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Abstract 

The conversion of carbohydrates to 5-hydroxymethylufurfural (5-HMF) in a biphasic system have been studied by using various H-form 

zeolite catalysts. The biphasic reactor system consists of aqueous phase and organic phase (1:2 w/w).The aqueous phase which contains 

of feed stock, catalyst, sodium chloride (NaCl), Deionized water (dH20) and an organic phase which contains the methyl-isobutyl-ketone 

(MIBK).The effects of different factors, such as the type of catalysts, reaction temperature and reaction time, on the yields of 5-HMF 

have been studied systematically in the biphasic system. The catalysts have been characterized by various analytical techniques (XRD, 

FETEM, N2-Sorption, Py-FTIR, and NH3-TPD) to study on crystal structure, morphology, acid properties, and texture, respectively. 

Among the catalysts tested, H-Beta showed the highest 5-HMF yield of 94% with a fructose conversion of 98%. The highest selectivities 

to 5-HMF obtained with the glucose (74%) and cellulose (41%) substrates are, respectively, at 180°C. The H-Beta showed excellent 

stability without any deactivation even after 5 cycles have been reused. 
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INTRODUCTION 

The research on biomass conversion to value-added chemicals is gaining significant attention in recent years. The second 

generation (lignocellulosic) biomass such as agricultural and forest residues, contains cellulose, hemicellulose, and lignin as 

major building blocks.[1] The 5-hydroxymethydlfurfural (5-HMF) is an important platform chemical that can be derived from 

biomass, particularly from cellulose which is a polymer of glucose.[2] The 5-HMF has numerous applications in polymers, 

solvent industries, and biofuels.[3] 

5-HMF could be produced from fructose, an isomer of glucose, with high yields.[3a] However, it is costlier and less 

abundant. Therefore, the direct conversion of glucose and cellulose to 5 HMF has been explored. However, this process 

requires the presence of both Brønsted and Lewis acid sites. However, some researchers reported a mechanism which suggests 

the direct conversion of glucose to 5-HMF without the formation of fructose, which indicates that only Brønsted acid sites are 

sufficient for the reaction.[4] 

In the early years, homogeneous catalysts have been explored for direct conversion of glucose and cellulose to 5-HMF. 

Mineral acids such as H2SO4 and HCl are tested for this reaction, but obtained low yields (13% with H2SO4[5] and 10% with 

HCl[6]). Metal chlorides such as CrCl3 alone also resulted in low yields (≈10%).[7] Higher yields are reported when CrCl3 is 

used in combination with ionic liquids (IL) or mineral acids (>70% with IL[8] and 59% with HCl[9]). The major issues in using 

the above mentioned recycle. In contrast, solid acid catalysts have numerous advantages over homogeneous catalysts in terms 

of product separation, catalyst-life, -recovery, and -recycle.[1a, 3b, 10] 

Zeolites have also been studied for this reaction.[3b] Hu et al.[11] studied various zeolites with IL ([BMIM]Cl) as a solvent, and 

reported 50% yield of 5-HMF from glucose over Beta zeolite. Otomo et al.[12] tested the Beta zeolites calcined at different 

temperatures for glucose dehydration. The authors claimed that the high calcination temperatures (750°C) resulted in higher yields 

of 5-HMF (55%) due to the generation of Lewis acid sites. Most of the studies on zeolites as well as other solid acid catalysts 

involve the use of either dimethyl sulfoxide (DMSO) or IL as solvents.[3b, 13] However, these high boiling solvents require high 

energy for the product (5-HMF) separation from them. 

In the present study, zeolite catalysts i.e., H-Beta, H-MOR, 

H-Y, and H-ZSM5 have been tested for the conversion of carbohydrates (fructose, glucose, and cellulose) to 5-HMF in a biphasic 

system containing eco-friendly solvents (water as reaction phase and Methyl isobutyl ketone (MIBK) as extraction phase). The 

effect of reaction conditions such as reaction time, temperature, and the substrate on conversion and yield is studied. Further, the 

stability (recyclability) of the best catalyst is investigated in this work. 

