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Self-assembly of mesoporous TiO2 nanospheres via aspartic acid templating
pathway and its catalytic application for 5-hydroxymethyl-furfural synthesis†
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Self-assembled mesoporous TiO2 nanoparticulate material with well-defined nanospherical

morphologies was prepared by using DL-aspartic acid as a template. Powder XRD, TEM and SEM

techniques were used to characterize the TiO2 nanoparticles. The presence of high acid density in the

mesoporous TiO2 was confirmed by pyridine-IR and NH3-TPD studies. This new mesoporous TiO2

nanomaterial efficiently catalyzed the dehydration of D-fructose and D-glucose into

5-hydroxymethylfurfural in DMA-LiCl solvent under microwave assisted heating. The acidic sites of

the TiO2 nanomaterial were responsible for the dehydration reaction which produced a maximum

82.3% HMF.
Introduction

Titanium dioxide (TiO2) has excellent chemicophysical proper-

ties and unique applications in several areas including photo-

catalysis, gas sensors, solar cells and Li-ion batteries.1–5 Extensive

research efforts have been focused on controlling the micro-

structure and morphology of TiO2 to achieve novel and

enhanced properties. Characteristically, mesoporous TiO2

nanospheres have attracted great interest due to their high

surface area, surface permeability, and light-trapping effect.6–9 In

recent years, TiO2 material has been used extensively in envi-

ronmental,10 sensing,11 photocatalytic,12–14 and optoelectronic

applications.15,16 However, the major drawback of TiO2 nano-

structured materials for suitable applications is their low surface

area and high band gap. The surface area of TiO2 based materials

can be enhanced significantly by introducing nanoscale porosity

at its surface. The supramolecular assembly of ionic or neutral

surfactants has been conventionally employed as a template or

structure directing agent to design mesoporous materials.17–19

TiO2 material with mesoporosity can be prepared by templating

with various agents such as dendrimers,20 polymers,21 aromatic

acid.22 Hierarchically anatase meso/nanoporous S- and C-doped

TiO2
23 and alcohothermal method derived TiO2 microspheres24

have been recently reported for their enhanced photocatalytic

activity.
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Amino acids, as typical biomolecules with polyfunctional

groups, have a low softening point, selective adsorptivities and

metal cation complexing ability. It was envisioned that amino

acid could serve as a smart template in the preparation of

nanoparticulate TiO2 materials of desired structure based on

their unique physical and chemical properties. A recent report on

the fabrication of mesoporous TiO2 with glycine templating

inspired to explore other amino acids as templating agents to

prepare TiO2 nanoparticles of desired mesoporosity and Lewis

acidity.25 For this, TiO2 materials have been prepared using

various methods, including the soft-templating pathway, e.g.

surfactant micelles as template26,27 and also hard templating.28

Generally, template method of preparation of titania nano-

particle involves calcinations at high temperatures to remove the

template and leave behind pores in the TiO2 matrix. During the

calcination process, sintering and crystallization also occurs,

which can cause collapse of the mesoporous structure, resulting

in a significant loss in surface area. Thus, proper choice of the

template molecule and its efficient removal from the surface TiO2

matrix are highly desirable to achieve TiO2 based nanostructured

materials.

5-Hydroxymethylfurfural (HMF) is a biomass derived plat-

form chemical for the synthesis of a range of value added

compounds.29,30 Several catalysts are known for the conversion

of biomass and carbohydrates into HMF in ionic liquids,

organic, aqueous, and aqueous-organic biphasic solvents.31–33

Watanabe and co-workers have disclosed the effectiveness of

anatase-TiO2 material as catalyst for the conversion of fructose

and glucose to HMF in hot compressed water (HCW) with

38.2% and 7.7% HMF yield at 200 �C.34,35 NH3- and CO2-TPD

(temperature programmed desorption) analysis revealed that

anatase-TiO2 material was acidic (acid density 17 mmol m�2 and

base density 8.9 mmol m�2). It was anticipated that the formation

of HMF occurred from basic site driven isomerisation of glucose
J. Mater. Chem., 2011, 21, 17505–17510 | 17505
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and acidic site driven dehydration of fructofuranose. Catalytic

