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ABSTRACT

Production of 5-hydroxymethylfurfural, which is anportant bio-resource intermediate,
from glucose was examined in water/acetone solggstem, synthetic and modified
mordenites and SAPO-5 materials as catalysts. fHagnient of glucose at 16Q with
mordenite and at 128C with SAPO-5 materials gives limited amount of wersion.
Modified mordenite at106C and 48h gave 28.41% and the SAPO-5 materialg;, 1.5
which have a number of Bronsted acid sites but eeak strength gave 13.66% of
conversion while that of 1.5B which has a strorBiemsted acidities gave 18% at 12D
and 24 h in monophasic systems. In the case ofbiplsystem, a yield of 7.38 % at 6 h
was obtained using synthetic Mordenite at 360 Despite the efforts, the system is not

yet optimized.

Key words: glucose, 5-hydroxymethylfurfural, water, mordengilicoaluminophosphate



ACKNOWLEDGEMENT

First and for most, | would like to express my guate to my advisor Professor Isabel
Diaz for her advice and continuous follow up frome tstart to the end of the thesis. She
encouraged me to work hard and her rich ideas tfimout the work helped me to finish

my thesis.
My gratitude also goes to Dr. Yonas Chebude whiiti@es the progress of this work.

| also acknowledge the Spanish National Researamgilp Institute of Catalysis and
Petroleochemistry (ICP-CSIC) Spain, for providihg tatalysts and running the TGA of

the recovered catalysts.

I would like also thank Mr Wondimagegn Mamo whogdesl me in the course of the
laboratory work and Mr Lijalem Ayele who gave hiscellent ideas and experience in

the progress of my work.

| want also to express my gratitude to Wolayta Sddoversity for sponsoring me from
the beginning to the end, and Addis Ababa Univgrsihemistry Department for

facilitating the necessary materials to finish mgdis.

Lastly, but not the least my great acknowledgengeet to my family, next to God, who
encouraged me to reach here. | absolutely coulchaeé finished without their moral

support, love and pray.



Table of camits

Contents Page
TabIE Of CONTENTS ....eiiiieiiiii e Vi
LISt Of FIQUIES ..o Vil
LISt Of TADIES ... iX
LISt Of SCNEMES ... .. e e e e X
LISt Of APPENICES ... Xi
1. INTRODUCTION ....cttiiiiiiiiieiee e siieee s e e stetea e e e sntteeaesanssaeeeeaansbeeeenannneesannsneens 1
1.1. Mechanism of hexose dehydration.......ccceccooooooiooei e, 2
1.2. Solvents for the production of HMF ... oo, 4
1.2.1.  NON-QQUEOUS SOIVENTS .....uuuuiiiiimmmmmmms e ese s es s ss e es e e e e e e eneneanes 4
1.2.2.  10NiC lIQUIAS @S SOIVENLS ........eiiiiiiiiiiiiiiieiieieeiie ettt eeeee e 5
1.2.3.  Water as SOIVENL.........cooo ittt e 5
1.2.4.  BIphasiC SYSIEM .......ccoiiiiiiiii e 6
1.3. Catalysts for the dehydration of glucose tNBF ..................uevvviiiiiiniiininiinnnnnns 6
1.3.1.  ZeoliteS as CatalYStS........uuuuiiiiirie e 7
1.3.2.  Silicoaluminophosphates ...........cocceceeeieiiiiiii e, 10
2. OBJIECTIVE ...ttt ettt e e s sne e e nnn e e e e e nees 12
2.1, General ObJECHVE.......coo i 12
2.2, SPECITIC ODJECHVES: ....vvuiiiiiiiiiirtmmmmmm e sseesesss s e s as e s s e e s e e s e e s e e e e e e e seeneesnnnnnas 12
3. EXPERIMENTAL PART Lottt eemee ettt e e e e neeeenns 13
3.1.  Chemicals and APPAratUS............uuueeemmmmraaaaaaaaaaaaeaaaaaaaaaaaaaaaaaaa e e e e e aeeeeeaens 13
3. 1.1, ChEMICAIS ... e 13
3.1.2.  Apparatus and INStIUMENTS ...........ceeememuiiiiiiiiiieiiiiiiieniieneeineaeeeeennenees 13
3.2, Activation Of CatalyStS..........ooo i 13

Vi



3.3. Catalytic experiments

.............................................................................. 14
3.4. NMR analysis of glucose, 5-HMF and residue............cccoovveeiiiieeieeneeeeee 15
3.4.1. NMR analysis Of gIUCOSE ..........cevieeeeemriiiiiiiieie i 15
3.4.2.  NMR analysis of 5-HMF and reSidue ... ..o, 15
3.5.  HMF quantification and gluCOSE CONVEISION ccew..vvvvvvrrrririiiiiniiiienirineninnnenes 51
4., RESULTS AND DISCUSSION.....ccutiiiiiiieiieeeene ettt eeevniiinn e e e eeeenes 16
4.1. NMR results of D-gIUCOSE.........coouiiiiiie s 16
4.2. Catalytic conversion of glucose to 5-HMF bingsMordenite and SAPO-5
(02212 1) V] ST UTOTTTUTRTRRRR 17
4.2.1. Catalytic conversion of glucose to 5-HMFhgsMordenite at 106C...... 18
4.2.2.

Catalytic conversion of glucose to 5-HMFAgsSMOR-CBV-21A catalyst
in biphasic system

........................................................................................... 22
4.2.3. Thermogravimetric analysis of the recovaer@alysts...........c.ccccvvveeeennnn. 25
4.3. Effects of Reaction conditions on the glucdskydration to HMF ................. 27
4.3.1. Effect of reaction time ...........ooiom oo 27
4.3.2. Effect of catalysts on the reaction .ccuece....eeeeeeiiiiiiiiiiiiiiiiiieeees 28
4.3.3. Effectof solVent...........ooo e 30
5. CONCLUSION ...ttt ettt e e nan e e e aneees 31
REFERENGCES ... ..ottt ettt rmne e e nae e e e 32
APPENDICES ... ettt ettt e e e e e e s sttt e e e e e e e e e e nnnnnee e e e e eeannneneees 36

vii



List of Figures

Figure 1 (A) Tetrahedral frame work structure ofrdemite with unit cell outlines, (B)
Plumbing system in mordenite accessible for examéwork- cation and molecule
IFTUSION [BO0]. i e bb bbb e nnnnne 9
Figure 2 (A)*H NMR and (B)**C NMR spectra of pure glucose, solvent DMSO ...17.
Figure 3 (A)*H NMR and (B)**C NMR spectra of 48 h reaction product of MOR-

CBV21A catalyst at 100C .........cooouiiiiiiice et 20
Figure 4 (A)*H and (B)**C NMR spectra of 24 h reaction residue of SAPO k&flyst