I. MATERIALS AND EXPERIMENTAL SECTION Reagents and chemicals 

All the zeolite catalysts, i.e., H-Beta (SiO2/Al2O3 mole ratio 360:1), H-Y (80:1), NH3-ZSM5 (80:1), and NH3-MOR (20:1) 

were obtained from Alfa Aesar, the USA. The NH3 forms of ZSM5 and MOR were converted to H-form by calcining at 400°C for 

2 h. Cellulose, fructose (99.5%), glucose (99.5%), and acetic acid (98%) were supplied by Hi-media, India. Formic acid (98%) was 

supplied by Loba Chemie, India. 5-HMF (98%) was supplied by SRL, India. Silicone oil, levulinic acid (97%), H2SO4 (99%), 

NaCl (99%), 1,4-dioxane (99.5%), and methyl isobutyl ketone (99%) were procured from Merck, India. All the chemicals were 

used as supplied without further purification. Deionized water (dH2O) is obtained from the Millipore water purification unit 

(Model: Elix-3 Milli-Q, Make: Millipore, France). 

Catalyst characterizations 

X-ray diffraction(XRD) patterns of zeolites were recorded using X-ray diffractometer (Model: D8 Advance, Make: Bruker, 

Germany) at a Cu-Kα radiation of 1.5406 Å in a 2θ range of 5-50° with 0.05° step size and scan speed 1 s-1. Surface 

morphology of catalyst particles was obtained using FETEM instrument (Model: JEM-2100F, Make: JEOL, Japan). A small 
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amount of catalyst was dispersed in 5 mL acetone and placed in an ultrasonic bath for about 30 min to segregate individual 

particles. After sonication, one drop of suspension was deposited onto a carbon-coated copper grid, and the film on TEM grid 

was left for 2 min. The grid was then allowed to dry in a vacuum desiccator for overnight at room temperature. 

The textural properties were studied by the N2–sorption experiments at –196°C (77K), using a Gas adsorption analyzer 

(Model: Autosorb-IQ MP, Make: Quanta chrome, USA). Prior to N2 sorption experiments, the samples were degassed at 

200°C for 4 h. The surface areas of catalysts were calculated by using the Brunauer-Emmet-Teller (BET) equation. Mesopore 

volume and size distribution were calculated with Barrett-Joyner-Halenda (BJH) method. Micropore volume and surface area 

were determined by the t-plot method. The concentration of Brønsted (CBAS) and Lewis acid (CLAS) sites was measured by 

Fourier transformed infra-red spectrometer (Model: IR Affinity 1, Make: Shimadzu, Japan) in a wavelength range of 1400 – 

1600 cm-1 with 30 scans and a resolution of 4 cm-1, using pyridine as a probe molecule. The samples were first heated to 400°C 

for 1 h, cooled to ambient temperature under a vacuum and then purged with N2. The pyridine was injected under the N2 

atmosphere at room temperature. After soaking the sample in pyridine for about 30 min, the excess pyridine was removed by 

evacuation at 100°C for 2 h. The CLAS and CBAS were calculated using the extinction coefficients reported by Emeis.[23] 

The total acidity of the samples was also determined using ammonia temperature programed desorption (NH3-TPD, Model: 

BELCAT-II, Make: MicrotracBEL, Japan) equipped with a thermal conductivity detector (TCD). In a typical analysis, the 

sample was pretreated at 400°C for 1 h under helium (He) gas flow (50 mL.min–1) and then cooled to 50°C. The sample was 

saturated with 10% of NH3/He mixture for 60 min at 50°C. The physisorbed NH3 was removed under helium flow at 100°C 

for 10 min. Finally, desorption of ammonia was carried out in the temperature range from 100 to 800°C with a heating rate of 

10°C.min-1 under helium flow  

Catalyst Activity Tests 

 

The detailed catalyst testing procedure is presented in our previous work.[24] In a typical experiment, a reaction phase, 

containing required amounts of carbohydrate (cellulose, glucose or fructose), NaCl, dH2O, and zeolite, was introduced into a 

Teflon lined stainless steel autoclave reactor. A required amount of immiscible extracting solvent (MIBK, extraction phase) was 

added to the reaction phase. The reactions were performed in a temperature range of 160 – 180°C under stirring (600 rpm) for 1-4 

h. 

