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Abstract

Effects of carboxylic acids with different molecular structures on the microstructure and performance of nano-crystalline titania have been
investigated. It was found that autoclaving TiCl, aqueous solution in the presence of acetic acid led to the formation of rod-like titania with
pure rutile phase, whereas in the case of tartaric acid, citric acid, propylenedi-aminetetraacetic acid or lysine, pure anatase titania with different
microstructure was obtained. The change of the phase composition, crystal size and microstructure of titania should be contributed to the coordinating
effects of carboxylic acids with titanium ions and their adsorption on the surface of titania nanoparticles. The investigation on photocatalytic activity
suggested that rutile titania prepared exhibited a poor photocatalytic activity for the degradation of methyl orange, but a relative high activity for the
degradation of rhodamine B. Compared with P25, anatase titania prepared in the presence of citric acid or L-lysine demonstrated high photocatalytic

activity for the degradation of methyl orange and rhodamine B.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the past decades, new applications for titania have been
developed, such as elimination of organic pollutants in gas
or liquid phases [1-5], solar cells [6,7] and water splitting
for hydrogen generation [8,9]. It has been well accepted that
the performance of titania depends on many parameters such
as surface area, phase composition, crystallinity, morphology
and surface state, etc. Titania with anatase phase generally
showed higher activity than rutile in many oxidation reactions
[10-13], while the improvement of crystallinity benefited to tita-
nia photocatalytic activity [14]. Degussa P25 was an recognized
photocatalyst because of its special bicrystalline phase composi-
tion [15,16]. Thus, successful control and tailor of the parameters
is very important during the synthesis of titania with a high
photoactivity.

In general, the titania photocatalystis synthesized from TiCly,
TiOSOy4 and Ti(OR)4, etc., which are very sensitive to moisture.
For the controllable synthesis of titania, it is very crucial to
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control the vigorous hydrolysis and condensation of titanium
precursor. In view of the chelating stabilizing effects for transi-
tional metal ions, different chelating agents, including polyol
[17], alcamines [17], B-diketone [17], a-hydroxycarboxylic
acids [17-19] have been successfully employed in a sol-gel
process to prepare titania film, mesoporous titania or mono-
dispersed mixed titanium oxides with fine microstructure.
Simultaneously, the influence of chelaing agents on the molec-
ular structure of titanium precursors and the microstructure of
titania obtained have also been particularly investigated [20,21].
However, sol-gel processes generally carry out at low temper-
ature. Titania prepared with this method needs to sinter at high
temperature to improve crystallinity, which will result in the
obvious aggregation and the growth of particles as well as the
great decrease of surface hydroxyl groups and surface area.
Calcinations at high temperature possibly destroyed the fine
structure, too. Previous work has demonstrated that large particle
size, low surface hydroxyl groups, small surface area and poor
crystallinity are basic factors for lower photocatalytic activity of
titania [22].

Comparing with sol-gel process, hydrothermal techniques
are considered as one of the most promising approaches because
of the high crystallinity of products. Considering the higher tem-
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perature and autoclaving higher pressure in the hydrothermal
process, it was necessary to renewedly understand the role of
chelating agents in the controllable synthesis of titania nanocrys-
tals. Titania nanocrystals actually have been synthesized, in the
past years, by the hydrothermal treatment of amorphous titania
gels or TiCly, TiOSOy4, Ti(OR)4 in pure water or organic sol-
vent [23-25]. However, the influence of chelating agents on the
performance of titania nanocrystals have been few reported.

In the present work, carboxylic acids such as acetic acid,
a-hydroxycarboxylic acids and a-aminocarboxylic acids were
used in the hydrothermal process to systematically investigate
their effects on the microstructure and property of titania pre-
pared. The work would provide some common information to
effectively control and tailor the structural parameters of titania
in a strong acidic medium and hydrothermal process.

2. Experimental
2.1. Materials

Analytic grade reagents TiCly, glacial acetic acid, citric acid,
B-alanine, ethylene glycol, propylenedi-aminetetraacetic acid
(PDTA), methyl orange (MO) and rhodamine B (RhB), tartaric
acid and triethanolamine were purchased from Beijing Chemical
Reagent Co. L-lysine was obtained from the Institute of Micro-
biology, CAS. The molecular structures of different carboxyl
acids were given in Scheme 1. Commercial TiO; (Degussa P25;
a mixture of crystalline rutile and anatase phases with the sur-
face area of 50 m?/g) was from Degussa Co. All the reagents
were used as received.

2.2. The preparation of titania
The titanium precursor aqueous solution was prepared by

diluting TiCly with ice-cooled deionized water and the detailed
procedure was described. Under vigorous stirring, about 80 ml of
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Scheme 1. Molecular structures of different carboxylic acids.