2L 70 o ORI OURRRRO 22
Figure 5'H NMR spectra of 6 h biphasic reaction product @RICBV-21A catalyst at
150°C (A) with NaCl and (B) without NaCl.........cccceeiviiiiiiiieiiecece e 23
Figure 6 TGA plot of the recovered modified mordermatalysts ..............ccccceeeveveienen. 26
Figure 7 the TGA of the recovered SAPO-5 catalyStS...........cuvvverrerivirieiniviinniniinn. 26
Figure 8 TGA plots of the recovered CBV21A catalyst..........cccoeveieiiiiiiiineiieeeeee, 27

viii



List of Tables
Table 1 Summary of the NMR results of the diffenegaictions tried using Mordenite and

SAPO-5 CAtAlYSE...coeiiiiiiiiiii it e 18
Table 2 quantitative results of conversion of gREEO.............ooooi, 21
Table 3 HMF yields of MOR-CBV-21A catalyzed dehyuva of glucose in
water/acetone -ethyl acetate biphasic system af@50.............cccoeeveveeiiiiieeie e, 24
Table 4 TGA results of the recovered mordenite 8ABO-5 catalysts ............ccceeeeenn. 25



List of Schemes
Scheme 1 Synthesis of HMF and its further deriaditon in to important chemicals [5]. 1

Scheme 2 Transition-metal-catalyzed isomerizatfagiucose into fructose and

subsequent dehydration t0 HMF ..o e e 3
Scheme 3 Dehydration of hexose to HMF [3] ..o 3
Scheme 4 Mechanism of hexose dehydration into 5-HMIE.............. 4
Scheme 5 Acid form of zeolites ..., 7
Scheme 6 Si substitution mechanisms in AIPO framRWO................oovvuviiiiiiieeeennnnnns 10



List of Appendices

Appendix 1: DEPT spectra of pure gluCOSe.....cccueeeiiiiiiiiiiiiiiiii e 36
Appendix 2: (A)*H and (B)**C NMR spectra of 30min reaction product of MOR-CBV-
21A catalyst at 10BC..........cciiiiiiiiiie et 36
Appendix 3: (A)'H and (B)**C NMR spectra of 6h reaction product of MOR-CBV-21A
CAtAlYSt At ZOOC .....oovviieiiiiecie e eeeeae e ettt ettt et et aeene et 37
Appendix 4: (A)*H, (B) *C NMR spectra of 24h reaction product of MOR-CBVA21
CatalySt At LOOC ......oeeiveiiiie ettt et ettt et e ettt et nneeaae s 38
Appendix 5: (A)*H and (B)**C NMR spectra of 30min reaction product of WIM-7
CALAlYST At LOOC .....evviivieiie e eeeeae e ettt e b e esre et eeaaesteennere s 39
Appendix 6: (A)*H and (B)**C NMR spectra of 6h reaction product of WIM-7 cgsal
2L [0 OO 40
Appendix 7: (A)*H and (B)**C NMR spectra of 24h reaction product of WIM-7 ¢yga
2L [0 O UROPRTR 41
Appendix 8: (A)'*H and (B)**C NMR spectra of 48h reaction product of WIM-7 tyda
L 0 [0 OSSP 42
Appendix 9: (A)'H and (B)**C NMR spectra of 48h reaction product of WIM-1 tgda
AL 100 C ..ot e e e et e e e e e e e ——e e e ee e ——e e e et aaaa————eaa e ————aaa—_ 43
Appendix 10: (A)'H, (B) *C NMR and (C) DEPT spectra of 48h reaction residfie
WIM-7 catalyst at 100C ........cccooiuiiiieirieie ettt ettt e ee e 44
Appendix 11: (A)'H, (B) *C NMR and (C) DEPT spectra of 24 h reaction residiue
SAPO 1.5T catalyst @t 120 .......c.cccuiiiieeieeiie ettt ceemeae e ee e et ae e eaae e 46
Appendix 12: DEPT spectra of SAPO 1.5B ..., a7
Appendix 13:*C NMR spectra of 6 h biphasic reaction product cDRICBV-21A
catalyst at 156C (A) in the presence of NaCl and (B) in the absasfdNaCl............... 48

Xi



List of symbols and abbreviations
5-HMF
ILs
DMSO
MIBK

A
AlIPOs
SM1
SM2
SM3
SDAs
TEA

BP
NMR
'H NMR

13C NMR

CDCl;

TGA

5-Hydroxymethylfurfural

lonic liquids

Dimethylsulfoxide
Methylisobutylketone

Angstrom

Aluminiumphosphates

Substitution mechanism one
Substitution mechanism two
Substitution mechanism three
Structure directing agents
Triethylamine

Benzylpyrollidine

Nuclear magnetic resonance
Proton nuclear magnetic resonance
Carbon-13 nuclear magnetic resonance
Hour

Deuterated chloroform

Singlet

doublet

Thermal gravimetric Analysis

Xii



1. INTRODUCTION
The fast consumption and depletion of fossil fuglstroleum, coal and natural gas),
increasing demand of energy and the current is§uglobal warming are the major
concerns nowadays. A major question we need te raisow to change our dependence
on non-renewable energy sources. Scientists gitentain to overcome these major
problems to find a solution. Reducing the reliamce non-renewable fossil fuels and

developing the utilization of renewable feedstackm alternative way for the sustainable

contribution of energy.

Biomass, which possesses large amounts of stoeedical energy, could be transformed
to value added chemicals that give little or nonffat side products which address the
critical issue for greener alternatives to fossiels [1]. Carbohydrates are the major
portion of the world’s renewable biomass [2], whiale precursor chemicals for the
synthesis of a large number of substances sudhuad hlkanes (¢C;s), furfural and 5-
hydroxymethyl-2-furaldehyde, levulinic acid, etcn idifferent methods [3]. 5-
hydroxymethylfurfural has been recognized as a atdesplatform chemical for the

production of other chemicals, pharmaceuticals, ympetic materials and

biofuels (scheme 1) [4].
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Scheme 1 Synthesis of HMF and its further deriaitin in to important chemicals [5]
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5-HMF and its derivatives levulinic acid, 2,5-big@oxymethyl)-furan (2,5-BHF), 2,5-

diformylfuran (2,5-DFF) and 2,5-furandicarboxylicia (2,5-FDCA) were identified

early as very promising chemical intermediates iabth by the catalytic conversion of
carbohydrates based on @hits (hexoses) (scheme 1) [6].

The key matter is how to synthesize this versaie platform compound from the
renewable biomass feedstock that are locally atiesand possessing low carbon

emissions.