activity of the TiO2 catalyst was also tested for the conversion of

sugarcane bagasse, rice husk and corncob to HMF in HCW at

200 �C. The results showed that the yield of HMFwas dependent

on the catalyst preparation method and the acid density.36

Herein, we report the synthesis of self-assembly mesoporous

TiO2 nanoparticles from titanium isopropoxide in the presence

of DL-aspartic acid as a template. The presence of high acidic sites

inside the mesopores of the TiO2 nanoparticles promoted the

conversion of fructose and glucose into HMF.
Experimental

D-Glucose, D-fructose, 1-butyl-3-methylimidazolium chloride

([BMIM]Cl), DL-aspartic acid, titanium isopropoxide were

supplied by Sigma-Aldrich and were used without further puri-

fication. Dimethylacetamide (DMA), dimethylsulfoxide

(DMSO), lithium chloride, 25% ammonia solution were supplied

by Spectrochem, India. Unless otherwise stated, distilled water

was used as aqueous phase.

A JEOL JEM 6700F field emission scanning electron micro-

scope (FESEM) was used for the determination of the particle

morphology of the TiO2 nanoparticles. HR-TEM images were

recorded on a JEOL DATUM Model No. JEM1011. Fourier

transform infrared (FTIR) spectra of the pyridine adsorbed

samples were recorded on a Perkin Elmer Spectrum 100 spec-

trophotometer. For the temperature programmed desorption

(TPD) of ammonia studies, sample was activated and then

ammonia was injected at room temperature in the absence of

carrier gas flow. The temperature was then raised in a stepwise

manner at a linear heating rate of 10 �C min�1. The desorbed

ammonia in the temperature range of 100 to 750 �C was analyzed

by using a Micromeritics ChemiSorb 2720 containing a thermal

conductivity detector. Powder X-ray diffraction of the TiO2

nanoparticles for wide-angle was carried out in a Rigaku Mini-

Flex II XRD machine. Conversions of D-fructose and D-glucose

into HMF were performed in a CEM Matthews WC Discover

microwave reactor, model no. 908010 DV9068, equipped with

programmable pressure and temperature controller. 1H NMR

spectral analysis was performed on a JEOL JNMECX-400 P 400

MHz instrument and data were processed using a JEOL DELTA

program version 4.3.6. The yield of HMF was determined by

HPLC and UV-Visible spectrometric techniques. HPLC analysis

of the reaction product was performed on a 20AD Shimadzu

Instrument equipped with UV detector and pressure gradient

pumps.
Preparation of TiO2 from titanium isopropoxide and aspartic

acid

2.662 g of DL-aspartic acid (20 mmol) was mixed with 15 mL of

distilled water. The pH of the solution was maintained at pH¼ 7

by adding 20% sodium hydroxide solution to dissolve the

aspartic acid. A titanium isopropoxide [Ti(OiPr)4] solution was

prepared by adding 2.95 mL Ti(OiPr)4 (10 mmol) in 5 mL iso-

propyl alcohol. This solution was then slowly added into the

aspartic acid solution. The pH of the mixed solution was then

adjusted to pH ¼ 10 by adding of ammonia solution (25%) and

stirred for 2 h at room temperature. The resultant solid was
17506 | J. Mater. Chem., 2011, 21, 17505–17510
collected by repeated centrifugation (8000 rpm, 10 min) and

