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Dual Brensted and Lewis acidity of solid acid catalysts enhances selective production of 5-
hydroxymethylfurfural (HMF). This report describes a simple template-free synthetic approach for the
preparation of titanium hydrogenphosphate (TiHP) material containing Lewis and Brensted acid sites.
As-synthesized material has been thoroughly analyzed by several analytical methods for elucidating its
structural properties, including determination of the presence of Brgnsted acidic phosphate group and
measurement of total acid density. NH3-TPD data reveals high surface acidity (1.43 mmolg-!) of the
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and the recovered catalyst after the 3rd cycles retained XRD and TGA characteristics.
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1. Introduction

Design and synthesis of non-corrosive, environmentally benign
and low cost recyclable acidic catalyst is critical to the develop-
ment of sustainable dehydration process for producing furan-based
chemicals from biomass [1-3]. 5-Hydroxymethylfurfural (HMF),
a versatile platform chemical, is expected to play a key role as
a petroleum replacement precursor for renewable chemicals and
biofuels [4,5]. Thus, development of cost effective technologies for
HMF production is of great interest. Several process parameters
including biomass resources [6-8], reaction media [9-12] and cat-
alysts have been explored to achieve this goal. High boiling point
organic solvents and ionic liquids, and homogeneous catalysts have
offered some advantages to achieve high HMF yields, but energy
intensive separation of solvents and catalysts of these processes
poses disadvantages to their commercialization efforts. In this
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context, the use of heterogeneous catalysts and biphasic solvents
are certainly advantageous [13]. Examples of solid acid catalysts
used for dehydration reactions includes metal oxides [9,14], mag-
netically separable materials [15], heteropolyacids [16], zeolites
[17], and ion-exchange resins [18]. Metal phosphates are consid-
ered as most emerging group of materials of this type because
of their highly diverse composition and structures enabling high
acidity and surface area [19].

Recently phosphates of Nb [20], Ta [21], Ti [22] and Zr [23]
have been synthesized and used as acid catalysts for dehydra-
tion of biomass and biomass derived carbohydrates into HMF.
Among these phosphates, titanium phosphate (TiP) has received
greater attention because of its unique catalytic properties, such
as Lewis acidity with tunable acid density, and high life span
due to thermal and chemical stability. Applications of layered
[24-26], open-framework [27,28] and mesoporous TiP [19,22] as
acid catalysts are already known. Yin et al. reported a method
for microemulsion-based synthesis for TiP nanotubes via amine
extraction system in Teflon lined autoclave at 180-200°C [29].
However, Ti(HPOg4),-¥2H,0 material prepared in this method lim-
its its application because of incorporation of intact trioctylamine
(CgH17)3N) into the nanostructure of the phosphate. Synthesis of
mesoporous TiP having 124 m? g-! surface area and 42 A pores
size has been reported from titanium isopropoxide precursor and
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polymeric Pluronic P123 surfactant [30]. Significantly higher sur-
face area (740m2g-!) was realized when the same material
(mesoporous TiP) was prepared from a reaction between phos-
phoric acid solution and titanium propoxide or titanium chloride
in the presence of cationic surfactant [19]. Apart from cationic
surfactant, high surface area mesoporous titanium phosphate has
also been synthesized using anionic surfactant [31]. Most recently,
Dutta et al. [22] developed hierarchical macro/meso-porous tita-
nium phosphate through a slow evaporation method by using
titanium isopropoxide and orthophosphoric acid as inorganic
sources and Pluronic P123 as a structure directing agent. However,
the use of expensive precursors and template molecules, difficul-
ties in removal of template/surfactant, low yield and long reaction
time are some drawbacks of these methods. Therefore, a simple
method for the synthesis of TiP materials is more desirable.

