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Photocatalytic Partial Oxidation of 5-Hydroxymethylfurfural
(HMF) to 2,5-Diformylfuran (DFF) Over a Covalent Triazine
Framework in Water
Cyrine Ayed,[a, b] Wei Huang,[a] Gönül Kizilsavas,[a] Katharina Landfester,*[a] and
Kai A. I. Zhang*[a, c]

Conversion of biomass into high value products via environ-
mentally benign processes remains a challenging task for
chemists. Photocatalytic partial oxidation of the biochemical 5-
hydroxymethylfurfural (HMF) to 2,5-diformylfuran (DFF) has
attracted much attention as DFF is known to be a pivotal
precursor in the biochemical industry. Previously, this reaction
has been catalyzed with transition metal based catalytic
systems in organic solvents. Herein, we report the use of a
covalent triazine framework (CTF) as a highly stable and porous
organic photoactive polymer for the photocatalytic partial
oxidation of HMF to DFF in water, using molecular oxygen as a
green oxidant. The photocatalyst showed high efficiency in
affording DFF as the target product with good reusability.

Biomass is a highly abundant and renewable organic carbon
resource in nature. It can be converted as chemical feedstock
into high value compounds, reducing thus the heavy depend-
ence on unsustainable petroleum-based resources.[1] As exam-
ple, 5-hydroxymethylfurfural (HMF), which is usually obtained
by dehydration product of C6-based carbohydrates (such as
glucose and fructose), can be partially oxidized to 2,5-
diformylfuran (DFF).[2] As a valuable precursor, DFF can be
further used for a vast number of important materials as
various poly-Schiff bases, furan-based biopolymers, intermedi-
ates of pharmaceuticals, antifungal agents, organic conductors,
cross-linking agents of poly (vinyl alcohol), and for different
applications as in photography, analytical chemistry, metal
electroplating, and electrooptical devices.[3] Currently, DFF is

commonly produced under thermal catalytic conditions,[4]

under those conditions, selectivity of DFF usually ranges from
60 to 99 %. For example, Li et al. reported the use of trifunc-
tional polyoxometalate-decorated chitosan nanofibers catalysts
(HPMoV/CS-f) as active catalyst and achieved 94.1 % yield of
DFF in DMSO and 56.2 % yield in water (�120°).[4f] Efficient
aerobic oxidation of HMF to DFF over a nitrogen-doped
manganese oxide catalyst (N� MnO2) has been also performed
at room temperature and led to >99.9 % selectivity of DFF in
toluene.[5] More recently, electrocatalytic oxidation of HMF has
been proven to be an effective method to produce highly
selective DFF mediated by TEMPO as catalyst and under basic
conditions.[6]

Photocatalysis nowadays is considered as a promising,
economic and clean alternative strategy that holds a great
potential for organic synthesis. Several attempts have been
made to oxidize HMF photocatalytically and selectively to 2,5-
diformylfuran (DFF). Mainly metal or metal oxide-based photo-
catalysts have previously been used including Nb2O5,

[7] bimet-
allic Au� Ru nanoparticles supported on reduced graphene
oxides,[8] ultrathin Ni/CdS nanosheets.[9] Only a few reports have
utilized metal-modified g-C3N4

[10] or pure g-C3N4 as metal-free
photocatalysts.[7] There is therefore need for the development
of further metal-free, pure organic, photocatalytic systems with
high stability and reusability.

Conjugated porous polymer-based heterogeneous photo-
catalysts have lately demonstrated their broad use in organic
photoredox reactions. These materials are easy to synthesize,
have high flexibility of structure design and property modifica-
tion, and have tunable photoredox potentials.[11] Covalent
triazine frameworks (CTFs) are a promising class of heteroge-
neous photocatalysts with unique properties such as high
chemical and thermal stability, desired electronic and optical
properties and a variety of synthetic routes for structural and
morphological modification.[12] However, photocatalytic partial
oxidation of HMF over polymer-based, especially CTF-contain-
ing photocatalysts is still unknown.

Further, much attention has also been devoted to find
sustainable reaction media. In particular, interest has increas-
ingly turned to water as the solvent for chemical reactions
owning to its low-cost, availability and non-toxicity.[13] Herein,
we report the use of a thiophene containing covalent triazine
framework for visible-light promoted partial oxidation of HMF
to DFF in aqueous medium. This reaction could be performed
with moderate conversion toward the target product DFF. A
detailed mechanistic study on the reaction including two
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pathways is discussed. Moreover, the reusability and stability of
the catalyst are investigated.