washing with distilled water. The material was dried in oven at

383 K for 8 h and then calcined at 773 K for 4 h.

Measurement of acid content of TiO2 by temperature

programmed desorption (TPD) analysis of ammonia

Temperature programmed desorption (TPD) analysis of

ammonia was conducted by using Micromeritics ChemiSorb

2720 in the temperature range of 100 to 750 �C which employed

a thermal conductivity detector. TiO2 nanoparticles were acti-

vated at 300 �C inside the reactor of the TPD furnace under

helium flow for 4 h. After cooling it to room temperature,

ammonia was injected in the absence of carrier gas flow and the

system was allowed to equilibrate. A current of helium was used

to flush out the excess ammonia. The temperature was then

raised in a programmable manner at a linear heating rate of

10 �C min�1. The amounts of ammonia desorbed in the

temperature values of 100–200, 200–400 and 400–750 �C were

taken as measures of weak, medium and strong acid sites

respectively.37

Procedure of conversion of glucose into HMF in DMSO

A microwave tube was charged with glucose (100 mg), TiO2

catalyst (50 mg) and DMSO (2 g). The microwave tube, loaded

with the reactants, was placed in the microwave reactor. The

power of MW was set to 300 W. The reaction was allowed to

continue for the desired time at pre-set temperature. After the

reaction, the tube was cooled to room temperature and the

reaction product was analyzed by HPLC and spectrophoto-

metric techniques for measuring the HMF yield.

Procedure of conversion of glucose into HMF in DMA-LiCl

A microwave tube was charged with glucose (100 mg), TiO2

catalyst (50 mg) and DMA-LiCl (2 g, 10 wt% LiCl). The

microwave tube, loaded with the reactants, was placed in the

microwave reactor. After the reaction, the reaction mixture was

allowed to cool to room temperature and the reaction product

was analyzed by HPLC and spectrophotometric techniques for

measuring the HMF yield.

Catalyst life-time study in DMA-LiCl

A microwave tube was charged with fructose (100 mg), TiO2

catalyst (50 mg) and DMA-LiCl (2 g, 10 wt% LiCl). The mixture

was heated for 2 min under microwave irradiation at 140 �C.
After the reaction, the reaction mixture was cooled down to

room temperature and filtered. HMF component was extracted

with diethyl ether. Spent TiO2 catalyst was recovered, washed

with distilled water and dried. The recovered catalyst was reused

for five catalytic cycles.

Determination of HMF yield. The yield of HMF in the product

solution was determined by HPLC and UV-Visible spectropho-

tometric techniques.

UV-Visible spectrophotometric method. The UV-Visible spec-

trum of pure HMF solution (Fig. S3†) has a distinct peak at
This journal is ª The Royal Society of Chemistry 2011
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284 nmwith corresponding extinction coefficient (3) value of 1.66

� 104 M�1cm�1. The percentage of HMF in each of the reaction

product as given in Table 1 was calculated from the measured

absorbance values at 284 nm and the extinction coefficient value.

Repeated measurement of the same solution showed the

percentage of error associated with this measurement was �3%.

HPLC method. HPLC measurements of the product solution

were conducted using a LC 20AD Shimadzu Instrument equip-

ped with a UV detector, pressure gradient pumps, C18 (250 �
4.6 mm � 5.0 micron) reverse phase column and temperature

controller. The product solution was run through the HPLC

column using 20 mL injection loop and 0.05% H2SO4 in water as

a mobile phase at 35 �C. The flow rate of the mobile phase was set

at 1.0 mL/min. The HMF peak was identified by its retention

time in comparison with authentic sample and integrated. The

actual concentration of HMF was determined from the pre-

calibrated plot of peak area against concentrations.
Fig. 1 a: Wide angle XRD profiles of the TiO2 samples with indexed

peaks compared with that of commercial anatase TiO2 powder; b: Small

angle XRD pattern of aspartic acid templated TiO2 nanomaterial; c:

TEM image of typical TiO2 nanostructure; d: TEM image of calcined

(500 �C) TiO2 sample; e: Selected area electron diffraction (SAED)

pattern of the calcined mesoporous TiO2 sample; f: FESEM image of the

self-assembled mesoporous TiO2 nanoparticles.
Results and discussion

The wide angle XRD patterns of the TiO2 nanoparticles (Fig. 1

(a)) suggested highly crystalline planes of anatase TiO2. The

crystalline planes corresponding to the peaks for anatase TiO2

have been indexed in Fig. 1(a). The powder XRD results revealed

that aspartic acid template method produced highly stable and

crystalline TiO2 nanoparticles.

