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GRAPHICAL ABSTRACT
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HIGHLIGHTS

« Sulfonic acid-functionalized well-ordered ligninfdeed mesoporous carbon (LDMC-&d) was

synthesized using phenolation treatment and sofpkate method followed by sulfonation.

« LDMC-SOsH showed superior catalytic activity in fructosdagération to 5-HMF in terms of fructose

conversion (100.0%), 5-HMF yield (98.0%) and seldgt (98.0%).

« LDMC-SGOsH possessed superior reusability and stabilityenms of 5-HMF yield during six cycle

runs.

« The well-ordered mesostructure and the suitabledpybbic/hydrophilic balance of the surfaces of

LDMC-SGOsH might play vital roles in the efficient catalyehydration of fructose to 5-HMF.

ABSTRACT

Sulfonic acid-functionalized lignin-derived mesopos carbon (LDMC-SgH) was prepared using
phenolation and evaporation induced self-assembihod followed by sulfonation. The obtained LDMC-
SGsH bearing sulfonic acid density of 0.6528 mmol/ggessed a well-ordered two-dimensional hexagonal
mesoporous characteristics. A 5-hydroxymethylfiafui5-HMF) yield of 98.0% with a full fructose
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conversion was obtained using LDMC-$%0as catalyst at 140 °C for 2 h in DMSO. Reactiweelcs
studies revealed that fructose conversion in DMSthowut catalyst or catalyzed by LDMC-SI® may
obey pseudo-first-order kinetics, and the activagaergy of latter (72 kJ/mol) was much lower tttzat

of former (114 kJ/mol). Adsorption kinetics studiegicated that almost no 5-HMF adsorbed onto LDMC-
SOsH probably had a great contribution to the higlesivity of up to 98.0%, while the fructose adsapt

on LDMC-SQH was a diffusion-controlling adsorption processhwinore following Bangham kinetic
model and Weber-Morris kinetic model owing to the@cteristics of ordered mesostructure of LDMC-
SOsH. Moreover, LDMC-SGH exhibited superior reusability and stability st&lytic performance with a
5-HMF yield higher than 88.0% in six runs probablye to the synergistic effect of mesopore structure
with a special surface and -8® groups with a relatively high content. These aese results will
contribute to a better understanding of structedgpmance relationship of LDMC-SB used as an
efficient catalyst in the fructose-to-5-HMF transfation as well as the high-value utilization glin in

the field of catalysis.

Keywords: Kraft lignin, Mesoporous carbon, Soliddacatalyst, Kinetics analysis, Green chemistry



1 Introduction

5-hydroxymethylfurfural (5-HMF) has been considerasl an important biomass-derived green
platform compound possessing highly reactive subgires including furan ring, hydroxymethyl group
and aromatic aldehyde. Its derivatives can bezetiliwidely as perfume, pharmaceutical intermedfatd,
additive, and a substitute for benzene seriesegplithe synthesis of new polymer materialsThgrefore,
the research on the dehydration of biomass to peepdIMF using hetero- and homogeneous acidic
catalysts has drawn much attention in the world [2]

Ordered mesoporous carbons (OMCs), have receivedwide attention owing to their remarkable
properties such as mesoscopic structures, higahcidrea and good chemical stabilities, thus bewpmi
kind of important material with potential applicati prospects in the fields of catalyst support [3],
adsorption [4]drug delivery [5] and supercapacitor electrodelfbtecent years, combining the advantages
of mesoporous carbon, the acid-functionalized OM@se been empolyed in the acid catalyzed
dehydration of fructose to produce 5-HMF owingtsoaxcellent catalytic performance with high reacti
selectivity and stability [7,8]. Gallo et al [7]ustied the activity and stability of sulfonated otk
mesoporous carbons (OMCs-&{) for the conversion of fructose to 5-HMF. It wlasind that OMCs-
SOsH showed comparable selectivity and up to 3 timesastable than commercial Nafion SAC-13. Wang
et al [8] investigated the dehydration of fructts&-HMF using OMC-SgH as catalyst, and result showed
that a high HMF yield of 89.4% in DMSO was obtairad 20 °C within 30 min. Furthermore, no apparent
loss of the activity of OMC-S§M was observed after it was reused 3 times. Coromailty, nanocasting
method technique was widely used in synthesis @ér@d mesoporous carbons. However, compared to its
disadvantages of complex process and environmeolaltion, soft-template method using sacrificial

amphiphilic surfactants for synthesizing orderedsop®rous carbons has been adopted and further



developed in recent years [9]. So far, owing to éReellent properties of good solubility in surfaut
solution, capability to interact with surfactandaself-assembly, stable three-dimensional rigidctire
and relatively high carbon content, phenolic-fordedlyde based resins mainly including formaldehyde
cross-linked phenol, resorcinol and phloroglucinave been selected widely as carbon precursorgedppl
in soft-template synthesis of ordered mesoporodsoos [10].

The application of recyclable heterogeneous cataksved from renewable feedstock for chemical
productions is considered as one of the core iesiof green chemistry [114s is known, lignin is a
natural biomass resource possessing obvious adpentd high carbon content, low cost, environmental
friendliness and sustainable utilization, which basn used widely as a superior carbon precursibrein
preparations of carbon materials such as activeaeloon [12] and char [13]. In the meanwhile, ligign
the only natural biopolymer consisting of plentyaobmatic rings or phenolic hydroxyl groups intiisee-
dimensional network structure. Thus, to reduceréiance on crude oil resources to some exteminig
can be employed as a promising natural substitutetenols to crosslink with formaldehyde to systhe
phenol resins [14]. However, the poor solubilitydarhemical activity of lignin restricted its adodii
amount during the synthesis process of phenol ddined as adhesive. In recent years, thermoctami
technology has been adopted widely to improve thiiebdity and reactivity of lignin via phenolation
treatment, which make it more suitable for the Bgais of lignin-phenol-formaldehyde (LPF) resin,[lif.