After the experiment, the reaction was quenched by immersing the autoclave in an ice bath. The solid catalyst, the insoluble solid 

products (such as humins) and the unreacted cellulose (when cellulose is used as a reactant) were separated by filtration followed by 

separation of reaction and extraction phases. A portion of the reaction phase was pipetted out and diluted (1:5 w/w) with dH2O. 

Similarly, a portion of the extraction phase is pipetted out and diluted (1:0.5 w/w) with MIBK. The samples were analyzed by 

using a High-performance liquid chromatography (HPLC, Model: series 200, Make: Perkin Elmer, Switzerland), equipped with a 

quaternary pump, a refractive index (RI) detector, and a Hi-Plex H column (300 mm × 7.7 mm). The column temperature was set 

at 60°C. The mobile phase (0.01M aq. H2SO4) was pumped at a flow rate of 0.6 mL min−1. Glucose, fructose, 5-HMF, lactic acid, 

formic acid (FA), and levulinic acid (LA) were quantified using 1,4-dioxane as an external calibration standard. The conversion of 

carbohydrate and yields of products were calculated using the following equations. 

Carbohydrate conversion (%)= (Mass of carbohydrate 

reacted)/(Initial mass of carbohydrate)×100 

Yield (%)= (Moles of product formed)/(Initial moles of carbohydrate)×100 

Selectivity (%)= (Moles of product formed)/(Moles of carbohydrate reacted)×100 

In the case of cellulose, the yield is calculated based on the equivalent glucose units (molecular weight 162.14 g/mol)[25] and the 

mass of carbohydrate (cellulose) reacted is calculated by subtracting catalyst mass from the dry solid filter-cake mass obtained 

after the experiment. All the experiments are repeated at least two times and average values are reported. The details of 

experimental conditions used in this study are summarized in Table S1. The carbon balance is always above 90 ± 5%, in the glucose 

and fructose experiments and is lower in the cellulose experiments (above 70%). The mass of carbon lost to coke or humins is less 

than 10%. In the case of cellulose, the remaining mass may be in the form of oligomers, which are not quantified in this study. 

Catalyst stability test 
The reusability of H-Beta catalyst was investigated at the optimal conditions (0.2 g cellulose, 2 g dH2O, 4 g MIBK, 0.6 g NaCl, 

0.067 g catalyst, 180°C temperature, and 3 h reaction time). The catalyst sample obtained after each reaction was washed two times 

with dH2O (5 mL) and used in the next experiment without any further treatment. 

RESULTS AND DISCUSSION Catalyst Characterization 

The XRD patterns of H-Beta, H-MOR, H-ZSM5, and HY (Figure 1) are matched with the patterns typically found for these 

catalysts.[14] N2 sorption isotherms of all the zeolites are shown in Figure S1 of the Supporting Information (SI). As expected, 

all the zeolites are exhibited type IV isotherms, and both micropore and mesopore textures. This is in accordance with the 

literature.[14a] The ratio of mesopore to micropore surface area varied significantly among the catalysts (Table 1). For 

example, for H-MOR, the ratio of micropore to mesopore area is 14.5, whereas that for H-Beta is 1.49. The BET surface area 

of H-MOR is nearly equal to that of H-ZSM5. However, the micropore area and micro to mesopore volume ratio of H-MOR 

are higher than those of H-ZSM5. The average pore size of all the zeolite catalysts is in the similar range of 2.8–3.2 nm. 

Eventhough H-ZSM5 has 10-membered ring structure, the average pore size is similar to that of other 12-membered ring 

zeolites. The NH3-TPD patterns are shown in Figure S2a. All the zeolites except H-MOR exhibit three distinct peaks 

corresponding to ammonia desorbed from weak, moderate and strong acid sites of the zeolites. Based on the peak temperatures 

and the corresponding quantity of ammonia desorbed, the acid strength is found to be in the following order: H-MOR > H-Beta 

> H-Y > H-ZSM5. The NH3-TPD patterns of the zeolites and their acid strengths are similar to those reported in the 

literature.[15] The total acidity from NH3-TPD varied as follows: H-MOR > H-BETA ≈ H-ZSM5 > H-Y (Table 2). From Py-