The small angle XRD patterns of mesoporous TiO2 is shown

in Fig. 1(b). This figure shows one sharp peak corresponding to

self-assembled nanoparticles with an average particle distribu-

tion length of ca. 10.6 nm. This self-assembled nanostructure is

further revealed from the electron microscopic images. Repre-

sentative TEM images of mesoporous TiO2 nanoparticles

calcined at 500 �C are shown in Fig. 1(c) and 1(d). As seen in

these figures, spherical tiny TiO2 nanoparticles of dimension 10–

15 nm are assembled by forming self-aggregated (loose assembly)

nanostructures. The selected area electron diffraction (SAED)
Table 1 Results of microwave assisted conversion of fructose and glucose into HMF catalyzed by mesoporous TiO2

Entry Substrate (100 mg) Solvent (2 g) TiO2 (mg)
Additive
[BMIM]Cl, wt (%) T/�C t(min) HMF yield (%)a HMF yield (%)b

1 Fructose Water — — 120 2 1.2 —
2 Fructose Water 50 — 120 2 31.5 30.2
3 Fructose DMSO — — 130 2 23.6 24.1
4 Fructose DMSO 50 — 130 2 49.5 47.8
5 Fructose DMA-LiCl (10%) — — 130 2 61.0 60.2
6 Fructose DMA-LiCl (10%) 50 — 130 2 74.8 74.2
7 Fructose DMA-LiCl (10%) 50 20 130 2 82.3 81.6
8 Glucose Water — — 120 2 0 —
9 Glucose Water 50 — 120 2 13.4 —
10 Glucose Water 50 — 120 5 18.9 —
11 Glucose DMSO — — 130 2 11.7 —
12 Glucose DMSO 50 — 130 2 26.1 25.6
13 Glucose DMA-LiCl (10%) — — 130 2 4.1 —
14 Glucose DMA-LiCl (10%) 50 — 130 2 21.5 20.4
15 Glucose DMA-LiCl (10%) 50 20 130 2 30.2 30.1

a Yield was calculated using UV-Vis from the measured absorbance values at 284 nm and the molar extinction coefficient. b Yield was measured by
HPLC using 0.05% H2SO4–water as a mobile phase.

This journal is ª The Royal Society of Chemistry 2011 J. Mater. Chem., 2011, 21, 17505–17510 | 17507
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pattern shown in Fig. 1(e) suggested the diffraction spots for

anatase TiO2. Further evidence in support of the TiO2 samples

being composed of uniform tiny spherical nanoparticles came

from the FE-SEM images (Fig. 1(f)).

HR-TEM images of TiO2 nanoparticles calcined at 500 �C
(Fig. 2(a) and 2(b)) were taken for determining detail crystalline

information such as lattice fringes and interface information.

Lattice fringes are quite clear in both HR-TEM images. Fig. 2(a)

shows only (101) plane, while planes (101) and (004) are observed

in Fig. 2(b). Distance between (101) plane is calculated to be 0.35

nm and that of (004) plane is 0.238 nm. These results from the

HR-TEM analysis agrees well with the wide-angle XRD of the

anatase TiO2 materials.

The N2 adsorption/desorption isotherms of aspartic acid

templated TiO2 sample (Fig. 3(a)) can be classified as type IV

corresponding to the mesoporous materials.22 Further, hysteresis

loop of type H3, indicating substantial textural mesoporosity is

also observed. BET surface area and pore volume of this sample

was 51.5 m2g�1 and 0.14 ccg�1. The pore size distribution of the

sample employing the Non Local Density Functional Theory

(NLDFT) method suggested a peak pore width of 9.5 nm (Fig. 3

(b)). The pore width obtained from powder XRD and HR-TEM

analysis agrees well with this data obtained from N2 sorption

analysis.
Fig. 2 HR-TEM images of TiO2 sample calcined at 500 �C; a: showing
(101) plane b: showing (101) and (004) planes.

Fig. 3 a: N2 adsorption (C)-desorption (B) isotherms of the calcined

TiO2 at 77 K. b: The respective pore size distribution using NLDFT

method are shown. c: TG/DTA curves for the prepared TiO2 sample; d:

FT IR spectra of mesoporous TiO2 sample (298 K) and pyridine desorbed

TiO2 sample at (298 K, 323 K, 423 K, and 523 K); e: Temperature pro-

grammed desorption (TPD) of ammonia over mesoporous TiO2

nanoparticles.