For the same consideration, lignin also can beparsar carbon precursor for synthesis of mesoporous
carbon. To our best knowledge, some studies weferpeed on the synthesis of lignin-derived mesopero
carbon (LDMC). Among them, the research group lgd\laskar studied on LDMC synthesis and its
applications involving drug delivery and supercaima@lectrode material [17-20]. However, these LO$

were short of orderliness and the whole procesgiwasconsuming (more than 7 days). Furthermorby, on



the KL fraction extracted by methanol was employed.DMC synthesis, thus leading to the under-
utilization of KL. More recently, using lignin excted from soft wood or straw as carbon sourceas eQi
al [21] found that the low-molecular-weight lignbearing more hydroxyl groups was favorable to the
formation of highly ordered mesoporous carbon dtagdts utilization as catalyst support. Songld22]
synthesized LDMC for supercapacitors using a naredsMgO template coupled with soft template.
Besides, Chen et al [23] synthesized NiO-contaimr&soporous carbon materials derived from sodium
lignosulphonate (LS) using sol-gel method. Using &sS carbon source and cetyltrimethylammonium
bromide as template agent, Zhao et al [24] preparegsoporous carbon by hydrothermal and template
method. Considering the sustainable developmentamtdonmental protection, either KL or LS, being a
renewable biomass resource and the largest resefvoatural aromatic polymer recovered from pudpin
spent liquor, is a very promising carbon precufeot. DMC synthesis. KL is separated from spentdiqu
of kraft pulping, which is the most dominant cheatimethod in pulp and paper industry. Compareti¢o t
water-soluble LS, the industrial applications of KlUarge quantity are restrained by its poor sibiiylto
a great extent. Therefore, finding an innovativprapch for efficient utilization of KL in LDMC syhesis
is more urgent and valuable.

Herein, firstly, to overcome the obstacles of camm@uper-molecular structure and poor solubility of
KL, thus increasing the overall utilization of Khathe synthesis efficiency of LDMC as well as re&dyg
its preparation cost, a well-ordered mesoporousarawas synthesized using KL as raw material vig so
template method as shown in Scheme 1. Thus, wawaepresent a reasonable synthesis route viagusi
KL degradation products liquefied in phenol undédatne condition followed by crosslinking with
formaldehyde as carbon precursor. Compared tcethdts described by Naskar et al [17,19], KL cdagd

used fully as much as possible, and the prepartitienwas shortened largely (about 3 days). Funtioee,



KL could be degraded into fragments with lower nealar weight and more phenolic hydroxyl groups
were engrafted onto structure after phenolatioattnent [16], thus facilitating the formation of LOM
[21]. Secondly, LDMC prepared in the present wodswitilized as catalyst support for the synthekis o
carbonaceous solid acid catalyst using traditicudfionation method. The sulfonic acid-functionatize
lignin-derived mesoporous carbon (LDMC-&%0 was fully characterized by small-angle X-raytssang
(SAXS), transmission electron microscopy (TEM) d@hdinauer-Emmett-Teller (BET) to confirm the
formation and stability of ordered mesoporous s$tnec The catalytic performance of LDMC-g0was
investigated in the fructose dehydration to 5-HFiRally, to clarify the catalytic mechanism whenngs
LDMC-SOsH as catalyst in fructose-to-5-HMF transformatighe studies on reaction kinetics and
adsorption kinetics onto LDMC-S# were carried out, respectively. This study wik only provide an
efficient solid acid catalyst for the conversiorfrafctose to 5-HMF, but also propose a new strategihe
high value-added utilization of KL in the field o&talysis as well as apply a sustainable appraacthé

synthesis of OMC.

2 Experimental
2.1 Materials

KL and Pluronic F127 were purchased from Sigma-aldChemical Co. Phenol, formaldehyde (an
aqueous solution of 37%), sodium hydroxyl (NaOH®naentrated hydrochloric acid (HCIl) and
concentrated sulfuric acid §8Qy) were purchased from Xilong Chemical Co. Ltd, GhiRructose and
dimethyl sulphoxide (DMSO) were purchased from hmerm Chemical Reagent Co. Ltd, China. 5-HMF
(95%) and 5-HMF (HPLC solvent) were purchased fAdaddin Industrial Inc. All chemicals in this work

were used as received without further purification.



2.2 Preparations of LDMC and LDMC-S©®

Typically, 10.0 g of KL, 30.0 g of phenol, 2.0 gi&OH and 50 mL of 50 v% ethanol solution were
added into a three-necked, round-bottomed flaskiged with a mechanical stirrer, and KL was pheteala
in alkaline medium at 160 °@r 2 h. Then, 10.0 mL of 37 wt% formaldehyde siootvas added dropwise,
and the mixture was stirred and heated at 70 °60onin (donated as LPF solution). After coolingaton
mixture to room temperature, the pH value of LPlEtsan was adjusted to 7.0 using 2.0 mol/L HCI sl
Afterward, solvent was removed by reduced presdistélation, and the final LPF product was dissmlv
in ethanol to precipitate salt.

Pluronic F127 was dissolved in 20 mL ethanol umdagnetic stirring at 40 °C, which was added into
the above ethanol solution containing LPF prepolyffoether stirred for 12 h. The solution was tri@nsed
onto a Petri dish, the solvent of ethanol evapdragadually at room temperature for 8 h to form a
transparent membrane first, and then the membrasdwther thermo-polymerized at 10C for 24 h in
oven. The obtained materials were scraped frordigtes and carbonized in a tube furnace undergaitro
atmosphere with the heating profile being heat;gQ0 °C at a rate of 1 °C/min and then heatingoup
900 °C at a rate of 2 °C/min followed by maintereaat 900 °C for 60 min. Finally, LDMC was obtained
after being cooled to room temperature in nitrofiew.

The as-synthesized LDMC was added into the cormatatrsulfuric acid (m/v, 1 g/20 mL) and
sulfonated under nitrogen atmosphere at 180 °C2oh. After cooling to room temperature, the black
slurry was washed with hot water (>80 °C) untildetection of SG¥ in the filtrate, then the sulfonated

product was dried at 60 °C in oven for 8 h to abtaZDMC-SG:H.

2.3 Characterization

Thermal gravimetric analyses (TGA) and differentr@drmal analyses (DTA) of F127, LPF and the
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mixture of F127 and LPF were carried out on ShirmaBa G-60H thermogravimetric analyzer in a
temperature range of 30-800 °C under nitrogen gbimere at a constant heating rate of 10 °C/min.iEour
transform infrared spectroscopy (FTIR) spectra bfakd LDMC-SQH were recorded on a Nicolet iS50
FTIR spectrometer for KBr pellets in a range of @@M0 cm' and 32 scans per sample. X-ray diffraction
(XRD) pattern of LDMC was recorded on Rigaku Smatb X-ray diffractometer with Cu & radiation
source at 40 kV and 30 mA from 10 to 80 &)(at a scanning speed of 4 °/min. The regular magop
arrangement in a2range of 0.6-5° was identified by using SAXS peofiecorded by the Rigaku Smart
Lab X-ray diffractometer with Cu &radiation at 40 kV and 40 mA with a scanning spefet °/min. The
pore textural properties of LDMC and LDMC-&®were investigated by nitrogen adsorption—desorpti
at -196°C in a Micromerities ASSP 2020 gas adsorptionyasal The specific surface are&gr) was
calculated using BET method, and the pore size&iloligion curve was obtained from adsorption bramgh
using BJH method and DFT model. TEM image of LDMQOs8 was obtained using a FEI Tecnai G2 F20
200 kV field emission transmission electron micoyse

