy (SEM) images reveal that KBC-2 exhibited a mark-
edly irregular and interconnected porous structure, as opposed to
the smooth surface of the BC (Fig. 1c). N, adsorption-desorption
isotherms corroborated this observation (Fig. S6), highlighting the
formation of meso- and microporous structures, attributed to the
catalytic templating effect of mixed salts (22). Such morphological
and structural characteristics (Fig. S7) enhanced the material’s
reactive site accessibility, thereby potentially improving reaction
kinetics for heterogeneous catalysis. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) underscored a
complete weight loss of the precursor at 700 °C, revealing the pro-
tective efficacy of the mixed salt (Fig. 1d and e), which transitioned
toaliquid phase at 256 °C, serving as a barrier during pyrolysis. This
protective action likely preserved the feedstock from rapid decom-
position (23, 24), thereby optimizing material yield with increased
salt proportions (Fig. 1f).

Expanding this mixed salt incorporation strategy to other bio-
mass varieties demonstrated a consistent increase in surface ke-
tone functionalities, highlighting the method’s efficacy across
diverse biomass types (Table S2). A comparative analysis with car-
bon materials from prior studies reveals that KBC-2 boasted a su-
perior ketone group presence (Table S3), underscoring the potent
impact of ZnCl,/KCl addition in augmenting the ketone content of
biomass-derived materials, thereby enhancing their utility in sus-
tainable chemical synthesis applications.

Selective oxidation of HMF into DFF by catalyzing
PMS cleavage

The deployment of KBC for catalyzing the cleavage of PMS and
HMF conversion was evaluated under mild reaction conditions.
HMEF, containing two distinct reactive functional groups, has the
potential to oxidize and yield four furan derivatives, including
the coveted DFF, among others (Fig. 2a). In trials devoid of any
catalyst, a mere 4.5% conversion of HMF was observed via spon-
taneous PMS decomposition, without any formation of DFF. The
introduction of BC slightly improved the conversion rate to 9.4%,
yet failed to foster any significant accumulation of DFF. A series
of catalysts, developed under varying mixed salt-to-precursor
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Fig. 1. Synthesis and characterizations of catalysts. a) High-resolution O 1s XPS spectra of BC, KBC-1, KBC-2, and KBC-3. b) FTIR spectra of biochar
carbonized at different temperatures ranging from 200 to 800 °C under the mixed salt mass ratio of 2:1. c¢) SEM images of BC and KBC-2. d) TG and e) DSC
diagrams of precursor, mixed salt, and the precursor/salt mixture. f) Photographs of BC, KBC-1, KBC-2, and KBC-3.

ratios (1:1 for KBC-1, 2:1 for KBC-2, and 3:1 for KBC-3), demon-
strated a substantial impact on the selective oxidation of HMF
(Figs. 2b and S8-510). Remarkably, KBC-2 outperformed its coun-
terparts by achieving an HMF conversion rate of 96.7%, with a DFF
yield of 69.8% and selectivity exceeding 82%, under optimal condi-
tions (Fig. 2c). This setup showcased numerous advantages, in-
cluding operational mildness, heightened efficiency, exceptional
selectivity, and minimal necessity for solvent post-treatment, es-
tablishing it as an unparalleled method for HMF-to-DFF conver-
sion to date (Fig. 2d and Table S4). Further investigation into the
stability of KBC-2 through recycling experiments indicated a mi-
nor decline in activity over successive uses, and annealing was
found to restore its original catalytic vigor (Fig. S11). Post-use ana-
lysis indicated the maintenance of the C=0 functional group
content in KBC-2, while the surface C-O content increased, poten-
tially explaining the slight dip in catalytic efficiency.

In light of these findings, the mechanism of HMF oxidation
mediated by the KBC-2/PMS system was further investigated
and in situ Raman spectroscopy was employed to analyze the evo-
lution of HMF in solution (Fig. 2e). The solution spectra encom-
passing HMF, DFF, and assorted by-products along with the
band distributions of their principal functional groups are pre-
sented in Fig. S12. Along with the oxidation of HMF (Fig. 2f), the
C-0O band of the methylol group appeared stably at 1,030 cm™,
while the C-H band was redshifted to 1,356 cm™*. This observation
suggests oxidative species’ interaction with the C-H bond of meth-
ylol groups as the initial oxidation step. Over time, a decrease in
methylol group peaks (1,030 and 1,367 cm™}) and an increase in
formyl group peaks (1,668 and 1,400 cm™?) indicated a preferential
transformation from alcohols to aldehydes, signifying DFF forma-
tion. Moreover, the characteristic peak at 1,668 cm™}, associated
with the formyl group, redshifted to 1,672 cm™", suggesting the
potential formation of 5-formyl-2-furancarboxylic acid among