1.1. Mechanism of hexose dehydration

5-HMF can be obtained by dehydration of fructosehi@ presence of soluble or solid
acid catalysts or from glucose or even polysacdeariby more complex catalytic
systems and reaction media. Hence its synthebiasisd on the triple dehydration of-C
sugars (i.e., hexoses). The formation of HMF isppeed to take place through the
dehydration of a 5 member monosaccharide ring,tdsec which contains 21.5% of
furanose tautomers in aqueous solution more effliiieconverted to HMF than glucose
which contains 1% of furanose tautomers in agqusoligions which is more difficult to
dehydrate. As a result, a catalytic system thatiefitly converts glucose (which is more
directly abundant and less expensive than fructtsefiMF in water has yet to be
developed.

Although glucose can be converted with low yieldsHMF using Brgnsted acids, the
yield to HMF can be increased notably, if glucosdinst isomerized to fructose before
the acid catalyzed dehydration, and fructose ias ttehydrated to HMF [2, 7]. In 2007,
Zhang and co-workers reported that chromium chéosdlts catalyze glucose-fructose
isomerization in ionic liquids. This enables thpidaconversion of glucose into HMF in
the absence of aqueous acid. Thus HMF could beateblin high yield without

subsequent hydrolytic fragmentation to levulinicdeand formic acid [8, 9].
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Scheme 2 Transition-metal-catalyzed isomerizatfogiucose into fructose and
subsequent dehydration to HMF

The synthesis of HMF from monosaccharides is no¢asy process, because it requires
the loss of three water molecules, which is catdylay acids. This dehydration method
is a very complex process due to the possibilitgidé-reactions; the decomposition to

levulinic and formic acids and the polymerisationhumic acids are the most important

factors decreasing the yield of HMF [3, 4 and 10].

o OH
. . levulinic acid
hexose——» intermediate ®) ™ formic acid
l N

soluble polymer 5-HME

insoluble humic acid
Scheme 3 Dehydration of hexose to HMF [3]

The mechanism for fructose dehydration reactiamisclear, and two different pathways

have been proposed for the formation of HMF, eitiaracyclic compounds or cyclic

compounds (Scheme 4) [3, 4].
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Glucose reactivity is lower than fructose, duette much lower abundance of acyclic
glucose compared to acyclic fructose. Glucose ocam fa very stable ring structure, so
the enolisation rate in solution is lower than fose, which forms less stable ring
structures. Since enolisation is the rate-detemgisiep for HMF formation, fructose will

react much faster than glucose. On the other Hamttpse forms equilibrium mixtures of

difructose and dianhydrides, and thus the mosttik@agroups are internally blocked,
forming smaller amounts of by-products. Glucosentrue oligosaccharides which still
contain reactive reducing groups, resulting in @atgr risk of cross-polymerization with

reactive intermediates and HMF.

1.2. Solvents for the production of HMF
The dehydration of hexose to HMF has been conduictedater, in aprotic organic

solvents and ionic liquids, and also in biphasistsss in the presence of acid catalysts
[11, 12].

1.2.1. Non-aqueous solvents

Solvents such as dimethylsulfoxide (DMSO), N, N-dihylacetamide (DMA), N, N-
dimethylformamide (DMF), n-butanol, acetone, dioxamolyglycol ether have been
reported as the reaction medium in the dehydrationexose to HMF [2, 3]. However,

the use of these solvents has a drawback due fmothresolubility of hexose and problem



of separation of HMF from the reaction medium. Téaubility problems can be
overcome by the application of mixed-solvent (wateganic) systems. In this work, we
have tried acetone/water mixtures using SAPOs aodienite as catalysts in order to

compare with our previous work on lonic Liquids.

1.2.2. lonic liquids as solvents

lonic liquids (ILs) are normally defined as sahst are liquid below 108C that consists
of large organic cations and smaller inorganic asior vice versa and exhibit unique
characteristics, such as a negligible vapor pressnon-flammability, high thermo
stability, and close to infinite structural varati Chloride based ILs have an
exceptionally high capacity for dissolving carbolrgtés since the extensive hydrogen
bonding network that constitutes the structurehefdolid carbohydrate is disrupted [13-
16]. lonic liquids are considered as environmentdiiendly substitute for volatile
organic solvents, not only because of their loworgmressures, but, more importantly,
also because of their ability to act as catalyss18]. Zhao et al. [8], first reported HMF
yields of 68-70 % from glucose in the ionic liquieethyl-3-methyl-imidazolium chloride
[EMIM] CI using CrCh as the Lewis acid catalyst. In subsequent stughéls ionic
liquids, HMF was produced from glucose with yietdgher than 90 % [19]. High yield
of HMF has been achieved in ionic liquids startfrgm fructose or glucose. However,
ionic liquids are not yet suitable for large scafglications due to their high cost and
deactivation by small amounts of water [15, 19 2@ But not only their cost, the use of
ILs as solvents during the conversion of glucoseildF by using zeolites as catalysts
may deactivate the catalytic activity of the zepbecause they are bulkier molecules and
hence stack into the pores of the zeolite whichnotreasily diffused. As a result
deactivation of the catalyst activity may reduckd yield of HMF, that is why we are

preferring water as a solvent for conversion otgke to HMF.

1.2.3. Water as solvent

Dehydration of fructose in pure water using solidl anineral acids is generally non-
selective, about 6% and HMF yields < 20% due to degradation of HMF via
rehydration reactions [3, 21]. The difficulties farselective 5-HMF synthesis in water is

due to the uncontrolled re-hydration of 5-HMF tguknic and formic acids. In addition



intermediates or the 5-HMF may polymerize to pradaligomers, called humins, which
are more or less soluble in water [22]. To solve firoblems of the low 5-HMF

selectivity in the water medium, the following apaches were reported:

. In situ extraction of 5-HMF from the reaction media avoid its successive

transformation by using a 5-HMF extractive solveminiscible in water.

2. Perform the reaction in organic/agueous media pune organic solvent like DMSO

3. lonic liquids are being increasingly investigatedynthesize 5-HMF [12, 22].

1.2.4. Biphasic system

A biphasic reactor system consists of an aqueolusi@®o and water immiscible organic
solution that continuously extract the HMF from #digpieous phase as it is formed and is
thereby protected against degradation reactions7[321]. In the literature many
extractive organic solvents have been mentionedh sas 1-butanol, MIBK,
dichloromethane (DCM), ethyl acetate, diethylethied THF [3, 21-25]. However, most
extracting solvents used show poor partitioningddF into the organic phase. Recently
it has been reported that the addition of a sait,(&aCl) to the agueous phase improves
the partitioning of HMF into the extracting phasgrheans of the “salting-out effect”
and leads to increased HMF yields without the ubehigh-boiling-point solvents,
Roman-Leshkov et al. [21], and Hansen et al. [25].

