
A

i
p
m
e
s
d
a
©

K

1

d
o
f
t
a
a
s
[
n
p
t
i
p

T
F

1
d

Chemical Engineering Journal 138 (2008) 596–601

Effects of carboxylic acids on the microstructure and
performance of titania nanocrystals

Yun Liu, Chun-yan Liu ∗, Zhi-ying Zhang
Laboratory of Organic Optoelectronic Functional Materials and Molecular Engineering, Technical Institute of Physics and

Chemistry, Chinese Academy of Sciences, P.O. Box 2711-47#, Zhongguancun, Beijing 100080, People’s Republic China

Received 9 May 2007; received in revised form 23 July 2007; accepted 7 August 2007

bstract

Effects of carboxylic acids with different molecular structures on the microstructure and performance of nano-crystalline titania have been
nvestigated. It was found that autoclaving TiCl4 aqueous solution in the presence of acetic acid led to the formation of rod-like titania with
ure rutile phase, whereas in the case of tartaric acid, citric acid, propylenedi-aminetetraacetic acid or lysine, pure anatase titania with different
icrostructure was obtained. The change of the phase composition, crystal size and microstructure of titania should be contributed to the coordinating

ffects of carboxylic acids with titanium ions and their adsorption on the surface of titania nanoparticles. The investigation on photocatalytic activity

uggested that rutile titania prepared exhibited a poor photocatalytic activity for the degradation of methyl orange, but a relative high activity for the
egradation of rhodamine B. Compared with P25, anatase titania prepared in the presence of citric acid or L-lysine demonstrated high photocatalytic
ctivity for the degradation of methyl orange and rhodamine B.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In the past decades, new applications for titania have been
eveloped, such as elimination of organic pollutants in gas
r liquid phases [1–5], solar cells [6,7] and water splitting
or hydrogen generation [8,9]. It has been well accepted that
he performance of titania depends on many parameters such
s surface area, phase composition, crystallinity, morphology
nd surface state, etc. Titania with anatase phase generally
howed higher activity than rutile in many oxidation reactions
10–13], while the improvement of crystallinity benefited to tita-
ia photocatalytic activity [14]. Degussa P25 was an recognized
hotocatalyst because of its special bicrystalline phase composi-
ion [15,16]. Thus, successful control and tailor of the parameters
s very important during the synthesis of titania with a high
hotoactivity.
In general, the titania photocatalyst is synthesized from TiCl4,
iOSO4 and Ti(OR)4, etc., which are very sensitive to moisture.
or the controllable synthesis of titania, it is very crucial to

∗ Corresponding author. Tel.: +86 10 82543573; fax: +86 10 62554670.
E-mail address: cyliu@mail.ipc.ac.cn (C.-y. Liu).
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ontrol the vigorous hydrolysis and condensation of titanium
recursor. In view of the chelating stabilizing effects for transi-
ional metal ions, different chelating agents, including polyol
17], alcamines [17], �-diketone [17], �-hydroxycarboxylic
cids [17–19] have been successfully employed in a sol–gel
rocess to prepare titania film, mesoporous titania or mono-
ispersed mixed titanium oxides with fine microstructure.
imultaneously, the influence of chelaing agents on the molec-
lar structure of titanium precursors and the microstructure of
itania obtained have also been particularly investigated [20,21].
owever, sol–gel processes generally carry out at low temper-

ture. Titania prepared with this method needs to sinter at high
emperature to improve crystallinity, which will result in the
bvious aggregation and the growth of particles as well as the
reat decrease of surface hydroxyl groups and surface area.
alcinations at high temperature possibly destroyed the fine

tructure, too. Previous work has demonstrated that large particle
ize, low surface hydroxyl groups, small surface area and poor
rystallinity are basic factors for lower photocatalytic activity of

itania [22].