Using elemental analysis on an Elementar Vario Malemental analyzer, the sulfur contents of KL
and LDMC-SQH were measured to be 1.84 wt% and 2.30 wt%, réispbc The loading amounts
(mmol/g) of -SQH group in LDMC-SQH was estimated using the acid-base back titratroa WDDY-
2008J automatic potentiometric titrator (Chinays#y, 50 mg of LDMC-SGH was added into 20 mL, 2
mol/L NaCl agueous solution, then the mixture wasesl at room temperature for 12 h and was cergedl.
The filtrate was titrated with 0.01 mol/L NaOH aqus solution. As a result, the loading amount @st$

group was determined to be 0.6528 mmol/g in thikwo

2.4 Fructose conversion into 5-HMF

The dehydration reaction of fructose was carriedima 25 mL digestion tube. 200 mg of fructose,



20 mg of catalyst and 2 mL of DMSO were added i@ digestion tube. The mixture was shaken
intensively (200 rpm) in shaking table by purginghanitrogen for 2 min. Subsequently, the reactias
heated at desired reaction temperature for cetitam After reaction, the reactor was cooled tortbam
temperature immediately. The suspension was thHeerefil using 0.22um filter membrane, and the
remaining amount of fructose and 5-HMF yield inréite were determined using high performance liquid
chromatography (HPLC).

For the recycling experiments, 200 mg of fructdse5 mg of LDMC-SG@GH and 2 mL of DMSO were
added to a digestion tube. The mixture was hedt&d@®°C for 120 min under nitrogen atmosphereeiAft
the reaction, LDMC-SeH was readily recovered by filtering, washing watihanol three times and dried
at 80 °C overnight. The recovered LDMC-$0Owas used to catalyze the dehydration of fructose5-
HMF over ten successive reactions by adding frasttdse (200 mg) and DMSO solvent (2 mL) in each

run.

2.5 Analysis of product

The concentration of 5-HMF was measured by HPLQyarsperformed on an Elite P-1201 (Dalian,
China) equipped with a UV-Vis detectar=284 nm) and an Agilent ZORBAX Eclipse Plus C18lgsia
column (@4.6 x 250 mm). The mixture solution of hatol and water (1/4, v/v) was used as the mobile
phase at a flow rate of 0.8 mL/min, and the coluemperature was maintained at 50 °C. In the medawhi
the concentration of fructose was tested by HPL@&lyasis performed on an Agilent 1260 Infinity II
equipped with a refractive index detector and ailehy ZORBAX carbohydrate analysis column (4.6 x
250 mm). The mixture solution of acetonitrile andter (3/1, v/v) was used as the mobile phase laina f
rate of 1.0 mL/min, and the column temperature magtained at 50 °C. The amounts of fructose and 5-

HMF were calculated according to the external steshcturves constructed with authentic standards.
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Finally, yield of 5-HMF ), fructose conversiorx) and reaction selectivity§[ were calculated based on

the Egs. (1)-(3), respectively.

n,c,VM
Y(%)=—H"H""F x100
(%) ~vS (1)
x(%) = (- %Yy x100 )
m
Y
S(%)=-x100 3)
X

wherecr andcy are the concentrations of fructose and 5-HMF (mg/étermined by HPLCn is the
original amount of fructose (mg) before reactidhis the volume of solution (mML)Yr andMu are the
molecular weights of fructose and 5-HMF (mg/mahandny are the times of volume dilution for fructose
and 5-HMF, respectively.

In addition, the important byproduct of levulinicia generated from the further acid catalyzed
degradation of 5-HMF was determined using gas chtography (GC) performed on an Agilent 7890N
GC equipped with a flame ionization detecaod an Agilent 19091N-116 HP-INNOWax chromatographi
column (60 m x 0.32 mm x 0.26n). Nitrogen was used as carrier gas. Thall6f sample was injected
and the injector temperature was set at 250 °Cpiit siode with split ratio of 20. The GC oven
temperature was programmed from 100 °C (3 min) 26 2C (10 min) at 30 °C/min. The detector

temperature was maintained at 250 °C.

2.6 Batch adsorption experiments

Adsorption kinetic experiments of fructose and 54Hbh LDMC-SQH were carried out in a series
of 25 mL digestion tubes. 200 mg of fructose, 20ohgatalyst and 2 mL of DMSO were added into the
digestion tube at 45+0.2 °C. All digestion tubegevplaced in a thermostatic orbital shaker (THZ;C-1

Qiangle Lab Instruments, China) and agitated cootisly at a constant speed of 150 rpm for different
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contact time. The suspension was then filteredgudiB2um filter membrane, and the molar concentrations
of fructose remaining and 5-HMF in filtrate werdaeatenined using HPLC mentioned above. The amounts

adsorbed of fructoseyf) and 5-HMF §+t) were determined using the following Egs. (4),(5):

_ (¢, —c:)*x18016xV
m

(4)

R

(c, —c,)x12611xV
G = (5)

wheregrt andgnt are the amounts adsorbed of fructose and 5-HMF adisorption at different contact time
(mg/qg), cro andcHo are the initial molar concentrations of fructose &HMF (mol/L), crrandch: are the
molar concentrations of fructose and 5-HMF afteegain adsorption time (mol/LY is the volume of

DMSO added into adsorption system (mL) amds the mass of LDMC-S] as adsorbent (g).

3 Results and discussion

3.1 Sulfonic acid-functionalized LDMC

To ensure an appropriate carbonization temperdtrreemoving soft temple (F127) completely
during the preparation process of catalyst, theolggis analyses of main substances involved in
experiments were conducted by means of the methfolSA and DTA, and the results were shown in Fig.
1. It can be seen from Fig. 1a that all of the UPE27 and their compound start to lose weight at°12
Especially for F127, its weight loss increases ditarally at 315 °C, and then becomes gentle at°€10
finally leading to zero in weight. In the meantintiee DTA curve in Fig. 1b further exhibits the nraxim
weight loss rate of F127 pyrolysis occurs at 380 A@hlighting the complete removal of F127 at
temperature higher than 400 °C. While the weigkt loate of LPF pyrolysis is relatively stable ie th

temperature range from room temperature to 1000-6@hermore, it is also observed in Fig. 1b that t
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maximum weight loss rate of the pyrolysis of compdof LPF and F127 appears at 395 °C, which iseclos
to the result of F127, thus suggesting the weigés bf compound is mainly caused by F127 combustion
Thus, F127 can be removed absolutely at the sdlemdebonization temperature of 900 °C in this
experiment.