the by-products, owing to minimal HMF adsorption onto the cata-
lyst. This conjecture was further supported by minor fluctuations
observed in the peak at 1,352 cm™, indicative of HMF’s limited af-
finity for the material surface. Therefore, the oxidative species
bind to the C-H bond of the methylol group and oxidize it to
form the formyl group through dehydrogenation, which was the
main contribution to the selective oxidation of HMF to DFF.

To investigate the rate-determining step in formyl group for-
mation (25), kinetic isotope effects (KIEs) were investigated using
deuterated HMF molecules (R-CH,OD and R-CD,OH) (Fig. S13).
As depicted in Fig. 2g and h, the KIE, defined as the ratio of oxida-
tion rates for un-deuterated and deuterated HMF, was assessed.
For R-CH,OD, the KIE value was determined to be 1.35, which
was consistent with a secondary KIE and implied a smaller differ-
ence in reaction activation energies throughout the reaction tra-
jectory. In contrast, R-CD,0OH showed a notably higher KIE value
of 6.59, which was much greater than unity and consistent with
a primary KIE whereby the chemical bond involving the isotope
was broken during the rate-determining step of the overall reac-
tion. In conclusion, these findings indicate that the activation of
C-H bonds within hydroxymethyl groups on HMF molecules by
0, involved kinetically relevant steps in the oxidation of HMF
to DFF.

Key role of 0, in the selective oxidation of HMF
into DFF

The application of KBC-2 as a catalyst to activate PMS and facili-
tate the selective oxidation of HMF to DFF was examined, empha-
sizing the creation of 'O, as the primary oxidative species.
Previous studies have shown the dual potential of PMS activation
by carbon-based catalysts to produce either radical or nonradical
species. In our work, the specific preparation of KBC-2 aimed at
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Fig. 2. Selective oxidation of HMF to DFF. a) Schematic illustration of the potential oxidation products from HMF. b) Performance of various catalysts for
the selective oxidation of HMF to DFF. Reaction conditions: 5 mg of catalyst, 10 mM HMF, 20 mM PMS, 5 mL of water, 2 h, 50 °C. c¢) Concentrations versus
time plot of HMF, DFF, and other products at various times. d) Comparison of the normalized kinetics of the selective oxidation of HMF to DFF using KBC-2
in this study and in the literature (details in Table S4). e) Schematicillustration of the in situ Raman test. f) In situ Raman spectra of a 10-mM HMF solution
recorded with the KBC-2/PMS system. KIEs of KBC-2 catalysis of g) a-D-HMF and h) -D-HMF.

generating exclusively *O,, as evidenced by minimal influence of
alcohols on HMF conversion (Fig. 3a), suggesting the negligible
role of radicals in the oxidation process (26, 27). The addition of
potassium dichromate, effective in scavenging unbound electrons
(28), did not greatly alter oxidation outcomes (Fig. 3a), further neg-
ating the possibility of electron transfer mechanism (Fig. S14).
Conversely, the introduction of furfural (FFA) markedly reduced
the efficiency of HMF oxidation, corroborating the exclusive gen-
eration of '0,. The generation of 'O, in the KBC-2/PMS system
was also confirmed by using 1,3-diphenylisobenzofuran as a se-
lective probe (Fig. S15). Electron paramagnetic resonance (EPR)
analysis, employing 2,2,6,6-tetramethylpiperidine (TEMP) and
5,5-dimethyl-1-pyrroline N-oxide (DMPO) as traps for ‘0, and rad-
icals, respectively (29, 30), displayed a distinct TEMP-'0, signal in
the KBC-2/PMS system, confirming 'O,’s predominance (Figs. 3b
and S16). Notably, the intensity of 0, signal followed the order
KBC-2 > KBC-1>KBC-3, indicating that an increased abundance
of ketone groups enhanced 'O, yield.