FTIR spectra, it can be observed that the CLAS is increased and CBAS is decreased with the SiO2/Al2O3 ratio (SAR) (Table 2 and 
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Figure S2b). The highest CBAS observed with H-MOR zeolite may be due to the higher Al concentration  (lower  SAR).  The  

higher  Al  concentration 
accommodates        more        protons,        which       in-turn 

results in higher Brønsted acidity.[16] 
 

Figure 1: The powder XRD patterns of various zeolite catalysts used in this study 

Performance of Various Zeolite in Glucose to 5-HMF Conversion 

The effect of reaction temperature (in the range of 160 – 180°C) and reaction time (1.5 – 3 h) on glucose conversion and 

product yields over H-ZSM5 is shown in Figure 2. The reaction temperature has a significant influence on glucose conversion 

as well as on the yield of 5-HMF. The glucose conversion and 5-HMF yield are increased from 16% to 71% and from 12 to 

46%, respectively, with the temperature. The yields of other reaction products such as LA and FA are increased and that of AA 

is nearly constant (≈3%) with the temperature. The selectivity to 5-HMF is first increased and then decreased, and selectivities 

to LA and FA are increased, with the temperature. This implies that H-ZSM5 favours the rehydration of 5-HMF to LA and FA 

at high temperatures. 

With the reaction time, the glucose conversion is increased from 64% to 96% and the yield of 5-HMF is exhibited a maximum of 

46% at 2 h (Figure 2b). The yields of LA and FA are increased with the prolonged reaction time, indicating that the higher residence 

time is not favourable for the selective conversion of glucose to 5-HMF.[17] Therefore, a reaction temperature of 180°C and a 

reaction time of 2 h are found to be the optimum. 

The glucose conversion and yields of different products over H-Beta, H-MOR, H-Y, and H-ZSM5 at identical reaction conditions 

(Table S1, Exp. nos: 2, 7 – 9) are shown in Figure 

3. No traces of fructose (not shown in the figure) are found in the reaction products. This indicates that the fructose is converted to 

5-HMF soon after its formation and/or the reaction proceeds through either open-chain or cyclic mechanism where no formation of 

fructose could be observed. Among the zeolites tested, H-MOR and H-Beta are exhibited the highest and the lowest conversion, 

respectively. The yield of 5-HMF followed an opposite trend and is the lowest over H-MOR and the highest over H-Beta. The 

higher mesoporosity (as evidenced from the N2–sorption data, Table 

1) may be a reason for the higher yield of 5-HMF with H Beta zeolite which is having high SAR and low CBAS. The micropore 

surface area may not be accessible to the reaction due to the larger molecular sizes of reactant and products of the present study. 

Even if it accessible by the acyclic hexose molecule, the 5-HMF formed may rearrange to higher molecular weight compounds or 

to will rehydrate to form LA and FA.[10] The catalyst having higher mesoporosity is expected to show a higher yield of 5-

HMF[18] and that is what we observed in this study. For example, the H-Beta (SBJH = 223 m2/g) shows a higher yield of 5-HMF 

(46%) as compared to that (36%) over H-MOR (SBJH = 23 m2/g). However, the mesoporosity is not playing any role in 

enhancing the glucose conversion. The lower conversion over H-Beta could be attributed to the lower CBAS, as evident from the 

Py-FTIR. The yields of LA and FA are significantly higher with H-MOR as compared to that on other zeolites. The higher CBAS 

of H-MOR may be responsible for the side products formation by rehydration of 5-HMF.[18b] Though the yields of 5-HMF are 

similar over the zeolites H-Beta (45.9%) and H-ZSM5 (45.6%), the selectivity is significantly higher with the H Beta (73.6% vs. 