Partitioning of organic molecules and water bygheaciple of “salting-out effect” means
that water miscible organic compounds can be stghriato two parts; the aqueous
phase and the organic phase due to the strongatitan between water dipoles and the
ions of salt. As a result, water molecules will dygstallized or sink out by leaving the
organic phase in another part. Even the gap betwesaiscible organic compounds and
water could also be more efficiently maximize byngssalts like NaCl and KCI. As a
result, biphasic rector systems are applied incbreversion of glucose to HMF using
Mordenite as catalyst, water/acetone as reactiodianend ethyl acetate as extracting

solvent.

1.3. Catalysts for the dehydration of glucose to 5-HMF

Different catalytic systems could be used for tlwwersion of hexoses to HMF:

consisting of homogenous acids; such as mineralsaltke HCI, BSQ,, H3;PO, and

6



organic acids such as oxalic acid, levulinic agid analeic acid and heterogeneous acids
such as strong acid cation exchange resins, sugapb#gteropolyacids, metal oxides and

zeolites and zeotypes.

Catalytic application of homogenous acid has seridtawbacks in terms of separation,
recycling and material corrosion, while heterogerseacids can be recycled and have
high selectivity to the desired compound. Howeweplites and mesoporous materials
are promising solid acid catalysts because of thpécific structure of the pores and

cages, and particular surface chemistry.

1.3.1. Zeolites as catalysts

Zeolites are natural or synthetic crystalline, psr@luminosilicates, minerals of which
framework are composed by the assembling of, &1t AlQ, tetrahedral units. They are
mainly used in ion exchange, adsorptive separaténts heterogeneous catalysis. The
achievement of the catalysis activity is attributedhe presence of strong acid sites on
the frameworks with well-defined microporous stures that are responsible for the
shape-selectivity (pore diameter <15A) [26, 27]eTBronsted acid strength of the H-
form is related to the Si/Al ratio. The number ofogon donor hydroxyl groups
corresponds to the number of aluminum atoms presehe structure. The more isolated
this silanol species, the stronger the acid, he.acid strength increases with decreasing
aluminum content or increasing Si/Al ratio, but exdbat complete replacement of

aluminum gives a material with lower acidity [28].

H
|
0._.0_ 0. 0.0
TSN DA
0000 000 0
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Scheme 5 Acid form of zeolites



The wide range of pore sizes available, coupled wlieir tunable acidity, gives the
zeolites with unique properties as tailor-made aaithlysts. These important features of
zeolites and also zeotypes may be generalizedlasedular microenvironment and
uniform internal structure, (ll) large internal fage area, (lll) pores of molecular
dimensions (shape selectivity), (IV) control of p@ize and shape by choice of template
and/or post synthesis modification,(V) control adr@ hydrophobicity/hydrophilicity,
(VI) control of acidity by adjusting constitutiorSAl ratio), ion exchange or post-
synthesis modification, (VII) framework substitutidy transition elements and (VIII)
the presence of strong electric fields within thenfthed space of the channels and

cavities can serve to activate substrate mole¢@&js

Zeolites have several advantages for the dehyadratioglucose or fructose: They are
more selective than ion exchange resins in watéhasolvent; they can work at high
temperatures, thus favoring the formation of 5-HEE~compared to its decomposition;
they are capable of adsorbing organic acids peggponsible for the further degradation
of 5-HMF and they are easily regenerated by therpnatess. However, in catalytic
reaction of bulky molecules, the sole presence miopores inhibits simplistic mass

transfer to and from the active sites, often lingtthe catalytic applications [29].

Mordenite, with an ideal composition of MdgSi;Ogs.24H0, is one of the most
siliceous natural zeolite having an orthorhombidt well of topological space-group
symmetry @ncm (a = 18.13 A, b = 20.5 A, ¢ = 7.52 A). The struetof mordenite can be
describe as composed of edge-sharing five memhangd of tetrahedral (secondary
building unit 5-1) forming chains along c axis. Hower, the mordenite framework can
also be more comprehensibly envisioned as composqalickered sheets parallel to
(100), made up of six membered rings of tetrahedita¢se sheets are interlinked by four
membered rings (fig. 1) such that large, ellipsbidelve membered (12MRc: aperture 7
x 6.5 A) and strongly compressed eight memberegsri@MRc: aperture 5.7 x 2.6 A)
define channels parallel to ¢ axis. Another setcompressed eight membered rings
(8MRc: aperture 3.4 x 4.8 A) connects the wide adleds with strongly compressed
channels parallel to b [30, 31].



(A) (B)

Figurel (A) Tetrahedral frame work structure of mordeniith unit cell outlines, (B)
Plumbing system in mordenite accessible for examéwork- cation and molecule
diffusion [30].

Even if mordenite is a large pore zeolite, it ighly sensitive to pore blocking due to its
pseudo monodimensional pore system, which was nsgie for the diffusion of large

extra framework ions and molecules [28, 30, 31¢nfrifig.1 (B) above it is noticed that
there is no straight connection between adjaceltRi2tubes. The linking 8MRb tubes
are staggered at the join with the strongly congegeé<8MRc tubes. Thus for diffusion of

large molecules the structure of mordenite offerly one dimensional passageways.

The pore blocking of mordenite can be reduced bgiuwheination without a loss in
crystallinity to generating a mesopore system amadducing the acid site density. Mild
acid dealumination of H-MOR can often result in arenactive catalyst due to the
removal of an amorphous material from the zeolitanmels and the generation of
stronger acid site that can lead to both actiuitg selectivity improvements for particular
reactions. Such effect was attributed to the presef fewer and stronger Brgnsted acid
sites [32].

Mordenite has variety applications such as isoraéom of n-butane [33], for the
conversion of methanol to dimethyl ether [34], cerswon of ethanol to ethylene [35].

Moreau et al. [29] reported the conversion of foset to HMF over H-mordenites by



using water as reaction media and methyl isobutybrke (MIBK) as extracting solvent
and obtained a higher selectivity of 92 % with #ABratio of 11. Considering these
insights we want also to produce HMF starting frghacose which needs first to be
isomerized to fructose because the formation of HME supposed to take place through
the dehydration of a five membered monosaccharie And hence in this study, the

catalytic efficiency of mordenite in the conversminGlucose to HMF will be examined.