Comparing with sol–gel process, hydrothermal techniques
re considered as one of the most promising approaches because
f the high crystallinity of products. Considering the higher tem-

mailto:cyliu@mail.ipc.ac.cn
dx.doi.org/10.1016/j.cej.2007.08.004
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erature and autoclaving higher pressure in the hydrothermal
rocess, it was necessary to renewedly understand the role of
helating agents in the controllable synthesis of titania nanocrys-
als. Titania nanocrystals actually have been synthesized, in the
ast years, by the hydrothermal treatment of amorphous titania
els or TiCl4, TiOSO4, Ti(OR)4 in pure water or organic sol-
ent [23–25]. However, the influence of chelating agents on the
erformance of titania nanocrystals have been few reported.

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

. Experimental

.1. Materials

Analytic grade reagents TiCl4, glacial acetic acid, citric acid,
-alanine, ethylene glycol, propylenedi-aminetetraacetic acid

PDTA), methyl orange (MO) and rhodamine B (RhB), tartaric
cid and triethanolamine were purchased from Beijing Chemical
eagent Co. L-lysine was obtained from the Institute of Micro-
iology, CAS. The molecular structures of different carboxyl
cids were given in Scheme 1. Commercial TiO2 (Degussa P25;
mixture of crystalline rutile and anatase phases with the sur-

ace area of 50 m2/g) was from Degussa Co. All the reagents
ere used as received.

.2. The preparation of titania
The titanium precursor aqueous solution was prepared by
iluting TiCl4 with ice-cooled deionized water and the detailed
rocedure was described. Under vigorous stirring, about 80 ml of

Scheme 1. Molecular structures of different carboxylic acids.
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iCl4 (99%) was slowly added into a glass beaker in an ice-water
ath, in which contained ice-cooled deionized water (∼0 ◦C).
fter continuously stirring at temperature lower than 5 ◦C for

bout 2 h, the solution was leached to remove the indissoluble
ubstances. The concentration of titanium precursor aqueous
olution was determined with gravimetric analysis and NH4OH
s precipitator.

Titania powder was synthesized from the titanium precur-
or aqueous solution by a hydrothermal method as introduced
elow. 16.77 mmol of carboxylic acids were added into proper
mount of titanium precursor aqueous solution obtained, fol-
owed by ultrasonication for about 5 min. After magnetic stirring
or about one hour at room temperature, a certain amount of
eionized water was added to adjust the concentration of tita-
ium to about 0.52 mol/L and the mole ratio of Ti to carboxylic
cid was maintained at 1:1. Then, the solution was heated step
y step. After maintained at 50 ◦C for 30 min, 60, 70 and 80 ◦C
or 1 h, respectively, the solution was transferred into an 80 cm3

eflon-lined stainless steel autoclave. The autoclave was heated
o 140 ◦C and kept for about 18 h. The system was then allowed
o cool to room temperature naturally. After the treatment, the
owder resulted was washed repeatedly with deionized water,
thanol and at last, with deionized water to remove HCl pro-
uced and the acetic acid added. To eliminate the citric acid and
-lysine introduced, repeatedly washing with deionized water,
.1 mol/L HNO3 aqueous solution, ethanol and at last deionized
ater was adopted. Because of the poor dissolution of tartaric

cid and PDTA in water and the strong interaction of tartaric
cid, PDTA with titanium, 0.1 mol/L NaOH aqueous solution
as used to remove tartaric acid and PDTA remained in the tita-
ia powder. After washing, the resulted titania powder was dried
n air at room temperature.
.3. Characterization

X-ray diffraction (XRD) was carried out using a Rigaku
Max-RB X-ray diffractometer with the Cu K� radiation oper-

ig. 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)
ysine; (f) PDTA.