63.8%). Therefore, the H-Beta is used in further study. 
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Table 1: Textural properties of the catalysts used in this study 

Z

eo

lit

e 

(S

A

R
a 

) 

S

B

E

T 

b 

(

m
2

 

g

-

1

) 

S

B

J

H 

c 
 

(

m
2

g 
-

1

) 

V
B

J

H

d
 

(

c

m
3

g
- 

1) 

S

t

-

p

l

o 

e 
t 

(

m
2

g 
-

1

) 

V
t-

pl

ot

f 

(

c

m
3

g
- 
1

) 

 

V
 g
 
T
P 

(

c

m
3

 

g
-

1

) 

 

P
 h
 
D 

(

n

m 

) 

H
-
B
et
a 

(3
6
0:
1) 

5

6
3 

2

2
3 

0

.
2
0
6 

3

3
3 

0

.
1
7
9 

0

.
3
9
8 

2

.
8
2 

H
-
Y 

(
8
0
:
1
) 

7
7
3 

1
1
3 

0
.
2

2
9 

4
3
9 

0
.
2

3
1 

0
.
5

8
1 

2
.
8

8 

H

-

Z

S

 

M

5 

(
8
0
:
1
) 

 
3
8
1 

 
7
0 

 
0
.
1
3
3 

 
3
1
5 

 
0
.
1
6
7 

 
0
.
3
0
1 

 
3
.
1
6 

H
-

M
O 

R

 

(

2

0

:

1

) 

 
3
8
6 

 
2
3 

 
0
.
0
9
3 

 
3
3
4 

 
0
.
1
6
4 

 
0
.
2
7
3 

 
2
.
8
3 

aSAR - SiO2/AlO3 ratio 

bSBET - BET surface area 

cSBJH - BJH mesopore surface area from 

desorption 

dVBJH - BJH mesopore volume from 

desorption 

eSt-plot - t-plot micropore surface area 

fVt-plot - t-plot micropore volume 

gVTP - total pore volume calculated at P/Po = 

0.99 
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hPD - Average pore diameter 

 
Table 2: Acid site concentration from Py-FTIR and NH3-TPD analysis 
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aSAR - SiO2/AlO3 ratio 

bCBAS (concentration of Brønsted acid sites), CLAS 

(concentration of Lewis acid sites) and B/L (Brønsted acid 

sites/Lewis acid sites) ratio are measured using FTIR with 

pyridine as a probe molecule 

cTotal acid site concentration measured from the NH3-TPD 
analysis 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

 

 

 
 

 

 

 
Figure 2: Variation of conversion of glucose and yield of reaction products (5-HMF, LA, FA, and fructose) as a function of (a) reaction 

temperature and (b) reaction time using H-ZSM5 catalyst 

 

 
Figure 3: Conversion of glucose and yield of reaction products (5-HMF, LA, FA, and AA). (Reaction conditions: 2 g of DI water, 0.2 g 

of substrate, glucose:catalyst = 3:1 w/w, 4 g of MIBK, 0.6 g of NaCl, 2 h of reaction time, and 180°C of reaction temperature) 

 
The effects of NaCl and presence of extraction phase on the conversion and yields are also studied over H-Beta (Table S1, Exp. nos: 10 – 

13, Figure S3). The conversions of glucose (the yield of 5-HMF) without NaCl and in the presence and absence of extraction phase 

(MIBK) are 24% (16%) and 7% (5%), respectively. Whereas, the conversions of glucose (yields of 5 HMF) with NaCl and in the 

presence and absence of extraction phase (MIBK) are 62% (46%) and 63% (28%), respectively. Both extraction phase as well as NaCl 

have a significant synergistic effect on the conversion of glucose and yield of 5-HMF. The synergy can be attributed to two primary 
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is also included. 

reasons: (i) salting-out effect, which means upon the addition of NaCl to the biphasic system, the partition coefficient increases [17, 19] 

and (ii) reaction mechanism itself may change in the presence of NaCl.[20] 

Mamo et al.[14b] compared glucose dehydration with differently modified mordenite zeolites in IL at 100°C for 6 h and reported a 

5-HMF yield of 25% with similar pretreatment conditions of the catalyst used in this study. Otomo et al.[12] reported 5-HMF yield 

of 9.4% with water as a solvent and of 32% with DMSO, at 180°C and 3 h reaction time. Hu et al.[11] used H-MOR for glucose 

dehydration in the presence of IL at 140°C for 30 min and reported a very low 5-HMF yield of 13.1%. Therefore, based on the 

above comparison of previous studies with the present one, the toxic and uneconomical solvents (such as ILs and DMSO) can be 

avoided and still obtain better yields by using the mesoporous zeolite. 