In situ Raman spectroscopy provided insights into the surface
bonding reaction between the catalyst and PMS, validating the
10, production pathway. As shown in Figs. 3c and S17, the charac-
teristic peaks at 1,060, 982, and 884 cm™! were attributed to
HSO5—, SO3~, and O-O in PMS, respectively (31). After adding
KBC-2, a significant decrease in the intensity of the HSOs peak

at 1,060 cm™! was observed, while the peak attributed to SO3~
was redshifted to 986 cm™'. A new peak near 838 cm™! emerged,
which was attributed to the extended bending vibration of the per-
oxide bond in the combined state PMS* (32). As the reaction pro-
gressed, the distinctive O-O bond and HSOspeaks gradually
disappeared, while the intensity of the SOz~ peak steadily in-
creased, thus affirming that the active site on KBC-2 favored the
0, generation through O-O bond cleavage after binding to the
S=0 bond in PMS.

To verify the role of ketone groups on 'O, evolution, we endea-
vored to neutralize the oxygen functional groups of KBC-2 utiliz-
ing various masking agents. Following the Boehm titration
principle (33), we designated the treated samples as KBC-2-
C,HsONa and KBC-2-NaOH, where C,HsONa reacted with oxygen-
containing functional groups encompassing carbonyl groups,
while NaOH reacted with groups distinct from carbonyl groups.
Additionally, the KBC-2-phenylhydrazine (PH) catalyst was pre-
pared using PH to selectively target the elimination of the C=0
functional group (Fig. S18) (34). From the XPS spectra (Fig. S19)
combined with organic elemental analysis, it was found that the
C,HsONa-treated catalyst was devoid of any oxygen functional
groups, while the PH-treated counterparts lacked C=0, and the
NaOH-treated catalyst predominantly contained C=0, as antici-
pate. Subsequent HMF oxidation utilizing treated catalysts
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Fig. 3. Mechanism of selective oxidation. a) Performance of selective oxidation of HMF to DFF under different quenching conditions. b) EPR spectra of BC-,
KBC-1-, KBC-2-, and KBC-3-catalyzed PMS activation in the presence of TEMP. c) In situ Raman spectra of the KBC-2/PMS system. d) Selective oxidation of
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adsorption configurations (01 and 02). g) Possible mechanism for the generation of 'O, from the reaction between C=0 and PMS on the catalyst surface.

h) Energy barrier diagram for H-atom abstraction of HMF by *0,.

(Fig. 3d) showcased a decline in HMF conversion to 19.7% by
KBC-2-C,HsONa, while the HMF conversion by KBC-2-NaOH re-
mained almost unchanged compared with that of the original ma-
terial and the DFF selectivity increased to 86.3%. The HMF
conversion efficiency by KBC-2-PH was similar to that of KBC-2—
C,HsONa, but the selectivity and yield of DFF were lower. It was
observed that KBC-2-PH facilitated the detection of the character-
istic -OH peak, attributed to the activation effect of other oxygen-
containing functional groups on the catalyst’s surface (Fig. S20). In
contrast, the 10, signal in KBC-2-NaOH/PMS system was notably
intensified compared with the pristine material (35). These obser-
vations strongly imply that the ketone structure on the KBC-2 sur-
face effectively governed the PMS activation process, preventing
the generation of radicals from other oxygen-containing function-
al groups and endowing the catalyst’s ability to 100% generate 'O..

In general, oxidative species generation is determined by the
selective adsorption of O atoms within the PMS molecule onto
the catalyst surface (Fig. 3e). Catalytic site combining with 02
site may promote O-O bond breaking and the formation of -OH
and SO, ~, whereas catalyst binding with O1 site may induce H
atom loss or the generation of 'O, through O-O bond rupture
(36). Utilizing density functional theory (DFT) calculations, we ex-
plored the correlation between the type of oxygen functional

groups at the catalyst edge and the selectivity of oxidative species
generation from activated PMS. Previous works have shown that
the difference in adsorption energy between adsorption configu-
rations (AEaqs =Eads.01 — Eads-02) 18 positively correlated with the
selectivity for O, generation, rendering AE,4; a descriptor for dis-
cerning selective 'O, generation (37, 38). The structure was opti-
mized to obtain the lowest energy configuration of the possible
adsorption types of PMS molecules on various oxygen-containing
functional groups (Fig. S21). As shown in Fig. 3e and f, the C=0 site
exhibited a greater difference in AE,qs compared with other
oxygen-containing functional groups. Specifically, C=0 preferen-
tially adsorbed on the O1 site, thereby promoting the activation
and decomposition of PMS to generate 'O, by stretching the 0-O
bond (Fig. 3g).