598 Y. Liu et al. / Chemical Engineering Journal 138 (2008) 596–601

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

P
C

a
c
i
f
s
m
p
d
g
b

(
r
(
o

2

hase composition Rutile Rutlie
rystal size (nm) 18.4 12.3

ted at 40 kV and 150 mA. The crystalline size of titania was
alculated by means of the Scherrer’s equation from the broaden-
ng of the (1 0 1) reflections for anatase and the (1 1 0) reflections
or rutile. A JEOL JEM-CX200 transmission electron micro-
cope (TEM) operating at 160 kV was used to observe the
orphology of the titania obtained. The TEM samples were pre-
ared by ultrasonicating dispersion of corresponding powders in
eionized water, and then dropped onto a Formvar coated copper
rid. UV–vis spectra of the titania aqueous solutions dispersed
y ultrasonication were recorded by UV–vis spectrophotometer

t
T

Fig. 2. TEM images of different titania: (a) Ti-D; (
Anatase Anatase Anatase Anatase
9.6 8.7 6.8 7.3

UV-1601, SHIMADZU). The IR spectra of the products were
ecorded with a Bio-Rad FTS 165 Fourier transform infrared
FTIR) spectroscopy with resolution of 4 cm−1 and scan times
f 49.

.4. The measurements of photocatalytic activity
In order to evaluate the photocatalytic behavior of the syn-
hesized titania, MO and RhB were used as molecular probes.
ypically, titania powder was added into the aqueous solu-

b) Ti-A; (c) Ti-T; (d) Ti-C; (e) Ti-P; (f) Ti-L.
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ion of MO (4 × 10−5 mol/L) to prepare titania dispersion. The
H value of titania dispersion was adjusted to 3 by 0.1 mol/L
ydrochloride aqueous solution. After ultrasonication for about
0 min, the dispersion was stirred and purged with oxygen gas
or about 10 min. Then, a photocatalytic reaction was carried out
nder illumination with wavelength longer than 340 nm. Dur-
ng the photocatalytic reaction, stirring and a stream of oxygen
as was maintained. At a given interval, 5 ml of aliquots were
ollected and then centrifuged to remove titania particulates.
he supernatant was analyzed by recording UV–vis spectra. The
xperimental procedure of the degradation of RhB was similar
o that of MO, except no adjusting pH of the reaction solution.
he initial concentration of RhB was 10−5 mol/L.

. Results and discussion

.1. Phase composition of titania

The sample of titania prepared in the presence of acetic acid,
itric acid, PDTA, tartaric acid and lysine were denoted as Ti-A,
i-T, Ti-C, Ti-P and Ti-L, respectively, and the blank product was
rote as Ti-D. Their XRD patterns were presented in Fig. 1. All

he diffraction peaks for the sample Ti-D and Ti-A can be readily
ndexed to the pure rutile titania (JCPDS, no. 21-1276), while
he diffraction peaks for the sample Ti-T, Ti-C, Ti-P and Ti-L
ould be assigned to pure anatase titania (JCPDS, no. 21-1272).
hat meant pure rutile was obtained in the absence of carboxylic
cid during the preparation. Acetic acid gave little influence
n the phase composition of titania. Tartaric acid, citric acid,
DTA and L-lysine resulted in the formation of titania of pure
natase phase. Table 1 showed the crystalline size of different
itania calculated by Scherrer’s equation. The introduction of
cetic acid made the crystal size of rutile titania decreased from
8.4 to 12.3 nm. And the size of anatase titania decreased in the
equence of Ti-T < Ti-C < Ti-L < Ti-P, which suggested that not
nly the phase composition but also the crystal size of titania
as very sensitive to the carboxylic acid used.

.2. Microstructure of titania

Fig. 2 showed the influence of carboxylic acids on the
icrostructure of titania. Obviously, in the absence of car-

oxylic acid, rod-like particles with the diameter of about 19 nm
ere obtained (Fig. 2a). Acetic acid made the rod diameter
ecreased to about 13 nm (Fig. 2b). When acetic acid was
eplaced by �-hydroxycarboxylic or �-aminocarboxylic acids,
od-like structure completely disappeared. Tartaric acid induced
orous aggregates with the size of 20–170 nm (Fig. 2c). Citric
cid resulted in the formation of aggregates with the size of
5–80 nm (Fig. 2d) and in the case of PDTA and lysine, random
ggregation was observed (Fig. 2e and f). In addition, there were
ell dispersed spherical particles with the mean size of 2–3 nm

n Fig. 2f.
.3. Optical properties of titania

Fig. 3 described the UV–vis absorbance (α) of titania pre-
ared. In Fig. 3a there was a typical absorption band centered at

a
a

t

ig. 3. UV–vis absorption spectra of Ti-D; Ti-A; Ti-T; Ti-C; Ti-P and Ti-L.