This paper describes a simple approach for the synthesis of
acidic titanium hydrogenphosphate (TiHP), and its catalytic effec-
tiveness for the dehydration of carbohydrate substrate in bi-phasic
medium. The said TiHP material is prepared by refluxing commer-
cial TiO; and H3PO4 at 160 °C without any template molecule, and
characterized by FTIR, XRD, HRTEM, CHNS elemental analyzer, TGA
and NH;3-TPD methods. As-synthesized TiHP exhibits good catalytic
activity for HMF preparation in water/THF biphasic solvent under
conventional heating. A comparison of small scale reactions carried
out in a 50 mL pressure reactor and a larger scale reaction in 2L
Parr reactor under mechanical stirring reveals that the later reac-
tion gives higher yields because of efficient stirring. Because of high
stability and water-tolerant nature of the TiHP, recovered catalyst
retained activity upon recycling. Material characterization data of
the recovered catalyst compared well with that of as-synthesized
material.

2. Experimental
2.1. Materials and instrumentation

TiO,, D-glucose, D-fructose and galactose were purchased from
Thomas Baker (India). H3PO4 and tetrahydrofuran were supplied by
Fischer Scientific and S D Fine Chemical (India), respectively. Cel-
lobiose and maltose were purchased from Sigma Aldrich. Unless
otherwise stated, distilled water was used as an aqueous phase.
Fourier transforminfrared (FTIR) spectra of TIHP were recorded on a
Perkin-Elmer spectrometer (model 1752X FTIR) by using KBr pellet.
Powder X-ray diffraction of the TiHP was carried out using a Brucker
Advance D-8 machine. Thermo gravimetric analyses (TGA) were
performed on a Shimadzu (model DTG-60) thermal analyzer under
air at a heating rate of 10°Cmin~'. HR-TEM (transmission elec-
tron microscopy) images were recorded on a JEOL DATUM Model
No. JEM1011. SEM image was analyzed on Hitachi, S-4100 at an
accelerating voltage of 20 kV. N, adsorption-desorption isotherms
were obtained by using a Beckman Coulter SA 3100 Surface Area
Analyzer at 77 K. Elementar Analysensysteme GmbH VarioEL V3
elemental analyzer was used for measuring hydrogen content of
the TiHP. Temperature programmed desorption (TPD) of ammonia
was performed on ALTAMIRA Q-800 instrument equipped with an
analyzer and a thermal conductivity detector. In this method, the
sample was activated at 450°C for 2 h in a U-tube glass cell under
He flow and cooled to 150 °C. The sample was then saturated with
ammonia for 30 min at a rate of 20mLmin~!. After exposure to
ammonia, the material was subsequently purged with He to mea-
sure desorption of ammonia in the range of 100-900 °C at a heating
rate of 10°Cmin~—!. The catalytic conversions of carbohydrate sub-
strates into HMF were performed in stainless steel Parr reactors.
TH NMR spectral analysis was performed on a JEOL JNM ECX-400 P
400 MHz instrument and data were processed using a JEOL DELTA

program version 4.3.6. The yield of HMF was determined from 'H
NMR signals with reference to known amount of internal standard.
Conversions were calculated by measuring unconverted reduced
sugars by phenol sulfuric acid analysis method [32].

2.2. Preparation of TiHP

TiO, (1.60 g) and H3PO4 (2.45 g) were mixed with distilled water
(5mL) in a round bottom flask. The reaction mixture was heated
to reflux with continuous stirring at 160°C for 8 h using chilled
water fitted with a condenser. The mixture was then cooled to room
temperature, filtered and washed with hot water until pH of filtrate
is neutral. The resultant white solid was oven dried at 65°C for
12 h. A schematic representation for catalyst preparation is shown
in supporting information (Fig. S1).