17508 | J. Mater. Chem., 2011, 21, 17505–17510
The TG/DTA curves (Fig. 3(c)) show two weight loss stages,

and the relevant DTA peaks are close to 142 �C and 323 �C. The
first weight loss is caused by the evaporation of physically

adsorbed water and the second weight loss, along with the

exothermic nature in the DTA curve, suggests a peptide

combustion and the temperature was high enough to burn off the

peptide bonded to the metal (Fig. 3(c)). FTIR spectra of the

pyridine adsorbed mesoporous TiO2 nanoparticles shows two

characteristic bands at 1589 and 1440 cm�1 (Fig. 3(d)). The band

at 1440 cm�1 could be attributed to the adsorbed pyridine at the

Lewis acid site38 and with increase in desorption temperature this

band showed slow decrease in intensity. This result suggested the

presence of considerably strong Lewis acid site in our self-

assembled mesoporous TiO2 nanoparticles. Further, NH3-TPD

results (Fig. 3(e)) showed very high desorption temperature (400–

750 �C) with peaks at ca. 560 and 652 �C). Total acidity of the

mesoporous TiO2 amounts to 0.27 mmol g�1. Strong Lewis
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1jm13229f


Table 2 Results of recyclability study of TiO2 catalyst in DMA-LiCl for
the dehydration of fructose under microwave assisted heating at 140 �Ca

Cycle no. Fructose (mg) t (min) T/�C HMF yield

1 100 2 130 74.8
2 100 2 130 73.8
3 100 2 130 73.0
4 100 2 130 71.2
5 100 2 130 69.5

a Solvent ¼ DMA-LiCl, TiO2 NP ¼ 50 mg.
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acidity together with textural mesoporosity could be exploited in

acid catalyzed reactions over these self-assembled TiO2

nanoparticles.

Several heterogeneous catalysts containing acidic sites are

known to catalyze the dehydration of carbohydrates to HMF in

organic solvents,39,40 ionic liquids,31,32 and biphasic organic-ionic

liquid medium.41,42 To the best of our knowledge, mesoporous

TiO2 nanoparticulate material with Lewis acidic sites is yet to be

explored for the conversion of carbohydrates to HMF in ionic

liquid solvents. With this aim, catalytic effectiveness of the

mesoporous TiO2 nanoparticles was investigated for the

conversion of fructose and glucose into HMF at varying reaction

conditions. As shown in Table 1, fructose dehydration reaction

with 50 mg mesoporous TiO2 catalyst produced 31.5% HMF

under microwave irradiation for 2 min in aqueous medium at

120 �C. Upon continuing the same reaction for 5 min, only 3%

increase in HMF yield was noted. In DMSO, the yield of HMF

improved to 49.5% under microwave irradiation for 2 min at

130 �C. Under comparable reaction conditions, only 23.6%

HMF yield was recorded without TiO2 catalyst (Table 1, entry

3). It might be due to the catalytic activity of the solvent DMSO

which was reported to assist the dehydration of fructose at high

temperature (140 �C) to form HMF under microwave-assisted

heating.43 Nevertheless, a comparison of HMF yields from

fructose dehydration reactions with and without Lewis acidic

TiO2 catalyst (49.5% with catalyst; 23.6% without catalyst)

confirmed the effectiveness of the catalyst.