To gain further insight into the mechanism of HMF oxidation to
DFF using *0,, we conducted DFT calculations of the electrostatic
potential mapping and Fukui index of the HMF molecule (Figs. S22
and S23) (39, 40). The electrostatic potential plot revealed the
electron-rich nature of the HMF hydroxymethyl group, while the
Fukui index identified the reactive sites that were susceptible to
electrophilic attack, specifically the C10 and 013 sites within the
hydroxymethyl group. Subsequent intrinsic reaction coordinate
and energy barrier calculations elucidated the thermodynamic
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feasibility of the reaction (41). The data indicate that 'O, can over-
come an energy barrier of 24.02 kJ/mol to abstract hydrogen atoms
from C and O within the hydroxymethyl groups, culminating in
the generation of DFF (Fig. 3h). Moreover, the significant negative
values of hydrogen atom abstraction energy underscored the
thermodynamic favorability of the reaction. Leveraging the col-
lected information and proposed mechanism, various substrates
containing hydroxyl groups were used as reactants under mild re-
action conditions, all showing good conversion and yield (Fig. S24).

Feasibility of biomass-to-DFF production

Based on the efficacy of the validated catalytic system renowned
for its remarkable selectivity in DFF production, we further pro-
pose a comprehensive process for synthesizing DFF from lignocel-
lulosic biomass (Fig. 4a). This process encompasses four main
stages: biomass fractionation, cellulose hydrolysis, catalyst fabri-
cation, and DFF synthesis. Initially, the lignocellulosic biomass is
recovered, dried, and pulverized, followed by fractionation to seg-
regate cellulose and hemicellulose. These components are then
subjected to direct dehydration under specific conditions, achiev-
ing a yield of 45.4% for HMF in the presence of ZnCl, and KCl, util-
izing tetrahydrofuran and H,O at a 6:1 mass ratio as solvents. The
subsequent phase involves isolating HMF in an acidic solution
through NaHSO; binding, then adjusting the pH to alkaline, and
employing 2-methyltetrahydrofuran for extraction to yield HMF
with a purity exceeding 95% (Fig. 4b). Concurrently, humins
emerge as inevitable by-products, characterized by an elemental
composition of ~50-60 wt% C, 4-5 wt% H, and 30-40 wt% O. The

oxygen-rich nature of the humins renders them compelling candi-
dates for the cost-effective synthesis of KBC. After extracting and
isolating HMF, the washed by-product humins and dried ZnCl,
and KCl are mixed and subjected to co-pyrolysis to obtain the
KBC-2 catalyst. After rinse, the mixed salts can be collected and
recycled to participate in converting biomass. Utilizing the
humins-derived KBC-2 as catalyst, the selective catalytic oxida-
tion of HMF yields a high conversion rate of 90.3% and a selectivity
nearing 80.0% (Fig. 4c), underscoring the process’s efficiency. For
the separation of DFF from the reaction mixture, the aqueous
layer is extracted with methyl isobutyl ketone (MIBK), leveraging
DFF’s lower polarity to achieve solubility in MIBK. Subsequent
vacuum spinning to evaporate the lower-boiling-point solvent fa-
cilitates the recovery of high-purity DFF (Fig. 4b).

The proposed process for DFF production remains at the
proof-of-concept stage, and identifying environmental and eco-
nomic performances throughout its life cycle will inform future
optimization efforts. Employing LCA enables a comprehensive
evaluation of energy consumption and environmental impacts.
Two contrasting routes, namely electrochemical synthesis from
straw and thermochemical synthesis from corn starch (42, 43),
were selected for comparison (Fig. 5a), and the defined scope is
shown in Fig. 5b. The life-cycle inventories based on mass and en-
ergy balances for the three synthesis routes are listed in Table S5,
with data sourced from the current synthesis route and literature.
To delve deeper into the comparison of the three DFF synthesis
routes, Fig. S25 illustrates the normalized relative contributions
of each route. Itis evident that the PMS oxidation synthesis route
shows improvement trends in almost all impact categories,
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particularly notable in stratospheric ozone depletion, marine eu-
trophication, land use, and water consumption. This is attributed
to the reduced use of organic reagents and energy in the synthesis
process, significantly mitigating unnecessary carbon emissions
and reducing environmental risks. Additionally, an assessment
of the environmental footprint reveals that the proposed process
has a smaller impact on global climate change compared with
other synthesis routes, evidenced by lower CO, emissions during
synthesis. The environmental cost of producing 1 kg DFF via our
proposed process was estimated to be €13.4, lower than that of
the electrochemical (€30.8) and thermochemical synthesis routes
(€22.3) (Fig. 5¢), underscoring its economic viability and efficiency.