 
Performance of H-Beta with Different Substrates (Fructose, Glucose, and Cellulose) 

 
The conversion of carbohydrate and yields of various products with the substrates (fructose, glucose, and cellulose) over H-Beta 

are shown in Figure 4. With fructose the reaction time used is 1 h and the other reaction conditions are identical (2 g DI water, 0.2 g 

substrate, substrate: catalyst = 3:1 w/w, 4 g MIBK, 0.6 g NaCl, and 180°C reaction temperature). With fructose as a substrate, the 

conversion is 100% and the yield of 5-HMF is 92%. The cellulose conversion is 99% and yields of glucose and 5-HMF are 38% 

and 35%, respectively. With glucose as substrate, the conversion is lower (62%) but the yield of 5-HMF is higher (45%) than that 

with the cellulose. The comparison of data from all the three substrates indicates that either the conversion of glucose to fructose or 

the direct conversion of glucose to 5-HMF is a rate-limiting step in the direct conversion of cellulose (or glucose) to 5-HMF. This 

hypothesis is also supported by the fact that in all the experiments (with glucose or cellulose as substrate) the fructose yield is 

zero. The yields of LA and FA are < 10% in the case of fructose and < 3% in the case of cellulose. The lower Brønsted acidity and 

the higher mesoporosity of H-Beta are favouring maintain lower yields of LA and FA by suppressing 5-HMF rehydration. The 

suppression of 5-HMF rehydration could, in-turn, be attributed to the good mass transport of the 5-HMF from the mesopores 

 
The conversion of cellulose is nearly constant with reaction time (Figure 5). The yield of glucose is decreased with the reaction 
time and became negligible at 4 h. The yield of 5-HMF passed through a maximum at 3 h reaction time with a maximum yield of 
40%. Therefore, the optimum reaction time for the cellulose to 5-HMF conversion is found to be 3 h at 180oC. Otomo et al.[21] 
reported a 5-HMF yield of 42% with H-Beta zeolite as a catalyst and in a solvent mixture of water, DMSO and tetrahydrofuran 
(THF) at 200oC for 5 h. Similar yield (46%) of 5-HMF from cellulose have been reported by Nandiwale et al.[18b] with a bimodal 
Micro/Mesoporous H-ZSM5 zeolite at 190oC for 4 h. Lanzafame et al.[22] reported a very low selectivity to 5-HMF from the 
cellulose of 10% at 190oC for 5 h. The conversion of the substrate and yield of 5-HMF are better or similar to those reported in the 
literature with similar catalysts. The better activity obtained in this study could be attributed to the mesoporosity or the framework 
topology of the H-Beta. 

 
 

Figure 4: Conversion and yield of reaction products with various substrates (Fructose, Glucose and cellulose) over 

H-Beta zeolite catalyst (Reaction conditions: 2 g DI water, 0.2 g substrate, substrate:catalyst = 3:1 w/w, 4 g MIBK, 0.6 g NaCl, 2 h 

reaction time, and 180°C reaction temperature). 

*With Fructose the reaction time is 1 h and other conditions are same as above. Note: The yield of glucose from cellulose 
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Figure 5: Conversion of cellulose and yields of reaction products as a function of reaction time over H-Beta 

 
 
 

 
 

 

 
 

 

 

 
 

 

 

 
Figure 6: Conversion of cellulose and yields of reaction products as a function of catalyst recycle number over H-Beta 

 

 

Recycle of Catalyst 
The conversion of cellulose, as well as the yield of 5-HMF, are nearly constant for all the 5 cycles tested in this study (Figure 6). 

On comparison of XRD patterns of fresh and used H-Beta catalyst, it can be observed that the exposure of the catalyst to reaction 

conditions does not result in significant change in the crystal structure (Figure 1). The comparison of FETEM micrographs of 

fresh and spent H-Beta catalysts is indicated that there is no carbonaceous material formed during the reaction (Figure S4, SI). The 

excellent stability of the zeolite could be attributed to higher SAR (360:1) of H-Beta used in this study. The higher SAR gives rise 

to hydrophobic nature of the zeolite and makes the zeolite framework more stable in water at high temperatures. Similar results in 

terms of stability are obtained by other researchers.[21b] 

 