Ionic liquid solvents are known to have beneficial effect in

improving HMF yield obtained from the catalytic dehydration

of carbohydrates.31,32 However, ionic liquid is expensive. There-

fore in the present study, N,N-dimethylacetamide (DMA)-LiCl

solvent was utilized to examine the effect of TiO2 catalyst on

HMF yield. DMA-LiCl solvent is known to form DMA$Li+

macrocations, resulting in highly ion-paired chloride ions.44

When fructose dehydration reaction was carried out in DMA-

LiCl (10 wt%) solvent at 130 �C for 2 min, a significant

improvement in HMF yield (61.0%) was noted even without the

added catalyst in comparison with 23.6% HMF yield in DMSO

under similar conditions. The yield of HMF further improved to

74.8% when DMA-LiCl solvent mediated fructose dehydration

was repeated with the mesoporous TiO2 catalyst. A further

improvement in HMF yield to 82.3% was observed when DMA-

LiCl solvent mediated fructose dehydration with the mesoporous

TiO2 catalyst was repeated in the presence of 20 wt% 1-butyl-3-

methylimidazolium chloride ([BMIM]Cl) as an additive. The

beneficial effect of [BMIM]Cl additive might be due to the

formation of a higher concentration of weakly ion-paired chlo-

ride ions.

Glucose is a potential substrate for HMF synthesis due to its

higher abundance.45 It is reported that only 7% HMF yield was

obtained from the glucose dehydration reaction with the metal

oxide (TiO2, ZrO2) catalyst at 200
�C in HCW.34 In the present

study, the performance of mesoporous TiO2 catalyst for glucose

dehydration reaction was tested in water, DMSO and DMA-

LiCl solvents by carrying out the reactions with and without

catalyst in each solvent and comparing the results. Entries 8 and

9 in Table 1 showed the formation of 0% and 13.4% HMF from

glucose dehydration with and without TiO2 catalyst in water.

Similarly, a comparison of entries 11 and 12 in Table 1 revealed
This journal is ª The Royal Society of Chemistry 2011
glucose dehydration with the TiO2 catalyst produced 14.4%more

HMF than without catalyst in DMSO. A comparison of entries

13, 14 and 15 in Table 1 suggested the HMF yields obtained from

the glucose dehydration in DMA-LiCl and DMA-LiCl/([BMIM]

Cl solvents with the mesoporous TiO2 catalyst were 17.4% and

26.1% more than that obtained without catalyst. These experi-

ments with and without catalysts in different solvents further

proved that the mesoporous TiO2 nanomaterial is an active

catalyst for the dehydration of glucose and fructose, and that the

presence of considerable surface acidity of the mesoporous TiO2

is responsible for the catalytic activity. In the presence of

[BMIM]Cl additive, mesoporous TiO2 catalyzed dehydration of

fructose and glucose produced maximum 82.3% and 30.2%

HMF, respectively. It is worth to note that the yield of HMF

from glucose substrate is significantly lower than that from

fructose in all solvents. The lower HMF yields from glucose can

be explained by the involvement of additional sequential steps in

its dehydration process, namely, mutarotation and isomerization

of glucose into fructose followed by dehydration of fructose to

HMF.46,47

The reusability of the mesoporous TiO2 catalyst was examined

for fructose dehydration reaction in DMA-LiCl by recycling the

spent catalyst. Prior to recycle the catalyst for the next run, the

reaction mixture was filtered and HMF component was extrac-

ted from the reaction mixture with diethyl ether. The solid TiO2

catalyst was recovered by filtration, washed with distilled water

and dried. The catalyst was reused for five catalytic cycles

without significant loss in HMF yields (Table 2).
Conclusions

In conclusion, self-assembled mesoporous TiO2 nanoparticulate

material was synthesized at room temperature by precipitation

method from titanium isopropoxide and DL-aspartic acid as

a template. Amino acid templating pathway provided uniform

size and shape-controlled TiO2 nanoparticle with considerably

high surface area as revealed from the N2 sorption studies.

Pyridine-IR and NH3-TPD studies confirmed the presence of

considerable Lewis acidic sites in the mesoporous TiO2 material.

The effective catalytic activity of TiO2 nanoparticles for the

microwave-assisted conversion of fructose and glucose into

HMF was investigated in aqueous, organic and DMA-LiCl

solvent. Using imidazolium ionic liquid as an additive, meso-

porous TiO2 catalyzed dehydration of fructose and glucose

produced maximum 82.3% and 30.2% HMF in DMA-LiCl,

respectively. The spent TiO2 catalyst was recycled for five cata-

lytic cycles without significant loss in HMF yield.
J. Mater. Chem., 2011, 21, 17505–17510 | 17509
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