At carbonization temperature of 900 °C, the XRDtgrat in Fig. 2 of as-prepared LDMC is
characterized mainly by two peaks appeared arowr2Ra and 43°, respectively. The former broad
diffraction peak corresponds to the (002) reflatid graphite, illustrating the composition of nagular
multi-ring aromatic carbon thin layers. And thddatpeak with less intense is attributed to th@)Xhd/or
(100) planes of graphite, suggesting an occurrehgeaphitic structure in LDMC.

Fig. 3 illustrates the FTIR spectra of KL and LDMBG:H. The FTIR spectrum of KL displays the
typical structural characteristics of KL. A stroagd broad peak is observed around 3428,omhich is
originated from O-H stretching, illustrating theepence of a large amount of aliphatic hydroxyl grand
phenolic hydroxyl group in KL structure. The abgmp bands located around 1600 and 1515 @re
assigned to vibrations of aromatic rings in lignMore absorption bands are observed at 1456 cm
(deformation vibration of the CH- group in the atin ring), 1370 cm (symmetric deformation vibrations
of C-H in methoxyl groups), 1270 and 1230 “tigstretching vibrations of guaiacyl rings), 1130 cm
(vibrations of syringyl ring) and 1030 chideformation vibrations of the C-H bonds in theigayl ring
and C-O bonds) [25]. Furthermore, it is found tthet intensity of the absorption band at 1515'dm
greater than that at 1600 ¢nand the intensity of the absorption band at 1&@#d is also greater than that
at 1230 crit, as well as there is an intensive absorption Bard®30 cri, all of which are very typical for
the FTIR spectrum of softwood lignin containing mguaiacyl! units [26]. For LDMC-SB, there occurs

a strong and broad adsorption peak around 1084 anminating from S=0 bond (~1190 cihand C-S
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bond (~1040 cm) in its FTIR spectrum, confirming a successfutaduction of -SGH group into LDMC
structure after sulfonation.

Fig. 4 shows the SAXS patterns of LDMC preparedh®y method of solvent evaporation induced
self-assembly (EISA) and the sulfonated LDMC afielfonation treatment. The SAXS patterns of the
synthesized carbon materials from Fig. 4 revealtbkresolved (100) (2=1.0°) and the (110) and (200)
peaks, indicating an existence of ordering at l@argye distance associated with the two-dimensi@i)
hexagonal symmetryp6m mesostructure) [27]. Because the adisorption-desorption isotherms at a low
relative pressure of approximately 0.01-0.04 issodered as exhibiting microporous characteristdg, [
Fig. 5 depicts the Nadsorption-desorption isotherms in the relativespure at P{2>0.05 and pore size
distribution of LDMC before and after sulfonatidfig. 5a reveals that carbon samples are charagteriz
by a broad hysteresis loop at a high relative pres¢P/B>0.4). The isotherm is type IV, a typical
mesoporous material. Meanwhile, a narrow peak ne gze distribution occurs at about 3.42 nm shown
in Fig. 5b. Notably, there is no obvious differemt&AXS pattern between LDMC and LDMC-SO(Fig.

4), and the same result occurs in the results of Bieasurement as shown in Fig. 5. Furthermore, seen
from Table 1, the specific surface area and theopme volume V{mesg reflecting textural properties of
mesopore in LDMC are similar to those of LDMC-$0 indicating a good maintenance of mesoporous
structure in carbon material after sulfonationtimeant. Compared with the lignin-derived solid aiéC-
SOsH) prepared via incomplete carbonization (at 450 falowed by sulfonation in our previous work
[28], there is no obvious structural shrinkagelfMC-SOsH after the treatment of concentrated sulfuric
acid probably due to its higher crystallinity afearbonization at high temperature (900 °C usetthim
work) shown in Fig. 2.

The morphology and microstructure of LDMC-$Oinspected by transmission electron microscopy
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is shown in Fig. 6. It is observed clearly that LOMbGH exhibits hexagonally arranged and stripe-like

patterns, further authenticating a well-orderedhzZ@agonal mesoporous characteristics [27].

3.2 Conversion of fructose into 5-HMF

To evaluate the catalytic performance, LDMCsBMas used as solid acid catalyst for the dehyainati
of fructose into 5-HMF in DMSO. Fig. 7 exhibits tidluences of reaction temperature and time on the
dehydration of fructose into 5-HMF in terms of frose conversion, 5-HMF yield and reaction selettivi
with LDMC-SO:H and without catalyst (blank tests). Seen from Figc,e, it is observed that fructose
conversion, 5-HMF vyield and selectivity increaséhwirolonging reaction time in the absence of gatal
reflecting a certain catalytic reactivity of DMSGo(vent) in the conversion process of fructose.
Furthermore, higher temperature more exacerbatiss ctenge trend. However, by comparing the
experimental results between dehydration fructos&-HMF with LDMC-SQH (Fig. 7b,d,f) and those
without catalyst (Fig. 7a,c,e), it is found that MB-SOsH can accelerate the conversion of fructose
significantly. For example, the fructose conversiacreases from 53.0% to 92.2% with adding LDMC-
SOsH (catalyst load of 10 wt%) at 140 °C for 60 minoid importantly, it is found that in the absence of
catalyst, the 5-HMF yield (8.1%) and selectivit¥ (3%) are very low at the initial reaction timeddaw
temperature can prolong this initial period dracwlty. It is widely believed that the dehydratidrgtucose
or fructose to 5-HMF catalyzed by an acid cataiystia an open-chain or a cyclic furanose interraedi
pathway [29]. A key intermediate in the dehydratreaction of fructose to 5-HMF in DMSO at 150 °C
without catalyst was identified by Amarasekaral €8@]. It was found that there was a synergistitatysis
between DMSO solvent and acid catalyst for thistiea. In this work, it is proposed that due to kiveger
time spent on the dehydration of fructose to inesiates in the absence of catalyst compared torthiag¢

present of LDMC-SGH as catalyst, 5-HMF is not formed during the fpstiod of time. In other word, the
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prepared LDMC-SgH can accelerate the intermediate reactions tdesméne time for generating 5-HMF
from fructose in DMSO solvent.