2.3. General reaction procedure

Small scale experiments were performed in a 50 mL stain-
less steel reactor equipped with temperature controller, pressure
gauge, stirrer and rupture disk. The larger scale reactions (10-30g
substrate) were carried out in a 2L Parr reactor equipped with
mechanical stirrer, pressure and temperature controller, a chillier
and rupture disk. In typical small scale experiments, the reactor
was charged with NaCl saturated water as a reactive phase, THF as
an extracting phase, substrate and catalyst. The reactor head was
sealed tightly before heating the reaction mass at the desired tem-
perature for a set time. After completion of reaction, the mixture
was allowed to cool down to room temperature. The organic phase
was separated in a round bottom flask. The remaining HMF in the
aqueous phase was further extracted by ethyl acetate and collected
in the round bottom flask. After removing solvent by rotary evap-
orator under vacuum, crude HMF was analyzed by 'H NMR. The
aqueous layer was also analyzed by UV-vis spectrophotometric
method for measuring any remaining HMF in the aqueous phase.

2.4. Determination of HMF yield

The yields of HMF in the organic and aqueous phases were
measured separately by '"H NMR and UV-Vis spectrophotometric
techniques, respectively. Since NaCl saturated aqueous solution
was used to increase partition coefficient of the organic products
and the reactive phase was washed four times with ethyl acetate,
the amount of HMF remaining in the aqueous phase was neg-
ligible as compared to the organic phase. Crude HMF, obtained
after removal of extracting phase, was analyzed by 'H NMR by
using a known amount of mesitylene as internal standard. The
yield of HMF was calculated from integrated values of the —CHO
proton (6=9.58 ppm) of HMF and the three aromatic ring pro-
tons of mesitylene (6=6.78 ppm) (Fig. S2). The aqueous phase
was analyzed directly by UV-Vis spectroscopic technique as HMF
has a distinct peak at 284nm with the corresponding molar
extinction coefficient (g) of 1.66 x 104 M~! cm~1. Unless otherwise
mentioned, the reported HMF yields (mol%) are the sum of HMF
obtained from both organic and aqueous phases.

3. Results and discussion
3.1. Catalyst characterization

The FTIR spectrum of as-synthesized TiHP material (Fig. 1(a))
shows characteristic band of phosphate group at about 1000 cm™!
and a band at 1260cm~! for P—-O—H deformation mode, which
are absent in the precursor TiO,. This comparison suggests that
acidic hydrogen phosphate group is successfully incorporated on
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Fig. 1. FTIR spectra (a), powder XRD pattern (b) of as-synthesized and reused TiHP, HRTEM (c¢), lattice fringes (d) and FESEM image of as-synthesized TiHP.

TiO, upon refluxing with phosphoric acid. Similar observation has
also been reported in a previous report [33]. The bands at 3554 and
3474 cm~! possibly corresponds to the stretching vibration of —OH
group of water presents in the TiHP crystal. The higher vibration fre-
quencies of the doublets could be due to weak hydrogen bonding
interaction of water in TiHP structure. The low intense peak near
1620 cm~! can be assigned to the deformation vibration for H—O—H
bonds of absorbed moisture [34]. A broad band at 3000 cm~! rep-
resents the O—H stretching vibration of the —PO3;—OH groups.

Powder X-ray diffraction (PXRD) was recorded at room temper-
ature with CuKa (A =1.54 A radiation) on a Brucker Advance D-8
diffractometer. Diffraction intensity was measured at a scan rate of
2°min~!. The XRD pattern was analyzed by XPowder12 (ver.01.04)
software in order to elucidate the crystalline characteristic of the
TiHP. The characteristic peaks at 11.6°, 20.8°, 21.9°, 25.7°, 35.9°,
36.5° and 40.1° with their respective d-values of 7.59, 4.26, 4.05,
3.46, 3.46, 2.46 and 2.24 can be indexed to (002),(110), (—112),
(112),(-312),(-313)and (311) reflections (Fig. 1(b)). These 26
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Fig. 2. TGA-DTA profile (a) and NH;-TPD desorption pattern of the TiHP.

values agrees well with the characteristic peaks of Ti(HPO4),-H,0
(JCPDS card No. 033-1379) and a previous literature data [35]. The
peak at 25.3° corresponds to unconverted TiO,. Theoretically, pure
Ti(HPO4),-H,0 should contain 1.55 and 24 wt% of H and P, respec-
tively. The lower value of actual H (1.03wt%) and P (11.5wt%)
possibly suggests that the synthesized material is a mixture of
Ti(HPOg4);-H>0 and Ti(HPO4),-%2H,0 and some unconverted TiO,
(Fig. S4).