TiCls (99%) was slowly added into a glass beaker in an ice-water
bath, in which contained ice-cooled deionized water (~0 °C).
After continuously stirring at temperature lower than 5 °C for
about 2 h, the solution was leached to remove the indissoluble
substances. The concentration of titanium precursor aqueous
solution was determined with gravimetric analysis and NH4OH
as precipitator.

Titania powder was synthesized from the titanium precur-
sor aqueous solution by a hydrothermal method as introduced
below. 16.77 mmol of carboxylic acids were added into proper
amount of titanium precursor aqueous solution obtained, fol-
lowed by ultrasonication for about 5 min. After magnetic stirring
for about one hour at room temperature, a certain amount of
deionized water was added to adjust the concentration of tita-
nium to about 0.52 mol/L and the mole ratio of Ti to carboxylic
acid was maintained at 1:1. Then, the solution was heated step
by step. After maintained at 50 °C for 30 min, 60, 70 and 80 °C
for 1h, respectively, the solution was transferred into an 80 cm?
teflon-lined stainless steel autoclave. The autoclave was heated
to 140 °C and kept for about 18 h. The system was then allowed
to cool to room temperature naturally. After the treatment, the
powder resulted was washed repeatedly with deionized water,
ethanol and at last, with deionized water to remove HCI pro-
duced and the acetic acid added. To eliminate the citric acid and
L-lysine introduced, repeatedly washing with deionized water,
0.1 mol/L HNO3 aqueous solution, ethanol and at last deionized
water was adopted. Because of the poor dissolution of tartaric
acid and PDTA in water and the strong interaction of tartaric
acid, PDTA with titanium, 0.1 mol/L. NaOH aqueous solution
was used to remove tartaric acid and PDTA remained in the tita-
nia powder. After washing, the resulted titania powder was dried
in air at room temperature.

2.3. Characterization

X-ray diffraction (XRD) was carried out using a Rigaku
DMax-RB X-ray diffractometer with the Cu Ka radiation oper-
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Fig. 1. XRD patterns of titania prepared in the presence of carboxylic acids:
(a) no any carboxylic acids; (b) acetic acid; (c) tartaric acid; (d) citric acid; (e)
lysine; (f) PDTA.
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Table 1

Effects of carboxylic acids on the phase composition and size of titania crystals

Sample carboxylic acid used Ti-D no any acids Ti-A acetic acid Ti-T tartaric acid Ti-C citric acid Ti-P PDTA Ti-L lysine
Phase composition Rutile Rutlie Anatase Anatase Anatase Anatase
Crystal size (nm) 18.4 12.3 9.6 8.7 6.8 7.3

ated at 40kV and 150 mA. The crystalline size of titania was
calculated by means of the Scherrer’s equation from the broaden-
ing of the (1 0 1) reflections for anatase and the (1 1 0) reflections
for rutile. A JEOL JEM-CX200 transmission electron micro-
scope (TEM) operating at 160kV was used to observe the
morphology of the titania obtained. The TEM samples were pre-
pared by ultrasonicating dispersion of corresponding powders in
deionized water, and then dropped onto a Formvar coated copper
grid. UV-vis spectra of the titania aqueous solutions dispersed
by ultrasonication were recorded by UV—vis spectrophotometer

(UV-1601, SHIMADZU). The IR spectra of the products were
recorded with a Bio-Rad FTS 165 Fourier transform infrared
(FTIR) spectroscopy with resolution of 4cm™! and scan times
of 49.

2.4. The measurements of photocatalytic activity
In order to evaluate the photocatalytic behavior of the syn-

thesized titania, MO and RhB were used as molecular probes.
Typically, titania powder was added into the aqueous solu-

Fig. 2. TEM images of different titania: (a) Ti-D; (b) Ti-A; (¢) Ti-T; (d) Ti-C; (e) Ti-P; (f) Ti-L.
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tion of MO (4 x 107> mol/L) to prepare titania dispersion. The
pH value of titania dispersion was adjusted to 3 by 0.1 mol/L
hydrochloride aqueous solution. After ultrasonication for about
20 min, the dispersion was stirred and purged with oxygen gas
for about 10 min. Then, a photocatalytic reaction was carried out
under illumination with wavelength longer than 340 nm. Dur-
ing the photocatalytic reaction, stirring and a stream of oxygen
gas was maintained. At a given interval, 5 ml of aliquots were
collected and then centrifuged to remove titania particulates.
The supernatant was analyzed by recording UV—vis spectra. The
experimental procedure of the degradation of RhB was similar
to that of MO, except no adjusting pH of the reaction solution.
The initial concentration of RhB was 10~ mol/L.