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

The band gap (Eg) of titania was estimated by the plot of α1/2

ersus photon energy (hν) [26]. For the sample of Ti-D and Ti-
, the band gaps estimated were around 3.0 eV, coincided with

he reported value of bulk rutile (3.0–3.1 eV). The band gap for
he sample of Ti-T, Ti-C, Ti-P and Ti-L were 3.14, 3.35, 3.48
nd 3.46 eV, respectively. The band gap calculated for Ti-C, Ti-P
nd Ti-L were slightly larger than the reported value of anatase
itania (3.2–3.3 eV), which may be caused by the quantum size
ffect [27].

.4. Photocatalytic activity of titania

Titania activities were firstly assessed by the degradation
f MO and the corresponding degradation rates were deter-
ined by the absorption of MO at about 500 nm. As showed

n Table 2, the degradation rates of MO catalyzed by Ti-D, Ti-
, Ti-T, Ti-C, Ti-P, Ti-L and P25 were 2.42, 3.61, 4.67, 9.99,
.03, 20.32 and 8.53 × 10−3 min−1 mol−1 L, respectively. Obvi-
usly, for the degradation of MO, rutile titania showed very low

ctivity. Anatase titania of Ti-C, Ti-L and Ti-P exhibited higher
ctivity than P25.

Detailed investigating the adsorption properties of various
itania 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

I −3 −1 −1
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f
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
nitial degradation rate (10 min mol L) 2.42 3.61
esidual percentage of MO at 60 min 0.901 0.79
esidual percentage of MO at 120 min 0.69 0.55

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

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

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

.5. Formation mechanism of titania microstructure

In the pure TiCl4 aqueous solution with the concentration
igher than 0.40 mol/L, titanium ions mainly exist as six-fold
oordinated monomer of [TiO(OH2)5]2+ and its polynuclear
ydrolysis species [30], which was favored the rutile crystallites

31]. Deng et al. [32] indicated that in an aqueous solution with
H of 2, citric acid could tightly chelate titanium ions through de-
rotonated alcoholic group and dissociated carboxylic groups.
in [33] concluded that in the mixture aqueous solution of
4.67 9.99 8.03 20.32 8.53
0.745 0.356 0.583 0.102 0.443
0.459 0.027 0.097 0.125

iCl4 and citric acid, citric acid could interact with TiCl4 or its
ydrolysis species. These suggested that �-hydroxycarboxylic
r �-aminocarboxylic functional groups would make the cit-
ic acid, tartaric acid, PDTA and lysine chelated with titanium
ctahedrons to form a relatively stable titanium complex, even
n strong acidic aqueous solution. Due to the large steric hin-
rance of carboxylic acidic ligands, the titanium complexes
hould combine together by sharing equatorial or apical edges,
hich benefited the formation of anatase crystallites [31,34]. To

urther clarify the fact, ethylene glycol, triethanolamine and �-
Fig. 4. Photodegradation of RhB in the presence of various titania.
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roup and �-coordinative group would give an crucial influence
n the formation of anatase titania.

As well known if a chemical additive could effectively adsorb
n the surface of particles, the growth of particles would be
revented or decreased [35]. During the hydrolysis and conden-
ation of titanium complexes, the ligands of carboxylic acids
ould be released to the solution and adsorbed on the surface
f titania particles freshly formed during the hydrothermal pro-
ess, thereby the growth of particle was inhibited to some extent,
hich explained the smaller size of titania particles prepared in

he presence of carboxylic acids. The microstructure change of
itania might be related to the adsorption of the carboxylic acid
n a certain face of titania crystals, however, some in detail are
ot very clear now and need to be studied further.

. Conclusion

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