The representative TEM, HRTEM and FESEM images of TiHP
are shown in Fig. 1(c)-(e). These TEM images show that most
of the particles are of rectangular shape with some of hexago-
nal and that the particle size varies in the range of 80-120 nm.
HRTEM image suggests the material contains characteristic (11 2)
and (311) planes as those observed from XRD pattern. FESEM
image also shows that this material has hexagonal shaped plate like
structure. The BET surface area of the TiHP material, measured by
a N, adsorption-desorption study at 77 K, shows low surface area
(4.4m? g~1)which could be due to aggregation of the particles. TGA
and differential thermal analysis (DTA) data are shown in Fig. 2(a).
The data show two distinct mass loss steps corresponding to total
loss of about 6%. The first step in the range of 150-260°C could be
due to the loss of water of crystallization. The second weight loss
is probably attributed to the condensation of structural hydroxyl
(PO3-0H) groups due to the interaction of hydrogen phosphate
groups to produce pyrophosphate (Fig. S3). The observed mass loss
steps were further confirmed by DTA curve. Acid density of the
TiHP material was quantified by NH;-TPD measurement. As shown
in Fig. 2b, the desorption profile reveals two desorption peak max-
ima at high temperatures of 455 and 550 °C and the corresponding
total acid density is 1.43 mmolg~!. The high temperature desorp-
tion indicates the presence of strong acid sites in the material.
The investigated catalyst is believed to contain Brensted and Lewis
acid sites. The Lewis acidic centers are generated from tetravalent
Ti** while the surface P-OH groups represent Brensted acidity. The
Brgnsted acidity is also dependant on the bonding nature of P with
other atoms in the material and thus the availability of protons.
Comparable peak intensity of the two peaks in the desorption pro-
file perhaps suggest that the concentrations of Brensted and Lewis
acid sites are very similar. The total acid density (1.43 mmolg~1)
is higher than the reported value (0.711 mmol g~1) by Jones et al.
[19]in which TiP was prepared from a reaction between phosphoric
acid solution and titanium propoxide or titanium chloride in the
presence of cationic surfactant.

3.2. Catalysis

Acid density is an important parameter of a catalyst for deter-
mining overall catalytic effectiveness for dehydration reaction. As
total acid density of the TiHP is remarkably high, it is worth to
examine its catalytic effectiveness for the conversions of fructose

and naturally abundant glucose. A preliminary reaction between
500 mg fructose and 250 mg TiHP at 140 °C for 3 h yielded 55% HMF
and converted 80% fructose in water (2 mL)/THF (10 mL) biphasic
solvent. The aqueous phase was saturated with 0.6 g NaCl (30 wt%)
to ensure distinct phase separation of the two solvents and to
improve partitioning of HMF into the organic phase. In the absence
of salting-out effect, a reaction without NaCl produced only 38%
HMEF (Fig. S5). Similar observation of higher partition coefficient of
HMF in the presence of NaCl in the aqueous phase is also precedent
in the literature [12,36,37]. Under comparable reaction conditions,
TiO, (precursor for TiHP) catalyzed reaction gave only 5.1% HMF.
When a mixture of H3PO4 (1 mL of 1M solution) and 250 mg TiO,
was used as catalyst, the reaction produced 33% HMF with 96% fruc-
tose conversion. This comparison suggests that as-synthesized TiIHP
catalyst containing both Lewis and Brensted acid sites is more effec-
tive for HMF production than its Lewis acidic component (TiO;)
or a mixture of two acid precursors, which is perhaps due to the
occurrence of fructose dehydration inside the catalyst pores [12].
The novelty of the present TiHP catalyst was further realized when
its catalytic effectiveness was compared with the activity of the
reported metal phosphate catalysts [20,22,37-39]. As shown in
Table 1, other metal phosphates catalyzed dehydration of fruc-
tose yielded 35-77% HMF. Among the reported metal phosphates,
large mesopore Sn-phosphate (LPSnP-1) containing higher acid
density (2.2 mmol g-1) gave maximum yield (77%) (Table 1, entry
5). Another reason for higher yield of the LPSnP-1 catalyzed reac-
tion is that this reaction was carried out under microwave (MW)
heating in contrary to conventional heating in the present reaction.
It is known from previous reports that fructose dehydration under
MW irradiation yielded significantly higher HMF (30-40%) than
the conventional heating [6]. Another reaction using ZrP catalyst
(Table 1, entry 2) gave comparable yield to that of the TiHP catal-
ysis, but the former reaction required higher temperature (240°C)
to achieve sub-critical condition. As MW irradiation or sub-critical
conditions are not practical approaches for HMF production in scal-
able quantity, the present catalyst giving maximum 55% HMF under
conventional heating condition represents a sustainable approach.