In this work, a thiophene containing covalent triazine
framework (CTF� Th) was prepared via a solvent-free polymer-
ization procedure under triflic acid vapor (TfOH), similar to our
previous reports[14] (Figure 1a). To achieve high dispersibility in
water during the photocatalytic process, CTF� Th was directly
synthesized on mesoporous silica (SBA-15) to form
CTF� Th@SBA-15. It is worth to note here that a nontoxic and
environmentally benign synthetic route of the monomer 2,5-
dicyanothiophene (DCT) was further developed via cyanation
of 2,5-dibromothiophene.[15] Cheap and stable CuI/imidazole

system together with potassium hexacyanoferrate (K4[Fe(CN)6)
were employed as the least toxic cyanide source conceivable.[15]

The structure of DCT was confirmed by proton and carbon
nuclear magnetic resonance (1H� NMR and 13C� NMR) character-
ization (Figure S1a and b). Scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy (HR-TEM)
images showed that the synthesized CTF� Th@SBA-15 possesses
highly ordered hexagonal mesoporous structure of ca. 600 nm
of diameter with cylindrical pore channels (Figure 1b and
Figure 1c, respectively). Elemental mapping (C, S and Si)
indicated that CTF� Th was uniformly formed throughout SBA-
15 (Figure S2). The SBA-15 template endowed the CTF� Th with
high Brunauer-Emmett-Teller (BET) surface area of 428 m2/g
(Figure S3). Additionally, the material showed a water contact
angle of 27°, which confirms the added hydrophilicity (Fig-
ure S4), enabling catalytic reactions in aqueous environment.
Solid-state 13C cross-polarization magic-angle-spinning (CP-
MAS) NMR spectroscopy verified the presence of sp2 carbons at
168 ppm in the triazine and in the thiophene ring at 146 and
131 ppm (Figure 2a). Fourier transform infrared (FT-IR) spectro-
scopy (Figure 2b) showed two characteristic bands at 1428 and
1359 cm� 1, which can be assigned to the aromatic C� N
stretching and breathing modes in the triazine unit. Character-
istic absorption bands at 1018 and 1121 cm� 1 are attributed to
the asymmetric mode of Si� O� Si groups.[16] Figure 2c illustrates
the UV/vis diffuse reflectance (DR) spectrum of the
CTF� Th@SBA-15. A light absorption covering the visible range
was observed, with absorption edge extending to about
440 nm. Optical band gap energy was determined to be
2.78 eV by extrapolation of the linear section of the absorption
spectrum onto the X-axis. The cyclic voltammetry (CV) measure-
ments were conducted to reveal the energy band structure of
the designed material. The electronic band positions of the
CTF� Th@SBA-15 are displayed in Figure 2d. The corresponding
lowest unoccupied molecular orbital (LUMO) was estimated to
be � 0.76 V vs. SCE, with the highest occupied molecular orbital
(HOMO) at +2.02 V vs SCE (Figure S5).

The photocatalytic performance of CTF� Th@SBA-15 was
tested for HMF partial oxidation (0.1 mmol) in water, with O2 as
oxidant, using a blue LED lamp (460 nm, 65 mW cm� 2) as light
source. It appeared that CTF� Th@SBA-15 is capable of oxidizing
HMF molecules, as its oxidation potential is determined to be
+0.99 V. vs SCE (Figure S6). Additionally, the reduction poten-
tial of CTF� Th is high enough to undergo molecular oxygen
reduction via electron transfer and energy transfer to generate
the reactive oxygen species (ROS) such as superoxide (O2

*� )
and singlet oxygen (1O2) (Figure 2d).

HMF partial oxidation to DFF was undertaken and moni-
tored using 1H� NMR (Figure 3). The conversion was determined
according to the characteristic signals of HMF and DFF
(Figure S7 and S8). As HMF could be further oxidized to a
variety of products[8,17] such as 5-(hydroxymethyl)furan-2-car-
boxylic acid (HMFCA), 5-formylfuran-2-carboxylic acid (FFCA),
furan-2,5-dicarboxylic acid (FDCA) (Scheme S1), the 1H NMR
spectra of so-called standards were also collected for compar-
ison purpose (Figure S9–S11). CTF� Th@SBA-15 showed rela-
tively good catalytic activity for the partial oxidation of HMF

Figure 1. (a) Chemical structure and synthesis routes, (b) SEM and (c) TEM
images of CTF� Th@SBA-15.