In the meanwhile, it was observed obviously in Fig.that the conversion of fructose increases with
prolonging time until it reaches a high equilibrigonversion and is even completely transformedablgt
increasing reaction temperature can shorten thetioeatime required to achieve the equilibrium
conversion or the full conversion of fructose. Witthe scope of experiments, fructose conversigrlvg-
yield and selectivity reach the maximum values @.0%, 98.0% and 98.0% when reaction temperature
and time are 140 °C and 120 min, respectivelys farticularly noteworthy that 5-HMF yield as wad
reaction selectivity increase dramatically to treximum values first but then decline gradually withe.
Research over the years has revealed that in adddtithe main reaction of dehydration of fructoge 5-
HMF, the transformation process of fructose catdyhy acids is complicated owing to the simultaseou
existence of side reactions including tandem angloallel reactions [2,31,32]. With prolonging reéac
time to some extent, side reactions could occueuadough reaction time. For example, the accumoulat
of 5-HMF produced from fructose-to-5-HMF transfotioa will accelerate the further degradation of 5-
HMF to other substances with smaller molecular Wwegyich as levulinic acid [32-35], thus leadingite
gradual decreases in 5-HMF yield and reaction seigc Under the experimental conditions of reaati
temperature and time of 140 °C and 120 min, 5-H¥eyand selectivity are only 8.1% and 10.3% withou
catalyst, but both of them increase dramaticaltheomaximum 5-HMF yield (98.0%) with adding LDMC-
SOsH (catalyst load of 10 wt%). It is suggested thBIMC-SOs;H can accelerate the fructose conversion
and has highly selective catalysis for the coneersif fructose to 5-HMF in DMSO within 120 min. And
when reaction time is prolonged from 120 min to k80, some 5-HMF is rehydrated to levulinic acid)(4

mol%), thus slightly decreasing 5-HMF yield fronetimaximum value of 98.0% to 93.8% (Fig. 7d), which
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basically corresponds to the stoichiometry of rehtidn reaction of 5-HMF to levulinic acid. In atidn,
based on the mass balance of 5-HMF, a small antd#HMF (about 0.2 mol%) is probably transformed

into the insoluble humins.
3.3 Reaction kinetics study

Kinetics study of fructose dehydration into 5-HM$ing LDMC-SQH as a catalyst was investigated.
Previous studies have certified the assumptionttietonversion of fructose into 5-HMF is inclined
obey a pseudo-first order reaction process whestdse is dehydrated into 5-HMF (the sole and stable
degradation product) with high selectivity [11,3bhus, under experimental conditions, the ratewdtbse
conversion can be expressed as follows (Eq. (&€9Qrding to the first order reaction:

dee _ _

— 6
it (6)
which, integrated, lead to Eq. (7):
C 1
kt=In-—"==In
Cr 1- X (7)

wherek is the pseudo-first-order rate constant of fruetdehydration at a certain reaction temperature
(minY); t is the reaction time (min); angis the conversion of fructose at a certain readiime (%).
Results of the data fitting are listed in TablélBe correlation coefficier® shows relatively good

linearity at different reaction temperature, whstlpports the hypothesis of pseudo-first order reador

the dehydration of fructose into 5-HMF. Furthermae listed in Table 2, the obtained rate congigruf
fructose-to-5-HMF transformation increasdsen the reaction temperature increases from 126@c°C,
thus quantitatively confirming an obvious promotadriructose conversion into 5-HMF via raising reaic
temperature. In addition, the reaction rate congtdiows Arrhenius equation (Eq. (8)), and itsdwighmic

form is shown as Eq. (9).
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Ea
k=Ae R ®)

Ink:—E_T_+InA 9)
whereA is the pre-exponential factor (minandEais the activation energy (kJ/mol). Results of tlagad
fitting for the plot of (Ink) as a function of (1) based on the Arrhenius equation are also list&@ble 2.
As shown in Table 2, the obtainédandA for the fructose conversion without catalyst anthwiDMC-
SQOsH as catalyst are 114 kd/mol, 3.13 ®2@intand 72 kJ/mol, 7.04 x 1@nin, respectively. It further
affirms that the addition of LDMC-S4Bl as catalyst can decrease the reaction activaergy and
promote the efficient conversion of fructose sigmaihtly, and it is suggested that the synthesiZetC-
SG:H in this work has a comparable efficiency as algat for fructose dehydration to 5-HMF in DMSO
over other efficient porous solid acids reportetitérature [11], such as sulfonic acid-functiozall metal-
organic frameworks (55 kJ/mol), HZSM-5 (Si/Al=25§0( kd/mol), bifunctional catalyst prepared by
sulfonic acid- and ionic liquid-functionalizatiorveér mesoporous silica nanopatrticles (68 kJ/mol)ennd
the reaction conditions of temperature of 120 f@etof 60 min and catalyst load of 60 wt% in DMSO.

Fig. 8a exhibits the comparison of catalytic parfance of different catalysts including three typica
commercial solid acids of HZSM-5, Amberlyst 15 grttbsphotungstic acid (PTA) for the conversion of
fructose into 5-HMF under the previous optimizeaditions. As shown in Fig. 8a, fructose conversion
(100%), 5-HMF vyield (98.0%) and reaction selecti@28.0%) obtained with LDMC-S£BI as catalyst are
much higher than those with HZSM-5 as catalystheameanwhile, the catalytic performance of LDMC-
SG:H for production of 5-HMF from fructose dehydratisncomparable to that of Amberlyst 15 or PTA,
highlighting a good prospect for catalytic applioatof LDMC-SQGH in the conversion of fructose into 5-
HMF. Furthermore, to verify the behavior of cata)yke effect of reaction time on the fructose cansion

reaction with three different catalyst (Amberly&, PTA and LDMC-SGH) were investigated, and the

18



results are shown in Fig. 8b. Seen from Fig. 8br#action time to reach the maximum fructose crgioe
and 5-HMF yield is within 40 min using PTA as cg) which is shorter than that using Amberlystot5
LDMC-SGsH as catalyst, highlighting the catalytic efficigrnaf PTA. Notably, it is observed that although
the variation trend of fructose conversion withatean time using Amberlyst 15 is similar to thaing
LDMC-SGsH, the 5-HMF yield obtained using Amberlyst 15 isch lower than that using LDMC-SB
during the experimental time (~120 min). As is kmowoth of Ameberlyst 15 and PTA have very higldaci
density [37]. In addition, Bispo et al [38] propdgbat when the loading of -SB group on sulfonic acid-
functionalized periodic mesoporous organosilicas wat less than 0.56 mmol/g, other particular fiacto
such as the problem of acid sites accessibilityhinadso influence the activity of catalyst. Therefothe
result in this work implies that the ordered mesops structure of LDMC-S§MH bearing less acid sites
(0.6528 mmol/g of -SeH group density) compared to Ameberlyst 15, coubpmably contribute a lot to

promote the conversion of fructose into 5-HMF viaypding pore channels for the acid sites accelgyibi