More experiments were designed for optimizing the labora-
tory scale process conditions by varying the reaction temperature,
catalyst dosages and reaction time. The first set of experiments
at varying reaction time from 1 to 3h showed about 2.4 folds
increased in HMF yields (23% in 1h to 55% in 3 h) (Fig. 3). A fur-
ther increase in reaction time from 3 h to 4 h showed detrimental
effect on yields, giving only 41% HMF, whereas the concentration of
levulinic acid (LA), a rehydration product of HMF with water [41],
increased from 1% to 9%. The temperature variation experiments
showed an upward trend of fructose conversions with tempera-
tures, but HMF yields did not follow the same trend (Fig. 4). The
yield increased from 17% at 120°C to 55% at 140°C, followed by
a decreasing trend in yields at higher temperatures. At the same
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Table 1
A comparison of catalytic activity of the TiHP with those of reported phosphate materials.
Entry Catalysts Acid density (mmolg~') Solvent T(°C) t (min) HMF yield (%) Reference
1¢ NbPO-pH2 0.221 H,O0 130 30 45 [21]
2b ZrP - sc-H,0 240 3 53.5 [38]
3¢ a-Cu,P,07-900 - H,0 200 5 35.8 [39]
44 MTiP-1 - H,0-MIBK 140 5MwW 35 [23]
5¢ LPSnP-1 2.2 H,0-MIBK 150 2Mw 77 [37]
6 TiHP 14 H,O-THF 140 180 55 This work

sc: sub-critical; MW: microwave.
2 Fructose/catalyst=1:1, P=0.8 MPa (N; gas).
b Fructose/catalyst=1:1, P=3.35MPa.
¢ Fructose/catalyst=10:1, P=25bar (N; gas).
4 Fructose/catalyst=>5:1.
¢ Fructose/catalyst=4.5:1.
f Fructose/catalyst=2:1.

100

—=— Fructose Conversion
—e— HMF Yield
80—~ Levulinic acid Yield

60+

404

Conv. & Yield (%)

. | | /

3 4

.
[ S 3

t (h)

Fig. 3. Reaction profile as a function of reaction time for fructose (500 mg) dehydra-
tion with the TiHP (250 mg) catalyst in water/THF (2:10 (v/v)) at 140 °C. The aqueous
phase contained 0.6 g NaCl.

time, the concentration of LA increased from 4% at 160°C to 16%
at 170°C. Previous reports also evidenced of higher LA yields at
higher temperatures [41]. It is important to note that total yields of
HMF and LA did not change significantly in the temperature range
of 140-170°C, although fructose conversions increased to almost
100%. Therefore, it can be inferred that oligomerization between
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Fig. 4. Reaction profile as a function of temperatures for fructose (500 mg) dehy-
dration with the TiHP catalyst (250 mg) in water/THF (2:10 (v/v)) biphasic solvent
for 3 h. The aqueous phase contained 0.6 g NaCl.