1.3.2. Silicoaluminophosphates

Silicon-substituted aluminophosphate (AIPOs) mdigcsieves are also interesting due
to their controlled acidity that may be used aslgats in various reactions. AIPO has a
neutral framework and addition of silicon my re@asther Al or P or both. Replacement
of Al alone (SM1) is not possible as there is neglility of cationic vacant frame work

i.e. would lead the formation of Si-O-P bridges ethare very unstable. If it replaces P
alone (SM2), it will create anionic vacant site ahiwill be compensated by a proton
either from template or from acid. If it replacesttb Al and P (SM3) a hydrophobic

neutral frame work will form and responsible foretfiormation of extended silicon

islands [36-39]. Combination of SM2 and SM3 alsade large Si islands and less
number of acid sites but stronger than the acidssformed by isolated Si atoms
(Si(OAl),) i.e. SM2 mechanism. By doing so, the acidity bé tmaterials can be

controlled for selected reactions that we wantlamp
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Scheme 6 Si substitution mechanisms in AIPO franmkwo
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During the synthesis of SAPOs different organic enales (SDAs) can be used not only
to direct the crystallization of the microporoususture but also influences the
incorporation of Si into AIPO frame works. Accordlyg, the SAPO-5 samples 1.5T and
1.5B reported by Gomez-Hortiguela et al. [36], hdiféerent Si distribution effect. The

SAPO, 1.5T is synthesized by using triethylamin&AJ as SDA, and have a higher
water occlusion within the AFI structure which lsatle material to be hydrophilic, while
SAPO, 1.5B is synthesized by using benzylpyrolkdas SDA and have a lower water
occlusion that leads the material to be hydrophobéca result, TEA molecules lead the
incorporation of Si mainly as SM2 mechanism whiavéiisolated Si atoms, Si(OAl)

and makes the material hydrophilic and that leadsraber of Bronsted acid sites while
BP molecules lead the incorporation of Si as ma8ilyslands, Si(OSi)and makes the

material hydrophobic whose Bronsted acid site feakigher strength.

In our laboratory SAPO (1.5T) and 1.5B were tedtadthe conversion of glucose to
HMF in IL [BMIM]CI as solvent. But they were notfettive for HMF production. This
may be due to their low pore sizes than glucosh@uactive site may be blocked by the
solvent [BMIM]CI. And hence, in this study the dgtac activity of these catalysts will
be examined for the conversion of glucose to aatgesplatform chemical, HMF by

using water/acetone as solvent.

In general a great advantage of using zeoliteszantypes is that these catalysts, because
of the specific structure of the pores and cagesalh products can be easily formed, and
as a result can noticeably enhance the selec(ivétythe fraction of desired products of
all products that are formed) of the reaction. his tstudy we used water as solvent
because the use of ionic liquids is not compatiatd zeolites due to their bulkier sizes

that cannot diffuse out from the active site.
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2. OBJECTIVE

2.1. General Objective
The main objective of this work is the productioh Shydroxymethylfurfural from

glucose by using SAPO-5 and Mordenite catalystsveatér/acetone as a reaction media.

2.2. Specific objectives:
» To examine the catalytic performance of syntheticnmdified mordenite, &
SAPO-5 catalysts in water
» To characterize the produced 5-HMF by using NMRtegque

» To quantify the product and the residue formed

12



3. EXPERIMENTAL PART

This part describes the materials and methods usdtlis work, procedure for the

conversion of glucose to HMF and methods of anslysi
3.1. Chemicals and Apparatus

3.1.1. Chemicals

The materials and chemicals used in this studydel D-glucose anhydrous (dextrose)
which is general purpose reagent (USA) BDH chemidahgland, water, acetone
(99.8%), ethyl acetate (99.5%), diethylether (99&bloroform (99-99.4%), deuterated
chloroform, deuterated water, NaCl, Mordenite watamed from Zeolyst, and SAPO-5
catalysts were kindly donated by Dr. Luis Gomezilgdela from the Institute of

Catalysis and Petroleochemistry (ICP-CSIC)-Spain.

3.1.2. Apparatus and Instruments
Bruker 400 MHz spectrophotometer for the NMR analy@hoth qualitative and
guantitative aspect) of the extraction products @sitlues and a Perkin-Elmer TGA7 for

the assessment of amount of organic moleculesinetovered catalysts were used.

3.2. Activation of catalysts

The commercial Mordenite from Zeolyst internatio@BV-21A (SiG/Al,Os= 20), in
which ammonium ion is a nominal cation was calcifadsix hours at 508C with a rate
of 10C/min to obtain the H-form. Similar procedure wased for the calcination of
SAPO-5 materials (1.5T, and 1.5B) except the teatpez was at 606C to remove
water and organic molecules. Mordenite was alsoifreddin our lab by using two
modification procedures. In one method mordeniéated with 3M NHAc and 2.4M
NH4F and the sample was labeled as WIM-1 (Si/Al =11.46 the other method of
modification, mordenite was dissolved in 3 M H and 2.4 M NHF and the sample
was labeled as WIM-7 (Si/Al =12.5). The two sampasw different textural properties
than the parent Mordenite.

13



3.3. Catalytic experiments

The catalytic experiments were performed in a oeekad 250mL round bottom flask

under refluxing on an oil bath.

. Monophasic system

In a typical reaction, 5g of D-glucose was added aone necked 250mL round bottom
flask and 35g/35 g of water/acetone (50/50% wt) wdded with stirring until it was
dissolved completely. Then 0.5 g of mordenite gatalCBV21A, WIM-1 and WIM-7),
10 % based on glucose, was added in to the reactidiore and stirred without heating
until it was completely dissolved. The reaction tare was placed into an oil bath, which
was preheated to 100C and set with a magnetic stirrer, water conderesed
thermometer. 7 g of the reaction mixture was takém 100 mL beaker at different time
intervals (30 min, 1 h, 3 h, 6 h, 9 h, 24 h andhfi8The samples taken at each specified
time were extracted with 15 mL ethyl acetate twoes and 15 mL diethyl ether once by
stirring with glass stirrer. Ethyl acetate andtloye ether were removed from the extract
by using rotary evaporation under reduced presdure.extracted product was washed
with chloroform and transferred into labeled viaigl kept in a refrigerator for analysis.

In a similar reaction conditions as described altbeereaction was repeated with water
in the absence of acetone.

Synthesis of 5-HMF from glucose in water/acetonesaklvent was also conducted
following the similar procedure as above (A) exciwatt, the catalyst was SAPO-5 (1.5T
and 1.5B) and the oil bath was pre-heated to°C20

. Biphasic system

In a typical experiment; (1) 5g of glucose was alasd with a mixed 8 g of water and 8
g of acetone with stirring and 0.5 g of MOR-CBV2#&s added, (2) 0.25 g NaCl (5 %
of glucose) which was dissolved in 2 g of water 80dy ethyl acetate were prepared in
another flask. These two samples were mixed arzk@lato an oil bath preheated at 150
°C with constant stirring. Samples were taken at, B i and 6 h. Ethyl acetate was
removed from the extract by using rotary evaporatimder reduced pressure. The
extracted product was washed with chloroform aaddferred into labeled vials and kept
in a refrigerator for analysis.
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Similarly the above procedure (I) was repeated auittihe addition of NaCl.