3.4 Catalytic mechanism

It has been reported that mass transfer limitatadtesn result in a reduced selectivity for exotherm
reactions, but the similar result was also founthendehydration of fructose into 5-HMF as an ehdonic
reaction [11]. To confirm the contribution of pareannels of the lignin-derived mesoporous carbdhdo
heterogeneous catalytic system, adsorption stuiésictose and 5-HMF onto LDMC-S8 in DMSO
solvent were carried out, respectively. Fig. 9silfates the adsorption kinetic curves of fructose&HMF
on LDMC-SQGH under the experimental conditions of LDMC-$00of 20 mg as adsorbent, DMSO of 2
mL, initial concentration of fructose or 5-HMF 0oDQ mg/mL and adsorption temperature of 45 °C.
Interestingly, it is observed that there are ddférstages occurred during adsorption processdriiitst

stage, a small amount of fructose is adsorbed gihdonto LDMC-SQH during the initial 50 min. And
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then, the adsorbed amount of fructose increasesali@ally with prolonging adsorption time to 90 nim
the second stage. Finally, in the third stage atth&rption kinetic curve of fructose on catalysictees a
platform within the experimental range of adsomptitme from 90 to 240 min, and the equilibrium
adsorption capacity of fructose on LDMC-&0Dis determined to 691.4 mg/g. However, compared to
fructose, 5-HMF is barely adsorbed onto catalysinduits whole adsorption process, highlighting an
obvious difference in adsorption behavior on LDMOsH between fructose and 5-HMF.

Based on the data shown in Fig. 7, the fructoseeasion without catalyst (42.8%) is lower than that
with LDMC-SOsH (82.7%) at 30 min; at the same time, the formé\dF yield is close to zero, but the
latter 5-HMF yield is obtained to 46.9%. It is segted that although fructose can be converted DM
at high temperature, the fructose-to-5-HMF transi@tion only quickly occurs on the LDMC-SB® when
fructose is gradually adsorbed onto LDMC<450n the first adsorption stage. With prolongingé from
60 to 120 min, the 5-HMF yield without catalyst resrslightly from 1.0% to 8.1% which can be negidct
but the 5-HMF yield in the presence of LDMC-&Dincreases dramatically from 77.7% to 98.0%.
Interestingly, it is found that the difference irHB/F yield increases significantly (from 46.8% & Bin
to 76.7% at 60 min to 89.9% at 120 min), which adsowith the result that larger amount of fructase
adsorbed onto LDMC-SB and contacts its acid sites for achieving highdtMF yield in the second
adsorption stage mentioned above. It can be irdfahat the yield of 5-HMF increases significanttytize
initial reaction stage until reaching the maximuaiue (98.0%), which is probably due to the incne@si
adsorbed amount of fructose onto LDMC+B0The result also demonstrates that the dehyadratiocess
of fructose to intermediates can be sped up draaibtiand 5-HMF can be obtained quickly through the
contact between fructose and LDMC-$50Dhighlighting the efficient catalytic activity &fDMC-SOzH in

the dehydration of fructose to 5-HMF.
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In addition, because LDMC-S8 can hardly adsorb 5-HMF within the experimentalet range of
0~240 min, the 5-HMF generated during the dehydnagirocess of fructose can be removed away from
the acid sites of LDMC-SgB1 into DMSO solvent instantaneously, thus enhantiegreaction selectivity
significantly via greatly reducing the further aciatalyzed degradation of 5-HMF into byproducts-§%].
Moreover, due to the more hydrophobic nature of HiEh fructose, it can be speculated reasonabty tha
the as-prepared LDMC-S8 has a suitable hydrophobic/hydrophilic balancthefsurfaces, which is more
favorable for the faster departure of the gener&tétMF, thus retarding the rehydration of 5-HMF to
byproducts and improving selectivity significant8g].

To further clarify the correlation between mesopsratructure of LDMC-SgH and its catalytic
mechanism for fructose-to-5-HMF transformation,rfadsorption kinetic models including pseudo-first-
order, pseudo-second-order, Weber-Morris (intraigar diffusion) and Bangham (two-constant rate)
equations were employed to fit the adsorption kenesirve of fructose on LDMC-S4BI shown in Fig. 9.
The linear fitting results are illustrated in Fid).

The integral expression of pseudo-first-order kinetodel proposed by Lagergren as Eq. (10):

K t
2.30¢

log(d: —d¢) =logq, - (10)
wherek; is the pseudo-first-order rate constant (fiand gre is the equilibrium amount adsorbed of
fructose after equilibrium adsorption (mg/g). Valokek; was calculated from the slope of the plots of
2.303xlog @rd(are-gry)) versug (Fig. 10a). The pseudo-second-order rate equatinrbe followed as Eq.
(11):

t 1t

= +_
G ko' G (11)

h=k? (12)

wherek: is the pseudo-second-order rate constant (g/(nmy),i expresses the initial adsorption rate
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(mg/(g-min)) (Eq. (12)). Values & andgrewere calculated from the plots @dF: versug (Fig. 10b).

In general, the adsorption process onto porousrhdsts includes four major steps: (a) external
diffusion in bulk liquid-phase, (b) boundary laykffusion, (c) intra-particle (pore) diffusion withparticle
and (d) adsorption on active sites [40]. Among thadsorption occurs instantaneously and its effect
adsorption rate can be neglected. Thus, the maistaaces to mass transfer are liquid film diffasio
(including steps (a) and (b)) and intra-particléfusion. To further predict the rate-limiting stey
adsorption process, Weber-Morris model (intra-platidiffusion model) is suggested, which can be
described by the following Eq. (13):

Qe =kt +C (13)
wherekip is the intra-particle diffusion rate constant (nggftirf-9), C is a constant being closely related
with the thickness of boundary layer (mg/g)Cl# 0, indicates that intra-particle diffusion is ribé only
controlling step and more than one diffusive resise are involved in the adsorption process. Ngtabl
multilinearities can be observed from the lineant @f g versust®® (Fig. 10c) and the plots do not pass
through the origin, demonstrating that the intratipke diffusion controls the adsorption process$ bot
the only rate-limiting step. In other words, thesm&ansfer in adsorption process is mainly infagshand
controlled by liquid film diffusion and intra-pacte diffusion. As defined in Eq. (13), the slopéshe first
linear sectionk{1) and the second linear sectid) are the diffusion rate constants for differerg@gbtion
stages.