HMF and fructose that results in the formation of soluble and insol-
uble humin by-products could account for the observed carbon
mass loss [6]. This interpretation was further supported by the fact
that the product solution turned dark brown at higher tempera-
tures although these products were not quantified due to analytical
issues. At higher temperatures, HMF hydrated to levulinic acid due
to the presence of Brgnsted acidity in the catalyst.

The effect of catalyst loading on the yield of HMF was also
studied by varying catalyst loadings from 100 mg to 400 mg for
dehydration of 500 mg fructose at 140 °C for 3 h in water-NaCl/THF
solvent(2:10(v/v)).The yield of HMF increased from 32 to 55% upon
increasing the catalyst loading from 100 mg to 250 mg. A further
increase in catalyst loading to 400 mg showed no improvement in
yields (Fig. S6). The observed non-linearity of HMF yield as a func-
tion of catalyst loading could be due to mass-transport limitation
involving heterogeneous catalyst. It is also possible that dissolution
of fructose in the reactive phase decreased due to the formation of
slurry at higher catalyst loading.

The effectiveness of the TiHP catalyst was further tested for diffi-
cult monosaccharides, such as glucose, galactose and disaccharides
such as cellobiose and maltose. The conversions of these substrates
were carried out under comparable reaction conditions of 500 mg
substrate, 250 mg catalyst, water-NaCl/THF (1:5 v/v) biphasic sol-
vent and at 140°C for 3 h. As shown in Fig. 5, HMF yield from
glucose (17%) as well as glucose conversion (29%) was significantly
lower when compared with fructose dehydration results. Although
glucose conversion process involved an additional isomeriza-
tion step in the reaction progression, a large difference in HMF
yields (37%) and substrate conversions (68%) between fructose and
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Fig. 5. A comparative analysis for substrate conversions and HMF yields.
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glucose must be related to the nature of the catalyst or the pro-
cess conditions. It is known that Lewis acid facilitates isomerization
of glucose to fructose and the Brgnsted acid assists dehydration
of fructose. This conclusion is based on observation of a previ-
ous report in which Sn-beta/HCI catalyzed dehydration of glucose
achieved 4-folds HMF yield than the Sn-beta catalyzed reaction
[42]. Similar observation has also been reported by Zhao et al.
[43] in which the authors used heterogeneous catalysts of vary-
ing total acid density containing only Brgnsted acidity as well as
combined Brensted and Lewis acid sites. The results showed that
the Amberlyst-15 catalyst containing highest acid density, but only
Bronsted acid sites, exhibited the lowest HMF yield from fructose
as compared with heteropolyacid, Cs; sHg 5sPW13049, catalyst hav-
ing significantly lower acid density. The later catalyst containing
both Brensted and Lewis acid sites is believed to be responsible for
better catalytic activity due to minimization of secondary side reac-
tions involving HMF degradation. However, relative activity of such
Lewis-Bronsted catalyst depends on the ratio of Lewis to Brgnsted
acid sites. In case of TiHP catalyst the ratio of the two acid densi-
ties seems equal from the NH3-TPD desorption pattern; thus, the
lower activity for glucose conversion might be limited by the mass-
transport of the heterogeneous catalyst in the small reactor. To test
this hypothesis, glucose dehydration reaction was carried out in
a 2 L Parr reactor. This larger scale reaction between 10g glucose
and 5 g catalyst in water (25 mL)/THF (125 mL) in the presence of
30wt% NaCl in the aqueous phase produced 27% HMF for 3 h with
59% glucose conversion. Another reaction using 30 g of glucose and
15g of catalyst in water (75 mL)/THF (375 mL) achieved slightly
higher HMF yield (35%) and glucose conversion (62%). The superior
results in the later reactions may be due to better mixing of the
reactants in the larger reactor with stronger mechanical stirring
capability.