After extraction of the products from the reactitim residue was filtered with suction
filtration by washing it with distilled water to garate the catalyst from the residue. The
recovered catalyst was run orParkin-Elmer TGA7 instrument to know the amount of

weight loss of water and organic molecules thaeveecluded in the pores of catalysts.
3.4. NMR analysis of glucose, 5-HMF and residue

3.4.1. NMR analysis of glucose

For the calculation of glucose conversion 0.01 gghfcose was dissolved in small
amount of deuterated DMSO and run on BRUKER 400 MIN#R spectrometer.

3.4.2. NMR analysis of 5-HMF and residue

The different time reaction products were dissolweddeuterated chloroform in the
presence of mesitylene (1, 3, 5-trimethylbenzerse)nternal standard and that of the
corresponding residues were dissolved with dewwdratater, and run for analysis of

glucose conversion and 5-HMF yield.

3.5. HMF guantification and glucose conversion

The yield of HMF will be calculated from the spectf the product at the specified time
by considering the integral area of HMF and thainbégral area of internal standard
(mesitylene), while the glucose conversion will tletained from the spectra of the
residue by using the integral area of the residwebthat of pure glucose by considering
'H NMR spectra. The glucose conversion (mol %) afdMEF yield (mol %) will be

calculated as shown below based on the amountiobgk loaded at each reaction.

Integralareaof 5- HMF « Proton of std
Integralareaof std Proton of 5- HMF
Mole of 5- HMF obtained

(1) 5-HMFyield= x100%
Moleof glucosdoaded

() Mole of 5-HMF = x molof std
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Mole of unreactecglucose) %100%

(1) % ConversiorF (1-
Mole of loadedglucose

4. RESULTS AND DISCUSSION

4.1. NMR results of D-glucose
The'H and™C NMR of D-glucose are plotted in Figure 2. We t#he integral areas of
protons around a chemical shift®f in the pure glucose spectra and that of thelwesi

to determine the amount of glucose converted.
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Figure 2 (A)'H NMR and (B)**C NMR spectra of pure glucose, solvent DMSO

4.2. Catalytic conversion of glucose to 5-HMF by using Mrdenite and
SAPO-5 catalysts

In the catalytic conversion of glucose to HMF, @ifint conditions including mono and

biphasic systems were employed. The reaction teatyrer was varied from10C t0150

°C and the ratio of catalyst to glucose 1:10 antlahglucose to water 1:7 were taken as
the reaction condition. A summary of the reactitres and the results are listed in Table
2.
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Table 1 Summary of the NMR results of the diffenegatctions tried using Mordenite and
SAPO-5 catalyst

Catalyst Condition Result
Temp. °C | time
CBV21A 100 30min | No product
CBV21A 100 6h No product
CBV21A 100 24h No product
CBV21A 100 48h No product
WIM-7 100 30min | No product
WIM-7 100 6h No product
WIM-7 100 24h No product
WIM-7 100 48h No product, residue shows
presence of glucose

WIM-1 100 48h No product
CBV-21A with NaCl 150 6h Indicates onti NMR of HMF
CBV-21A without NaCl | 150 6h Indicates oni NMR of HMF
1.5T 120 24h | 'H, °C and DEPT shows signals
1.5B 120 24h of glucose

4.2.1. Catalytic conversion of glucose to 5-HMF using Mordnite at 100°C
After the dehydration of glucose under the emplogedditions, samples were taken at
each specified time (30 min, 1h, 3 h, 6 h, 9 hh2dnd 48 h) and extracted with ethyl

acetate and diethyl ether followed by rotary evapon under reduced pressure. After

rotary evaporation of the different time producteme of them show slight yellow/

yellow color after the flask was washed with chform. But for reactions done with

water after extraction and rotary evaporation nedpct was obtained after washing the

flask with chloroform. And hence, we did not rue tNMR of product as well as residue

for reactions done with water only.
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HMF was supposed to be the main reaction produeteker, the NMR shows no signal
for neither in'H nor in *3C spectra other than extracting solvent. It alsticates that
neither levulinic acid nor formic acid, which isetmehydration products of HMF, was
detected. As noticed in table 3 the maximum glucoseversion is 28.41% and the
spectra in Figure 3 indicates the absence of sdgioalHMF, as well as the byproducts
(fig. 3 and appendices 2-9).
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Figure 3 (A)*H NMR and (B)**C NMR spectra of 48 h reaction product of MOR-
CBV21A catalyst at 100C

The NMR of the three residues analyzed tells usttieae is glucose in the residue which
indicates that the starting material was not prigpesnverted to the desired product, 5-
HMF as well as to other side products (fig. 4, apgpees 10 -12). From table 3 below it
is shown that the conversion of glucose by theetlzagalysts is very low, a maximum of
28.41 % in case of modified mordenite, WIM-7, a0 2G and 48 h compared to SAPO-5
1.5T (13.66 % conversion) and 1.5B (18 % convejsiain120°C and 24 h. This

conversion difference in mordenite (WIM-7) and SAB®©atalysts was due to the longer

residence time of glucose in the reaction in tteead mordenite catalyst.
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Table 2 quantitative results of conversion of gheo

Type of catalyst TemgC | Time | Glucose conversion %
WIM-7 100 48h 28.41

1.5T 120 24h 13.66

1.5B 120 24h 18

For the SAPO-5 catalysts the difference in coneersnay be due to their synthesis
system by the inclusion of the structure directimgents. As reported by Gomez-
Hortiguela et al [36] SAPO-5 synthesized with TEASDAS has a number of Bronsted
acid sites and would interact each other and rethueeatalytic activity while SAPO-5
synthesized with BP which has a higher strengtBrofisted acid sites is more active and
as result, responsible for the higher conversion.
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Figure 4 (A)'H and (B)**C NMR spectra of 24 h reaction residue of SAPO k&lyst
at 120°C

4.2.2. Catalytic conversion of glucose to 5-HMF using MOREBV-21A catalyst in
biphasic system
In this part, we report the conversion of glucoseHMMF in a biphasic system in the
presence of MOR-CBV-21A at 15C. The biphasic reactor consists of an aqueous laye
saturated with/without sodium chloride, glucose] an extracting organic layer of ethyl
acetate. The motivation for using a biphasic reastthat the reactive HMF product can
be continuously extracted from the agueous phasihbstening the residence time of the
intermediate, 5-HMF, thereby minimizing condensatieactions of HMF with glucose
that lead to solid humins and rehydration reactwhsdMF to form levulinic and formic
acid. As noticed in the monophasic systems thexenarsensible production of HMF or
byproducts. And hence, we used biphasic systenhengample taken at 6 h gave yellow

oil like product after rotary evaporation. The pnotiwas analyzed with NMR as shown
in fig. 5 below and appendix 13.
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The'H NMR spectrum (figure 5) above shows small peals %165 (s, 1H)5 7.54 (d,
1H), 67.08 (d, 1H) and &4.76 (s, 2H) for a reaction done with NaCl (A) las partition
andé 9.63 (s, 1H)p 7.56 (d, 1H),67.0 (d, 1H) and a&4.75 (s, 2H) for a reaction done
without NaCl (B) as the partition which are typisidinals of HMF. It should be pointed
out that no noticeable by-product signal was olesrn the spectra and showed only
HMF, the standards and unpurified ethyl acetateady The*C NMR spectra (appendix
13) showed no information about the presence oM&=HThe spectra showed only the
standard and ethyl acetate signals. From tdbtes noticed that the maximum yield of
HMF is 7.38 % for a biphasic reactor system donthaut NaCl which is very low that
indicates the concentration of HMF is very low. denthe absence of peaks of HMF in
the *3C NMR could be related with the very low concenratof HMF in the reaction

product.