Figure 2. (a) Solid state 13C CP/MAS NMR, (b) FTIR, (c) UV/Vis DR spectra, and
(d) highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) band positions of CTF� Th@SBA-15.
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with an average of 57 % conversion of HMF after 30 h, and with
more than 99 % selectivity to DFF (Figure 3 and Figure S12).
This result is much higher than that obtained in many previous
reports.[8,18] Extension of reaction time of 48 h only led to a
minimal increase of conversion. Control experiments were
undertaken in the dark, in an oxygen-free atmosphere and in
absence of photocatalytic material (Figure 3). No conversion of
HMF occurred under these latter conditions (Figures S13–S15).
This indicates that the photocatalyst, light source and O2 play
key roles in the oxidation of HMF to DFF.

To gain a deeper insight into the reaction mechanism and
reveal the specific role of the photogenerated electron-hole
pair and active oxygen species during the photocatalytic
process, we conducted a set of control experiments, using
CTF� Th@SBA-15 as the photocatalyst and in presence of
specific scavengers (Figure 4a).

Lower conversion (35 %) was obtained in presence of
benzoquinone (BQ) as a superoxide scavenger (Figure S16). The
addition of sodium azide (NaN3) as singlet oxygen scavenger
and potassium iodide (KI) as hole scavenger led to large
decrease of the conversions to 9.2 % and 4.2 % respectively
(Figures S17–S18). No significate change of the conversion was
observed in presence of isopropanol as a hydroxyl scavenger
(Figure S19). So far, these results indicate that the activated
oxygen species (superoxide and singlet oxygen), and the
photogenerated hole participate during the photocatalytic
oxidation of HMF to DFF. To further confirm the possible
generation of the ROS during the photocatalytic reaction, we

conducted electron spin resonance (EPR) experiments using
tetramethylpiperidine (TEMP) and 5,5-dimethyl-1-pyrrolineN-
oxide (DMPO) as singlet oxygen and superoxide trapping
agents, respectively. Indeed, the oxidation of TEMP (2,2,6,6-
tetramethylpiperidine) by singlet oxygen yields the TEMPO
(2,2,6,6-tetramethyl-1-piperidinyloxyl) free radical with distinc-
tive line pattern easily detected by EPR. Figure 4b confirms the
generation of singlet oxygen by CTF� Th@SBA-15 and under
light irradiation. It is noteworthy to mention that a small
TEMPO signal was also observed under dark condition. This
TEMPO signal is not associated with singlet oxygen production
and may come from the electron transfer oxidation of TEMP to
TEMPO in the presence of molecular oxygen[19] (paragraph IV in
the Supporting Information). Regarding superoxide detection
and in presence of DMPO, the latter would reacts and give rise
to a DMPO� OOH spin adduct with typical 12-line EPR
pattern.[20] Due to its short lifetime and thus its instability, the
spin adduct DMPO� OOH tends to decompose in DMPO� OH,
making it difficult to detect.[21] Figure 4c shows the typical EPR
pattern of DMPO� OH, which confirms in part the generation of
superoxide.

Based on the observations described above, we suggest
two possible reaction pathways involving independently gen-
erated active oxygen species, i. e. superoxide and singlet
oxygen. As displayed in Figure 4e, (i) under visible light
irradiation, charge separation occurs within the CTF� Th@SBA-
15 photocatalyst. The photogenerated electron undergoes
molecular oxygen reduction and forms its activated form (O2

*� ).

Figure 3. Screening and control experiments of the photocatalytic partial oxidation of HMF to DFF using CTF� Th@SBA-15. Standard reaction conditions:
0.1 mmol of HMF, 10 mg of CTF� Th@SBA-15 in 10 mL of water under the irradiation of a blue LED lamp (460 nm, 65 mW cm� 2), 1 atm. O2 room temperature,
30 h. Conversion determined by 1H NMR spectroscopy.
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The latter extracts one proton of HMF (1) and leads to the
formation of the corresponding anionic alkoxide (1a) and the
highly reactive *OOH species.[7] Note that the deprotonation of
HMF is more promoted due to the basic character of
CTF� Th@SBA-15 (nitrogen-rich triazine units).[22] Meanwhile, the
formed alkoxide anion (1a) can react with the photogenerated
hole by electron transfer and form the corresponding alkoxide

radical (1b). Recombining this radical with *OOH species
conducts to the final product DFF (2) with formal liberation of
H2O2.