The Bangham kinetic model is expressed as Eq. (@4igh is often known as the two-constant rate
equation and usually employed to describe the nreshmaof pore diffusion in the complex heterogeneous
diffusion process [41,42].

Ing. =Inv+k, Int (14)
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whereks, is the rate constant (mg/(g- min)) and also a constant indicating the adsorption isitgnk, and
v can be determined from the linear plot ofjkaversus Int (Fig. 10d)

Seen from Fig. 10, comparing the correlation coffits R%) of four adsorption kinetic equations,
the adsorption process of fructose onto LDMCs8@nore follows the Bangham kinetic modé&¥ (=
0.90337) and the Weber-Morris kinetic mod@d £ 0.81561 for the first adsorption stag= 0.90580 for
the second adsorption stage). Furthermore, for Wigloeris model the calculated value dfi1 (12.61999)
iIs much lower than that df. (252.3087), highlighting that the adsorption ratdroctose onto LDMC-
SCG:H is more controlled by liquid film diffusion (aate-limiting step) in its initial adsorption proseghe
first stage). Based on the combination of the cahensive analyses above and the structural
characteristics of LDMC-S£B, it is suggested that the adsorption kinetianfiftresults conform to the
diffusion-controlling adsorption of reactant ontarpus catalyst during the heterogeneous catalysceps.
Both of liquid film diffusion and intra-particle ¢oe) diffusion contribute to the adsorption meckanpf
fructose on LDMC-SGH. Moreover, the mass transfer rate of fructose beyncreased via accelerating
stirring to decrease the resistance of liquid fnd/or enlarging pore size as well as porosityatdlyst to
facilitate the intra-particle (pore) diffusion.

Combining the analyses of reaction kinetics ancdgutsn kinetics above, the catalytic mechanism
of LDMC-SGsH in the dehydration of fructose into 5-HMF witlghiconversion and selectivity is proposed
as shown in Scheme 2. As can be seen, the welteatdeesostructure provides LDMC-80Owith larger
area for grafting more -S# groups to improve the fructose contact with aitds and the suitable paths
(pore channels) for the diffusion of the fructosel ahe generated 5-HMF, which contributes to thghhi

catalytic performance of LDMC-SB in the conversion of fructose to 5-HMF.

3.5 Stability in catalytic performance
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Besides catalytic activity, the stability of catstlyis another vital property for demonstrating its
catalytic performance under the background of graed sustainable chemistry. To investigate the
reusability of LDMC-S@H in the dehydration of fructose to 5-HMF in DMS®ten-run experiment was
performed, and the results are shown in Fig. 11ablg, under the conditions of catalyst load ofS8wt%
(mass ratio of catalyst to fructose), reaction terafure and time of 140 °C and 2 h, the fructoseersion
decreases slightly from 98.0% to 95.8% along wittearease in 5-HMF yield from 92.1% to 88.2% in
former six runs owing to the existence of minoramation of catalyst, but both of fructose convens
and 5-HMF yield have obvious decreases in later fans. First of all, compared to other sulfoniedac
functionalized porous materials used as cataly$tuctose-to-5-HMF transformation in DMSO listed in
Table 3 [2,8,11,43] , the as-prepared catalysthi;mwork exerts better stability in catalytic perfance in
terms of 5-HMF yield with a high 5-HMF selectivify90%) in former six runs. The effect of catalysd
on the catalytic performance in fructose dehydratm5-HMF is investigated, and the correspondesyiit
demonstrated in Fig. S1 shows that 5-HMF yield dussdecrease linearly with decreasing catalysi.loa

As shown in Fig. S1, when catalyst load decreasas 8.75 wt% to 3.75 wt%, 5-HMF yield decreases
slightly from 91.9% to 88.1%, the variation curgerelatively smooth. However, with further decregsi
catalyst load from 3.75 wt% to 1.25 wt%, 5-HMF dielecreases from 88.1% to 74.7%, and even decreases
to 8.1% in the absence of solid catalyst. Intengdyi 5-HMF vyield increases significantly from 8.1%
(without adding anything) to 34.3% with adding LDMb&fore sulfonation, suggesting that LDMC without
—SQH groups also exerts the catalytic performanceuctbése dehydration to 5-HMF probably because
LDMC with an ordered mesostructure provides meseponannels with special surfaces for the
dehydration reaction of fructose in DMSO. Yang ¢t[44] indicated that the hydrophobicity of

functionalized silica nanoparticles was benefitaboth of 5-HMF yield and selectivity. Inagakiadt{45]
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proposed that the catalyst with orderly arrangedrdyhobic-hydrophilic surfaces could enclose thesgu
molecules or clusters with structural orientationts pores, thus leading to an increase in thgigcand
selectivity. Similarly, for LDMC-SGH in this work, the structure with suitable hydropic/hydrophilic
balance of its surfaces can be beneficial to aelamgount of capture of the fructose as well assa fa
departure of the 5-HMF produced from fructose deatydn reaction within the pore channels of catalys
which finally improves catalytic activity and reamt selectivity. Thus, it is suggested that thentbgHMF
yield and selectivity in fructose dehydration isymnergistic effect of mesopore structure with acgyge
surface and -S§M groups with a relatively high content in LDMC-&O

The deactivation of functionalized solid acid indtose dehydration to 5-HMF could be due to the
obstruction of insoluble humins generated in seketion or the leaching of active acid sites attpeated
catalytic cycles [2,44]. As discussed3dr2 Conversion of fructose into 5-HMF, there is almost no humins
produced under the optimized conditions. Therefibre Joss of -SeH groups (acid sites) may be the main
reason for the deactivation of LDMC-&) which has a much more obvious effect on thelgata
performance in later four runs than that in forsigrruns in our work (Fig. 11), thus resulting in@nlinear
variation trend for ten-run experiment. It is prepd that when the content of -&Ogroup in LDMC-
SG:H is not very low, the problems of acid sites asd@bty and reaction interface probably also irgfhce
the catalytic performance of catalyst, which isi&amto the description by Bispo et al [38]. Consaly,
the density of -SeH group in LDMC-SGH is the key factor affecting its catalytic perfante in the

conversion of fructose to 5-HMF.