II. CONCLUSION 

In summary, high yields of 5-HMF from carbohydrates (fructose, glucose, and cellulose) are obtained over zeolites with high 

mesoporosity. Among the zeolites tested, H-Beta showed the highest 5-HMF yield of 94% with a fructose conversion of 98% at 

180°C for 1 h. The highest selectivities to 5-HMF obtained with the glucose and cellulose substrates are 74% (conversion 62%) 

and 41% (conversion 98%), respectively, at 180°C. The H-Beta is highly selective to 

5-HMF production with negligible concentration of side products (< 3%). The H-Beta showed excellent stability with no signs of 

deactivation even after 5 cycles of reuse. Finally, this study shows that a zeolite with high mesoporosity and high SAR results in 

higher yield and excellent stability in 

5-HMF direct production from cellulose. 
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Expt 

no 

Temp 

(0C) 

& 

Time 

(h) 

Substrate Catalyst Reaction phase 

composition in 2g of water 

Extract 

ion 

phase 

NaCl 

(g) 

Catalyst 

(g) 

Substr 

ate 

(g) 

MIB 

K (g) 

1 180, 

1.5 

Glucose H-ZSM5 0.6 0.0667 0.2 4 

2 180, 2 Glucose H-ZSM5 0.6 0.0667 0.2 4 

3 180, 
2.5 

Glucose H-ZSM5 0.6 0.0667 0.2 4 

4 180, 3 Glucose H-ZSM5 0.6 0.0667 0.2 4 

5 160, 2 Glucose H-ZSM5 0.6 0.0667 0.2 4 

6 170, 2 Glucose H-ZSM5 0.6 0.0667 0.2 4 

7 180, 2 Glucose H-Beta 0.6 0.0667 0.2 4 

8 180, 2 Glucose H-MOR 0.6 0.0667 0.2 4 

9 180, 2 Glucose H-Y 0.6 0.0667 0.2 4 

10 180, 2 Glucose H-Beta 0 0.0667 0.2 4 

11 180, 2 Glucose H-Beta 0 0.0667 0.2 0 

12 180, 2 Glucose H-Beta 0.6 0.0667 0.2 0 

13 180, 1 Fructose H-Beta 0.6 0.0667 0.2 4 

14 180, 2 Cellulose H-Beta 0.6 0.0667 0.2 4 

15 180, 3 Cellulose H-Beta 0.6 0.0667 0.2 4 

16 180, 4 Cellulose H-Beta 0.6 0.0667 0.2 4 

17 180, 3 Cellulose H-Beta-R2 0.6 0.0667 0.2 4 

18 180, 3 Cellulose H-Beta-R3 0.6 0.0667 0.2 4 

19 180, 3 Cellulose H-Beta-R4 0.6 0.0667 0.2 4 

20 180, 3 Cellulose H-Beta-R5 0.6 0.0667 0.2 4 

 

Experiment No 
Conversi 

on (%) 

Selectiv 

ity (%) 

1 64.3 65.7 

2 71.4 63.8 

3 90.7 42.3 

4 96.2 35.3 

5 16.4 70.6 

6 32.0 85.1 

7 62.4 73.6 

8 95.5 37.2 

9 72.1 58.2 

10 23.8 68.4 

11 6.9 72.0 

12 62.7 42.2 

13 99.8 92.6 

14 98.7 35.8 

15 98.2 40.5 

16 93.9 37.8 

17 96.2 44.5 

18 97.7 45.3 

19 95.7 46.9 

20 93.5 48.8 
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Figure S1: N2 adsorption – desorption isotherms: (a) H-Beta, 

(b) H-ZSM5, (c) H-Y,(d) H-MOR 
 

 

 

 
 

Figure S2: Acidity measurements by NH3–TPD (a) and Pyridin-FTIR (b), of zeolites H-Beta, H-MOR, H-Y and H-ZSM5. 
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Figure S3: Conversion of glucose and yield reaction products (5-HMF, LA, FA, and fructose) without (A) and with (B) NaCl in a single 

phase system; without (C) and with (D) NaCl in a biphasic system; at 180oC and 2 h reaction time. 

 
 

 
 

Figure S4: FETEM images of (a) fresh and (b) recycled H-Beta catalyst 
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