[7,22–23]

A singlet oxygen-driven oxidation of HMF to the target DFF
can also be hypothesized based on this reported study47: (ii)
singlet oxygen, which can be photogenerated through inter-
system crossing (ISC), is inserted into the C–H bond of the

Figure 4. (a) Evaluation of the addition of scavengers on partial oxidation of HMF to DFF. Conditions: 10 mg of CTF� Th@SBA-15, 0.1 mmol of HMF, 0.1 mmol
of additive (scavengers) in 10 ml of water, under the irradiation of a blue LED lamp (460 nm, 65 mW cm� 2), 1 atm O2 room temperature, 30 h. Benzoquinone
(BQ) used as a superoxide scavenger, sodium azide (NaN3) as a singlet oxygen scavenger, potassium iodide (KI) as a hole scavenger, and isopropanol as a
hydroxyl radical scavenger. (b) TEMPO/EPR signals obtained for H2O solution of TEMP (0.1 M, 3 ml) in the presence of 3 mg of CTF� Th@SBA-15 under dark
(black line) and after 2 h of blue light irradiation (blue line), (c) DMPO/EPR signals obtained for H2O solution of DMPO (0.1 M, 3 ml) in the presence of 3 mg of
CTF� Th@SBA-15 under dark (black line) and after 2 h of blue light irradiation (blue line). (d) UV/Vis absorption spectra of the reaction system without and with
the presence of CTF� Th@SBA-15 after adding DPD and POD for H2O2 determination and (e) proposed reaction mechanism for the photocatalytic partial
oxidation of HMF to DFF using CTF� Th@SBA-15 via two possible separate routes using either the singlet oxygen or the superoxide. ISC: Inter System Crossing.
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alcohol function of HMF (1) and forms 5-(hydroperoxy(hydroxy)
methyl)furan-2-carbaldehyde (3). This intermediate can under-
take independent photolysis[24] resulting in the formation of (4)
that decomposes further to the final product DFF (2), with H2O2

as a by-product. The formation of H2O2 could be approved by
using the catalytic oxidation of N,N-diethyl-1,4-phenylenediam-
monium sulfate (DPD) by horseradish peroxidase (POD).[25] This
enzymatic method is highly selective, sensitive and fast. It
consists of the oxidation by H2O2 of POD to a higher valent
state, that in turn oxidizes two molecules of DPD to the
corresponding cationic radical (DPD*+). The latter forms a stable
red-purple colored chromogenic compound with two absorp-
tion maxima at 510 nm and 551 nm (Figure 4d) We have
confirmed the existence of H2O2 and its amount is determined
to be 60.4 μmol in the original reaction mixture (Figure S20).

To investigate the stability and reusability of CTF� Th@SBA-
15, we carried out four repeating experiments of the photo-
catalytic oxidation of HMF under the same conditions. As
shown in Figures S21–S24, the catalyst can be used up to 4
cycles at least without losing significantly its performance. No
apparent change of the UV-vis DR of the photocatalyst could
be observed after four runs indicating its high stability and
recyclability under visible light irradiation (Figure S25).

In summary, we have employed a thiophene-containing
covalent triazine framework on mesoporous silica (SBA-15) as
heterogeneous photocatalyst for partial oxidation of 5-
hydroxymethylfurfural (HMF) to 2,5-diformylfuran (DFF) in
water, under pure oxygen as green oxidant and visible light
irradiation. The low solubility of DFF in water at room temper-
ature, could provide an easy separation method. Our catalyst
could efficiently convert HMF to DFF with 100 % selectivity,
higher than previously reported. Moreover, it showed good
stability upon recyclability and maintained relatively high
photocatalytic activity. Two mechanism were suggested involv-
ing either singlet oxygen or superoxide. This study demon-
strates the potential of efficient metal-free photoactive CTFs
material for various applications under non-toxic and environ-
mentally friendly environment.
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Converting biomass over a polymer
under light: Photocatalytic partial
oxidation of the biochemical 5-
hydroxymethylfurfural (HMF) to 2,5-
diformylfuran (DFF) has been
catalyzed over a covalent triazine
framework (CTF) in water, using
molecular oxygen as green oxidant.
The photocatalyst showed high effi-
ciency in affording DFF as the target
product with good reusability.
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