4 Conclusions

In summary, owing to the characteristics of ligaimemical structure, sulfonic acid-functionalized

well-ordered mesoporous carbon derived from kngftih was prepared successfully by adopting the
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methods of phenolation, EISA and sulfonation. Coragavith other solid acid catalysts reported, the a
prepared LDMC-SgH exhibited superior catalytic performance in tbewersion of fructose into 5-HMF.
A high 5-HMF vyield of up to 98.0% with a full fruzée conversion was obtained under the conditions of
fructose of 200 mg, LDMC-SB of 20 mg (catalyst load of 10 wt%), DMSO of 2 nnéaction temperature
and time of 140 °C and 2 h. Results revealed tiemtonversion reaction of fructose catalyzed by LIOM
SOsH in DMSO solvent might obey pseudo-first-orderdtins with an observed activation energy of 72
kJ/mol which was lower than the activation energ¥let kJ/mol for the reaction in the absence odlyst.
Interestingly, it was found that LDMC-SB was inclined to adsorb fructose rather than 5-HMRich
probably contributed a lot to the efficient catadywith a high selectivity of 98.0% for fructose-feHMF
transformation. Moreover, adsorption kinetic analysdicated that the adsorption of fructose ornbdMC-
SO:H more followed Bangham kinetic model and Weber-iokinetic model, which accorded with the
result of diffusion-controlling adsorption on posogatalyst, further discovering the probable caialy
mechanism of LDMC-S€H in the dehydration of fructose into 5-HMF besidtsssulfonic acid groups as
Brgnsted acid sites. Most importantly, LDMC-$0possessed superior reusability with excelleritikta

of the relatively high 5-HMF vyield for fructose dalration in DMSO.
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Captions of Schemes and Figures
Scheme 1 Schematic illustration of the synthesis procesls¥IC-SOsH derived from kraft lignin.
Scheme 2 Proposed schematic illustration of the correlabetween the mesostructure of LDMC-5D
and its catalytic mechanism for fructose-to-5-HNM&nsformation.
Fig. 1 Pyrolysis behaviors of LPF, F127 and the compafrid®F and F127.
Fig. 2 XRD pattern of LDMC prepared via carbonizatior9@0 °C.
Fig. 3 FTIR spectra of KL and LDMC-S4B1.
Fig. 4 SAXS patterns of LDMC before and after sulfonaticatment.
Fig. 5 (a) Neadsorption-desorption isotherms and (b) pore sgteiloution of LDMC and LDMC-SGH.
Fig. 6 TEM image of LDMC-SGH.
Fig. 7 Effects of reaction temperature and time on theydedtion of fructose to 5-HMF: without catalyst
(a, c and e) and with adding LDMC-&®D (20 mg) as catalyst (b, d and f). Reaction coons: fructose
(200 mg) and DMSO (2 mL).
Fig. 8 (a) Effect of catalyst type on the conversionrattose into 5-HMF (reaction conditions: temperatur
(240 °C), time (2 h), initial concentration of ftose (100 mg/mL), catalyst (20 mg) and DMSO (2mL));
(b) Effect of reaction time on the dehydration rfctose to 5-HMF with adding different catalystacgon
conditions: temperature (140 °C), initial concetitra of fructose (100 mg/mL), catalyst (20 mg) and
DMSO (2mL)).
Fig. 9 Comparison of adsorption capacity on LDMC<B6Cchanged with time between fructose and 5-
HMF. Conditions: temperature (45 °C), initial contration of fructose or 5-HMF (100 mg/mL), LDMC-
SOsH (20 mg) and DMSO (2 mL).

Fig. 10 Four kinetic models plot for the adsorption ofdiese onto LDMC-SgH. (a) pseudo-first-order
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kinetic equation, (b) pseudo-second-order kinafigation, (c) Weber-Morris (intra-particle diffusion
equation, (d) Bangham (two-constant rate) equation.

Fig. 11 Recycling experiments of LDMC-S8 for the dehydration of fructose to 5-HMF. Reagtio
conditions: fructose (200 mg), LDMC-3B (17.5 mg), DMSO (2 mL), reaction temperature &nte

(140 °C and 2 h).
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Table1

Textural properties of LDMC before and after sudtian treatment.

S3ETa Vmesé) Db
Sample
(m?/g) (cm/g) (nm)
LDMC 260.0 0.075 3.42
LDMC-SGOsH 261.7 0.067 3.42

2The specific surface area was calculated using B&del.

 The mesopore volume and the pore diameter weesrdieted using DFT model.
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Table 2
The first-order kinetic parameters for fructosesension in DMSO without catalyst

and that catalyzed by LDMC-SB.

No catalyst LDMC-SGH
T (K) ki (min'?) R? T (K) ki (min'?) R?
393.1¢ 0.0053: 0.9247: 393.1¢ 0.0148: 0.9639:
403.1¢ 0.0052( 0.8203¢ 403.1¢ 0.0311¢  0.9307(
413.1¢ 0.0102( 0.9328t 413.1¢ 0.0447.  0.9637:
423.1¢ 0.0261( 0.9737( 423.1¢ 0.0885°  0.9569:
433.1¢ 0.0266( 0.9624: 433.1¢ 0.1133!  0.8541¢

ki=3.13<1012exp (-114/RT) 0.97641 ki=7.04x10" exp (-72/RT) 0.97590
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Table 3
Comparison of catalytic performance in fructoseydieation to 5-HMF in DMSO between sulfonated

porous materials.

. talyst Fruct -HMF
Temperature Time Catalys uctose 5

Catalyst o . load® conversion yield Stability
O ™ ww) ) )
71.4% 5-HMF in
the F'run and
KIT-6-Pr-SQH [2] 165 30 28 100.0 84.1  57.6% 5-HME in

5% run

Deactivated to

OMC-SQH [8] 120 15 33 98.7 89.4 <85.0% >-HMF
after 3 runs

Deactivated from
90.0% 5-HMF in
MIL-101(Cr)-SGH [11] 120 60 60 100.0 91.0 1styun to 85.0% 5-

HMF in 5" run

Deactivated from
81.1% 5-HMF in
MLC-SOzH [43] 130 40 50 100.0 81.1 1styunto 74.6% 5-

HMF in 5" run

Deactivated from
92.1% 5-HMF in
_ 15trun to 88.2% 5-
LDMC-SGOsH (this work) 140 120 10 100.0 98.0 HME in 6" run and
to 72.8% 5-HMF
in 10" run

dCatalyst load means the mass ratio of catalystitidse.
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