Table 3 HMF yields of MOR-CBV-21A catalyzed dehyva of glucose in

water/acetone -ethyl acetate biphasic system af@50

Catalyst Yield %
MOR-CBV-21A with NaCl 1.2

MOR-CBV-21A without NaCl | 7 35

Conditions: 8g/8g water/acetone, 5g glucose, 0BY-21A, 20g ethyl acetate, 15C,
6h.

From table 3 above it is observed that the maxirhlMF yield is 7.38% which was done
in the absence of NaCl as the patrtition. It wagpesgpd that the application of NaCl was
used to increase the selectivity of HMF and to pitish the organic extracting phase by
salting out effecf21]. In our study the catalyst that we used was H-mateemd zeolites
by their nature have ion-exchange properties, amtd the addition of NaCl salt to the
solution may create cation exchange betweeh dahe salt and Hof the mordenite
resulting Na-MOR, which may suppress the catalgtaperty of H-MOR. As the result,
the conversion of glucose to HMF may be reducedl Aence, this effect contributes to
the low yield of HMF when the conversion was donethe presence of NaCl as the
partition (yield 1.2%) compared to the one donéwiitt NaCl (yield 7.38%).
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4.2.3. Thermogravimetric analysis of the recovered catalyts

The catalytic activity and diffusion problem of abists can be assessed by using thermal
gravimetric analysis that tells materials stabibty a function of temperature. The TGA
plot of all the catalysts show one weight loss bel®0°C that is assigned to the removal
of water on the external surface of the catalygti{bscopic water). Some of the catalysts
also show sharp weight losses in the range betd@érto 200°C indicating desorption

of water loosely bound to the catalysts. Tempeeatuabove 200C showed several
weight loss steps which extends to above Cevidencing to desorption of undiffused

organic molecules or the glucose stacked in thegof the catalysts.

Table 4 TGA results of the recovered mordenite 8ABO-5 catalysts

Recovered Reaction Weight loss (%)
catalyst temperature <100°C | 100-20°C | >200°C | Total weight loss
(%)
CBV21A 100°C 2.8 5.2 31.57 39.57
WIM-7 100°C 4 - 14.22 18.22
WIM-1 100°C 2.24 5.57 39.74 47.55
SAPO 1.5T 126C 8.61 - 11.56 20.17
SAPO 1.5B 126C 4.17 6.57 14.44 25.18
CBV21A, 150°C 3.27 - 19.73 23
CBV21A  with | 150°C 1.72 - 40.42 42.14
NaCl & biphasic
CBV21A without| 150°C 4.02 - 11.88 15.9
NaCl & biphasic
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Figure 7 the TGA of the recovered SAPO-5 catalysts
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Figure 8 TGA plots of the recovered CBV21A catalyst
4.3. Effects of Reaction conditions on the glucose dehsation to HMF

4.3.1. Effect of reaction time

Varying the reaction time showed no differencesthe dehydration of D-glucose

catalyzed by Mordenite and SAPO-5 as shown in NEIlts. The spectra indicate only
the signal of extracting solvents. As a result weld not quantify the HMF yield, even if

we could calculate the conversion. The glucose exsion (28.41%) at 48h for WIM-7,

13.66% for 1.5T and 18% for 1.5B at 24h indicated glucose could not converted well
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by extending the reaction time longer. These caiwarvalues confirm that glucose was
converted to humins and isomerized products. ThA §faphs also showed the presence
of diffusion problem. So, this problem also suppdite NMR spectra of the different
time reaction products that do not show reasonalgeal for HMF as well as for
byproducts. And hence, varying the reaction time i@ more difference for production

of HMF in our study.

4.3.2. Effect of catalysts on the reaction

The glucose conversion would be affected by thee tgp catalyst used during the
reaction. The catalysts used were mordenite, winisha pore diameter of 7A and SAPO-
5 has a pore diameter of 7.3 A that of our sugacage has 8.6 A. Pore widths of at least
10 A allowed the 8.6 A glucose molecules to diffasel react directly within the micro-
and mesopores of the catalyst. The principal reastoccurring in this manner being: the
isomerization of glucose to fructose, dehydratidrglocose to 5-HMF, rehydration of
HMF to formic acid and levulinic acid. The conversiof glucose, a maximum of 28%
with modified mordenite WIM-7, showed that glucasenot well converted with the
catalyst which has less pore diameter than glugdkeose may not be purely cyclic [40,
41], and it may contain some fraction of open cl@mponents in solution. The acyclic
form of glucose may come in to the pore of the lgata due to its some structural
linearity. Such a part of glucose might be conwketeeHMF, but due to its large pore size
(9.3 A) than the catalyst it could not diffused dwam the pore of the catalysts. It may
also rehydrate to acids, but they will isomerizeather products that could not diffused
out. The NMR spectra of products done with the npbragic reactor system (appendices
2-9) showed no signal either for HMF or the rehtidra products levulinic or formic
acid. The spectrum only shows the signal of theesas used for extraction. This idea
could be supported by the spectra of residuesaumbdified mordenite WIM-7, SAPO
1.5T and 1.5B. These spectra (fig 4, appendiced2)0also indicate the signal of
unreacted glucose. The TGA plot of the catalyste @revail the presence of diffusion
problem. For example, the TGA of WIM-7 fig. 6 shalve total weight loss of 18.22%,
from this 4% weight lost below 10T that could assigned due to the desorption ofiwate
that might be adsorbed on the external surfacehef datalyst during reaction and

filtration. The remaining 14.22% assigned to desonpof undiffused organic molecules
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which may be HMF, isomerized products or some pagiucose stacked in the pores of

the catalysts.