3. Results and discussion
3.1. Phase composition of titania

The sample of titania prepared in the presence of acetic acid,
citric acid, PDTA, tartaric acid and lysine were denoted as Ti-A,
Ti-T, Ti-C, Ti-P and Ti-L, respectively, and the blank product was
wrote as Ti-D. Their XRD patterns were presented in Fig. 1. All
the diffraction peaks for the sample Ti-D and Ti-A can be readily
indexed to the pure rutile titania (JCPDS, no. 21-1276), while
the diffraction peaks for the sample Ti-T, Ti-C, Ti-P and Ti-L
could be assigned to pure anatase titania (JCPDS, no. 21-1272).
That meant pure rutile was obtained in the absence of carboxylic
acid during the preparation. Acetic acid gave little influence
on the phase composition of titania. Tartaric acid, citric acid,
PDTA and L-lysine resulted in the formation of titania of pure
anatase phase. Table 1 showed the crystalline size of different
titania calculated by Scherrer’s equation. The introduction of
acetic acid made the crystal size of rutile titania decreased from
18.4 to 12.3 nm. And the size of anatase titania decreased in the
sequence of Ti-T < Ti-C < Ti-L < Ti-P, which suggested that not
only the phase composition but also the crystal size of titania
was very sensitive to the carboxylic acid used.

3.2. Microstructure of titania

Fig. 2 showed the influence of carboxylic acids on the
microstructure of titania. Obviously, in the absence of car-
boxylic acid, rod-like particles with the diameter of about 19 nm
were obtained (Fig. 2a). Acetic acid made the rod diameter
decreased to about 13nm (Fig. 2b). When acetic acid was
replaced by a-hydroxycarboxylic or a-aminocarboxylic acids,
rod-like structure completely disappeared. Tartaric acid induced
porous aggregates with the size of 20—170 nm (Fig. 2¢). Citric
acid resulted in the formation of aggregates with the size of
15-80 nm (Fig. 2d) and in the case of PDTA and lysine, random
aggregation was observed (Fig. 2e and f). In addition, there were
well dispersed spherical particles with the mean size of 2-3 nm
in Fig. 2f.

3.3. Optical properties of titania

Fig. 3 described the UV-vis absorbance («) of titania pre-
pared. In Fig. 3a there was a typical absorption band centered at
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Fig. 3. UV-vis absorption spectra of Ti-D; Ti-A; Ti-T; Ti-C; Ti-P and Ti-L.

about 310 nm for Ti-D and Ti-A. Compared with Fig. 3a, obvi-
ous absorption change occurred in Fig. 3b, possibly induced
by the crystalline change from rutile to anatase. Evidently, the
absorption of titania in ultraviolet region was sensitive to their
phase composition.

The band gap (Eg) of titania was estimated by the plot of «
versus photon energy (hv) [26]. For the sample of Ti-D and Ti-
A, the band gaps estimated were around 3.0 eV, coincided with
the reported value of bulk rutile (3.0-3.1 eV). The band gap for
the sample of Ti-T, Ti-C, Ti-P and Ti-L were 3.14, 3.35, 3.48
and 3.46 eV, respectively. The band gap calculated for Ti-C, Ti-P
and Ti-L were slightly larger than the reported value of anatase
titania (3.2-3.3 eV), which may be caused by the quantum size
effect [27].

172

3.4. Photocatalytic activity of titania

Titania activities were firstly assessed by the degradation
of MO and the corresponding degradation rates were deter-
mined by the absorption of MO at about 500 nm. As showed
in Table 2, the degradation rates of MO catalyzed by Ti-D, Ti-
A, Ti-T, Ti-C, Ti-P, Ti-L and P25 were 2.42, 3.61, 4.67, 9.99,
8.03,20.32and 8.53 x 10~3 min~! mol~! L, respectively. Obvi-
ously, for the degradation of MO, rutile titania showed very low
activity. Anatase titania of Ti-C, Ti-L and Ti-P exhibited higher
activity than P25.

Detailed investigating the adsorption properties of various
titania demonstrated that Ti-L and Ti-P had excellent adsorption
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Table 2

The degradation rate constant and residual amount of MO at irradiation time of 60 and 120 min

Photocatalysts

Ti-D Ti-A Ti-T Ti-C Ti-P Ti-L P25
Initial degradation rate (10~ min~! mol~! L) 2.42 3.61 4.67 9.99 8.03 20.32 8.53

Residual percentage of MO at 60 min 0.901 0.79 0.745 0.356 0.583 0.102 0.443
Residual percentage of MO at 120 min 0.69 0.55 0.459 0.027 0.097 0.125

for MO in acidic media, suggested that for the fast degrada-
tion of MO, the adsorption ability of the photocatalyst played
an important role. Another factor was special microstructure.
For example, Ti-C and P25 had comparative capability for MO
adsorption but showed a very different activity. The adsorption
capability of Ti-L and Ti-P was similar, whereas the activ-
ity of Ti-L was great higher than Ti-P. Conclusively, for the
degradation of MO, anatase phase composition, good adsorp-
tion property and special microstructure were important factors
for the high activity of titania.