Similar to glucose, galactose, a C-2 epimer of glucose, also
yielded low HMF (18%). Among the two disaccharides (cellobiose,
maltose), cellobiose, the smallest possible repeat unit of cellulose,
produced 20% HMF. The conversion of cellobiose, which progresses
through hydrolysis of cellobiose to glucose, isomerization of glu-
cose to fructose and finally dehydration of fructose, involved an
additional hydrolysis step in the reaction sequence than that of
glucose. While cellobiose being a dimer of two glucose units the-
oretically contains double the amount of glucose, a slightly higher
HMEF yield from cellobiose than from glucose (based on results sug-
gests that overall HMFyield from cellobiose is perhaps limited by its
hydrolysis step. On the other hand, maltose which is also a dimer of
two glucose units achieved a slightly lower yield (16%). This slight
difference may be due to difference in their hydrolysis rates as two
glucose units in cellobiose are bonded through (3(1—4) linkage
whereas those in maltose are linked through o(1—4) glycosidic
bond. Similar trend of higher HMF product from cellobiose than
that from maltose was also observed for GeCl, catalyzed reaction
in ionic liquid at 120°C [40].

3.3. Catalyst recyclability

The recycling efficiency of the TiHP catalyst was determined by
demonstrating dehydration of fructose as a representative reac-
tion. In this study, 500 mg fructose was reacted with 250 mg TiHP
at 140°C for 3 h water/THF solvent. After the 1st cycle, spent cata-
lyst was separated by filtration, washed with water and dried. The
recovered catalyst was then used for three more consecutive cycles
in the similar fashion. The results show (Fig. 6) excellent recycla-
bility of the catalyst up to the 4th cycle. Further characterizations
of the recovered catalyst after the 3rd cycle suggest that the FTIR
and powder XRD patterns of the recovered catalyst are similar to
those of as-synthesized catalyst (Fig. 1a and b).

HMF Yield (%)
g g8 & g

o
=]
1

111
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Fig. 6. Results of fructose dehydration using fresh and used TiHP catalyst.
Fructose=500mg, TiHP=250mg, solvent=water (2mL)/THF (10 mL), tempera-
ture =140°C and reaction time = 3 h. The aqueous phase contained 30 wt% NaCl.

4. Conclusion

The present report describes a simple method for the synthe-
sis of template free TiHP catalyst containing dual acid sites. The
material characteristics of as-synthesized TiHP have been eluci-
dated using XRD, HR-TEM, FTIR, TGA/DTA, elemental analysis and
NH;3-TPD methods. TGA/DTA data reveals the catalyst is stable up
to 700°C with only 6 wt% mass loss due to water of crystallization.
FTIR data evidences the presence of phosphate group on the TiO,
supportand NH3-TPD data confirms strong acidity (1.43 mmol g~ 1).
The activity of the TiHP catalyst has been investigated for dehy-
dration of mono- (fructose, glucose, galactose) and disaccharides
(cellobiose, maltose) in biphasic solvent (water/THF). Initial exper-
iments reveal superior catalyst activity of the TiHP material for HMF
production than that of TiO, precursor or a mixture of TiO, /H3POyg4.
Reactions at higher temperatures or for longer time resulted in HMF
rehydration product, LA to a significant extent which is due to the
presence of Brensted acid sites in the catalyst. Although individual
Brensted and Lewis acid densities look similar, higher HMF yields
(55%) from fructose than that from glucose and galcatose suggests
that the later reactions perhaps limited by the mass-transport of
the catalyst. Therefore, these reactions in a larger reactor (2 L) hav-
ing stronger stirring capability produced up to 35% HMF. Cellobiose
and maltose conversions achieved 20 and 16% HMF, respectively.
A slight difference in their reactivity could be due to difference
in their hydrolysis rates owing to different glycosidic linkages.
Recyclability study shows the catalyst retains activity up to the
4th cycles and the recovered catalyst has similar FTIR and XRD
patterns as that of as-synthesized material. This catalyst may be
further improved by varying the synthesis conditions in future to
study of a facet dependent conversion of sugars and glycosidic
polymers.
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