The catalytic activity is also influenced by thedastrength of the catalyst sites which is
determined by the Si/Al ratio. According to Moreatial. [29] the aim is to increase
activity, but a relatively low acidity is requirddr the dehydration step to 5-HMF. The
selectivity tends to decrease by increasing thal $dtio, i.e. by increasing the acidic
properties of the catalysts, thus allowing secondaactions to take place, such as the
formation of formic and levulinic acid or polymerinaterials referred to as humins.
Consequently the catalyst mordenite CBV21A whicheh8iGQ/Al 05 ratio = 20 is more
acidic and is responsible for secondary reactiortake place, and that of WIM-7 (Si/Al
ratio =12.5) even though the conversion is very,|28.41% at 48h and 10C. At this
amount of conversion 5-HMF would be formed andighmrehydrate to levulinic acid or
formic acid by the solvent water even its concdimais very low. The spectra of the
products (appendices 2-9 and fig. 3) confirms thate is no signal either for 5-HMF or
for the byproducts in the monophasic systems du&dovery low concentration of the
products. The TGA graphs of recovered catalysts edsdenced that some molecules are

stacked in the catalysts.

Structure directing agents used during the syrghefsthe catalyst could also influence
catalytic activity of the catalyst. The SAPO-5 matls 1.5T and 1.5B are synthesized in
different SDAs which have different ability to cav glucose: 13.66% for 1.5T and 18%
for 1.5B. The low conversion in case of 1.5T, imliéidn to its more acidic sites, is due to
its hydrophilicity that absorbs more water. For BL.Bhore organic molecules could
occlude due to its hydrophobicity. The TGA of teeavered 1.5T showed 8.61 % weight
loss while 1.5B showed 4.17 % below 1@ assigned to desorption of water. From the
TGA of SAPO 1.5T 0.58g of organic was occluded el0l68g of converted glucose
from NMR was obtained. Similarly for SAPO 1.5B QOgr@rganic from TGA and 0.9g
converted glucose and for WIM-7 0.71g organic fro@®A and 1.42g converted glucose
was obtained from NMR spectrums. Therefore, thevemion of glucose would be
influenced by form of the catalyst used and thecgbe converted and the amount of

organic occluded was slightly comparable.
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4.3.3. Effect of solvent

The dehydration reactions of glucose with mordeaitd SAPO-5 catalysts were carried
out in water/acetone as solvent in monophasic sysied water/acetone-ethyl acetate in
the biphasic systems refluxing under oil bath hie tase of monophasic system there was
no noticeable signals for HMF as well as byprodu€tee maximum 28.41% conversion
of glucose also shows that the solvent water ordgalved glucose and had not catalytic
application on the reaction system. Instead of #sateported by Kim et al. [42] there
could be a strong interaction between the polavesnl (water) and the hydrophilic

surface of the catalysts and water can block amubimon the surface acidic sites.

On the other hand, even if the HMF yield is lowwater/acetone-ethyl acetate biphasic
system, it is better than the water/acetone morsplsystem due to the driving force of
the biphasic mixture in which HMF collects in theganic phase after its formation in the
aqueous phase. This method of HMF synthesis inphaic solvent also produced 5-
HMF as indicated from th&H NMR spectrums (fig. 5) of the HMF product colledt
from the ethyl acetate layer even if the signa¢s\aary weak. Even though water is a very
green solvent compared to other solvents, it hesddiantages in the practical production
of HMF from glucose, due to the rehydration of Hlslird the formation of levulinic and

formic acids as side-products.
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5. CONCLUSION

The conversion of glucose to the platform chemic@rmediate, 5-HMF was examined
in different conditions including monophasic angbHasic reactor systems by using
Bronsted acid catalysts mordenite and silicoalupitosphate materials. The high
conversion of glucose (28.41%) by using modifiedaeaite, WIM-7 as novel catalyst
at 100°C and 48 h indicates that the catalytic activitythed catalyst was suppressed by
its channel dimension which have smaller pore dsmenthan the starting material
glucose. The conversion is also very low to SAPCGatalysts; 13.66% conversion for
1.5T and 18% conversion with 1.5B at 1ZDand 24 h. As a result, glucose which has
8.6 A pore diameter needed at least 10 A pore difnanin order to diffuse out and
react directly to the active site of the catalyStucose may contain small amount of
open chain in solution that may enter in to thectiga site of the catalyst. This acyclic
glucose could be converted to HMF. But the TGAh# tecovered catalysts illustrates
that some organic molecules are occluded in tharaa of the catalysts. This idea also
supported from the NMR spectrums of the residuecivishowed a clear presence of
glucose and the absence of signals for HMF or dblgproducts from NMR spectra of
different hour reaction products. This low convensis also not only due to the catalytic
efficiency but also due to the solvent effect. Hodubility of glucose in water is very
good but it has no any other effect as non-agusolvents and ionic liquids which have
a slight catalytic effect on the conversion of hee® Instead it will interact with the
surface of the catalyst and will inhibit cataly#ictivity of catalysts. As a result, mainly
the shape selectivity of the pore size of zeoldrd zeotypes contributes for the low

conversion of glucose to HMF and/or to other sigmEpcts.

In this work we also showed that HMF can be produnédiphasic reactor systems using
ethyl acetate as the organic extracting phasedrpthsence as well as in the absence of
NaCl as the partition agent and by using a Bronatadic catalyst MOR-CBV21A. But
the yield difference results from the ion exchaofd\a of the salt and Hof the H-
MOR resulting Na-MOR which has a very weak catalgictivity for the one done in the
presence of NaCl. Thus, in this work biphasic systgave a reasonable yield than the

monophasic systems in water, even if the yields/arg low.
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APPENDICES
Appendix 1: DEPT spectra of pure glucose
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Appendix 2: (A)*H and (B)**C NMR spectra of 30min reaction product of MOR-CBV-
21A catalyst at 108C
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Appendix 3: (A)'H and (B)**C NMR spectra of 6h reaction product of MOR-CBV-21A
catalyst at 106C
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Appendix 4: (A)*H, (B) *C NMR spectra of 24h reaction product of MOR-CBVA21
catalyst at 106C
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Appendix 5: (A)*H and (B)**C NMR spectra of 30min reaction product of WIM-7

catalyst at 106C
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Appendix 6: (A)*H and (B)**C NMR spectra of 6h reaction product of WIM-7 cgsal
at 100°C
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Appendix 7: (A)*H and (B)**C NMR spectra of 24h reaction product of WIM-7 tgsa
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Appendix 8: (A)'H and (B)**C NMR spectra of 48h reaction product of WIM-7 tgsa
at 100°C
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Appendix 9: (A)*H and (B)**C NMR spectra of 48h reaction product of WIM-1 ¢pta
at 100°C
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Appendix 10: (A)'H, (B) *C NMR and (C) DEPT spectra of 48h reaction resiofue
WIM-7 catalyst at 100C
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Appendix 11: (A)'H, (B) *C NMR and (C) DEPT spectra of 24 h reaction resinfue
SAPO 1.5T catalyst at 12C
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Appendix 12: DEPT spectra of 24 h reaction resicf @APO 1.5B at 120C
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Appendix 13*C NMR spectra of 6 h biphasic reaction product GRICBV-21A
catalyst at 156C (A) in the presence of NaCl and (B) in the absasfdNaCl
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