Conclusion

In summary, we proposed a new catalytic approach for the select-
ive oxidation of HMF to DFF by 0, generation via the activation of
PMS. Porous ketone-rich (45.5% oxygen-containing functional
groups) biochar catalysts were successfully developed by a
ZnCl,/KCl mixed molten salt co-pyrolysis strategy. The ketone
structure served as an electron donor to activate PMS, resulting
in 'O, production. As a result, the selective oxidation of HMF to
DFF was achieved with 82.3% selectivity and a 69.8% yield under
mild conditions. Furthermore, we have established a green and
sustainable process route that fully utilizes renewable biomass
to produce DFF. By leveraging by-products and PMS to enhance
DFF yield, we have prioritized sustainability. This approach not
only reduces energy input and the need for subsequent treatment
of organic reagents but also maximizes the utilization of biomass
waste. This study has paved the way for the safe, economical, and
sustainable production of high-value chemical products, signifi-
cantly enhancing the economic benefits of biomass utilization.

Materials and methods

Catalyst preparation

To obtain the biochar catalyst, a mixture of ZnCl, and KCl (54:46,
wt.%) was thoroughly blended with trehalose at a 2:1 mass ratio
and then dried at 60 °C to prepare the precursor. The obtained pre-
cursor (3 g) was subsequently placed in a tube furnace and heated
to 800 °C over 2 h at a heating rate of 5 °C min~* under nitrogen
protection. The resultant pyrolysis product underwent triple
washes with 1 M HCl and ultrapure water, followed by drying at
60 °C for 12 h, yielding the catalyst designated as KBC-2. For com-
parative purposes, the catalysts synthesized without mixed salts
and with mixed salt-to-biomass ratios of 1:1 and 3:1 were labeled
BC, KBC-1, and KBC-3, respectively.

Material characterizations

SEM (Sigma 300, ZEISS Co., Germany) was used to observe the
morphology and structure of the catalysts. XRD (PANalytical
X'Pert3 Powder, The Netherlands) with Cu Ka radiation (A=
1.5418 A) and Raman spectrometry (XpIoRA, Horiba Co., Japan)
were used to examine the crystallographic structure of the sam-
ples. XPS (K-Alpha, Thermo Scientific Inc., USA) was performed
with Al Ka radiation (1,486.6 eV) to study the surface chemical
species of the samples. Nitrogen adsorption-desorption curves
were collected by means of a physisorption instrument (ASAP
2460, Micromeritics Co., USA). TGA and DSC analyses were per-
formed using a synchronous thermal analyzer (TG-DSC, STA 449
F3, Netzsch Co., Germany) in the range of 40-800 °C at a heating
rate of 5 °C min™" under a N, atmosphere. The functional groups
of the samples were characterized by FTIR (Thermo Nicolet iS50,
USA). EPR (EPR200M, Chinainstru & Quantumtech Co., China)
tests were conducted to study the generation of reactive oxygen
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species during the selective oxidation of HMF. For this purpose,
DMPO was employed to trap -OH and SOy, while TEMP was uti-
lized to trap *O,.

Selective oxidation of HMF

In the process of selectively oxidizing HMF, 5 mg catalyst was dis-
persed in 5 mL ultrapure water containing 10 mM HMF (in borate
buffer, pH =7.0). To initiate the reaction, PMS was added to the so-
lution to achieve a concentration of 20 mM. This mixture was then
stirred at 50° C and 600 rpm for a duration of 2 h. Samples were
withdrawn at intervals, filtered, and analyzed using high-
performance liquid chromatography (LC-16, Shimadzu Co.,
Japan). Detailed calculations for HMF conversion, DFF selectivity,
and DFF yield are provided in the Supplementary Note.

Life-cycle assessment

The environmental impact and cost analysis for producing 1 kg of
DFF were evaluated using SimaPro v.9 (PRé Consultants) software.
Straw was chosen as the primary biomass resource, with both
electrochemical and thermochemical processes being used as
benchmark references for this assessment. Data for the analysis
were collected from this study, literature, and Ecoinvent 3 data-
base. Overall life-cycle impacts were assessed using the ReCipe
2016 v1.1 midpoint method, with monetization based on
European Environmental Prices (2015).

Supplementary Material

Supplementary material is available at PNAS Nexus online.
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