In addition to MO, RhB was also used as a model probe
to estimate the activity of titania. Although the Apax of RhB
shifted during the degradation, the absorbance change at Amgax
versus irradiation time still could be used to test the photocat-
alytic activity of titania qualitatively [28,29]. As suggested by
Fig. 4, for the degradation of RhB, the activity of the rutile titania
was just slower than P25, while anatase titania prepared in the
presence of tartaric acid and PDTA (Ti-D and Ti-P) showed very
low activity. In contrast, the samples prepared in the presence
of citric acid and lysine (Ti-C and Ti-L) could photocatalyze the
degradation of RhB as efficiently as P25.

Detailed investigating the adsorption of RhB on various tita-
nia concluded that the adsorption capability changed in the order
of Ti-C < Ti-D < Ti-A < Ti-T < Ti-L < Ti-P. Obviously, it was not
consistent with the activity change of various titania. As indi-
cated by Watanabe et al. [28] and Wu et al. [29], at the initial
period of the RhB degradation, the competition between the
cleavage of chromophore ring structure and the de-ethylation
process of RhB occurred and after the de-ethylation process,
the chromophore was further destroyed. The de-ethylation pro-
cess is a surface-reaction [28,29]. Titania with good adsorptive
property would rather benefit the de-ethylation process and thus
decrease the cleavage of chromophore ring structure of RhB
at the initial period. In a word, for the total degradation of
RhB, the adsorptive property of photocatalyst was not so crucial
and microstructure of photocatalyst played a more important
role.

3.5. Formation mechanism of titania microstructure

In the pure TiCly aqueous solution with the concentration
higher than 0.40 mol/L, titanium ions mainly exist as six-fold
coordinated monomer of [TiO(OH3)s]** and its polynuclear
hydrolysis species [30], which was favored the rutile crystallites
[31]. Deng et al. [32] indicated that in an aqueous solution with
pH of 2, citric acid could tightly chelate titanium ions through de-
protonated alcoholic group and dissociated carboxylic groups.
Yin [33] concluded that in the mixture aqueous solution of

TiCly and citric acid, citric acid could interact with TiCly or its
hydrolysis species. These suggested that a-hydroxycarboxylic
or a-aminocarboxylic functional groups would make the cit-
ric acid, tartaric acid, PDTA and lysine chelated with titanium
octahedrons to form a relatively stable titanium complex, even
in strong acidic aqueous solution. Due to the large steric hin-
drance of carboxylic acidic ligands, the titanium complexes
should combine together by sharing equatorial or apical edges,
which benefited the formation of anatase crystallites [31,34]. To
further clarify the fact, ethylene glycol, triethanolamine and f3-
alanine were also used during the preparation of titania in our
experiments, and rod-like rutile titania was obtained, concluding
that in strong acidic media, additives with both carboxylic acidic
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Fig. 4. Photodegradation of RhB in the presence of various titania.
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group and a-coordinative group would give an crucial influence
on the formation of anatase titania.

As well known if a chemical additive could effectively adsorb
on the surface of particles, the growth of particles would be
prevented or decreased [35]. During the hydrolysis and conden-
sation of titanium complexes, the ligands of carboxylic acids
could be released to the solution and adsorbed on the surface
of titania particles freshly formed during the hydrothermal pro-
cess, thereby the growth of particle was inhibited to some extent,
which explained the smaller size of titania particles prepared in
the presence of carboxylic acids. The microstructure change of
titania might be related to the adsorption of the carboxylic acid
on a certain face of titania crystals, however, some in detail are
not very clear now and need to be studied further.

4. Conclusion

This work revealed that through carefully selective chelating
agents, titania nanocrystals with a different phase composition
and crystal size could be synthesized by the hydrothermal pro-
cess. Coordination group of chelating agents played a key role
to the phase composition of final product. The measurement
of photocatalytic activity demonstrated that anatase titania pre-
pared in the presence of citric acid or lysine showed an excellent
performance for the degradation of MO and RhB. Comparing
with adsorption property, microstructure and phase composition
was more important for the activity of photocatalysts. Although
only pure anatase or pure rutile titania was exclusively obtained
in the present work, it was expected that through introduction
of proper chelating agents, bicrystalline or tricrystalline titania
could be obtained in the future.
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