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a b s t r a c t
A sol–gel method was applied to prepare sodium titanate samples with different Na/Ti molar ratios, 
that is, n(Na)/n(Ti) = 2:3 (Na2Ti3), 2:6 (Na2Ti6) and 2:9 (Na2Ti9). Nano-sized Na2Ti6O13 was the main 
substance in all the samples, while Na2Ti3 contained a minor proportion of Na4Ti5O12, and rutile 
phase TiO2 was a minor component in Na2Ti9. The adsorption–desorption isotherms of the samples 
were regarded as an International Union of Pure and Applied Chemistry Type IV isotherm for mes-
oporous materials. The band gap energies for Na2Ti3, Na2Ti6 and Na2Ti9 were calculated to be 3.28, 
3.15 and 3.06  eV, respectively. The productivity of hydroxyl radicals on the sodium titanates was 
in the sequence Na2Ti9  > Na2Ti6  > Na2Ti3. The original ofloxacin molecules were nearly completely 
degraded after 70 min of reaction in the presence of Na2Ti6 and Na2Ti9, while the degradation effi-
ciency was only 54.7% for Na2Ti3. The reaction rate constants for ofloxacin degradation occurred 
on Na2Ti3, Na2Ti6 and Na2Ti9 were calculated to be 0.00693, 0.0154 and 0.0187  min–1, respectively. 
A total of 88.1% of the original activity of Na2Ti6 was maintained in the fifth reaction cycle.
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1. Introduction

Antibiotics are annually produced and applied in a 
large amount. The wastewater discharged from antibiot-
ics producers usually contains a significant concentration 
of antibiotics. The wastewater must be purified to remove 
the antibiotics before discharging. However, the antibiot-
ics polluted wastewater is hard to be removed in the tra-
ditional bio-chemical treatment plant, since the antibiotics 
are harmful to microorganisms [1–3]. Special techniques 
are needed to deal with such kind of hazardous wastewa-
ter, for example, photocatalytic technique [4–6]. Ofloxacin 
and chlortetracycline were reported to degrade during the 
photocatalytic oxidation processes [7–9].

The investigations in photocatalysts were essential to 
the developments of photocatalytic technique [10–12]. TiO2 
was used as a basic material in this research field. Titanates 

were frequently reported in the recent literatures, and some 
kinds of titanates were the potential materials for waste-
water treatment [13–16]. Tavasol et al. [17] designed sea 
sediment/titanate to purify cephalexin antibiotic solution. 
Liu et al. [18] reported antibiotic degradation on bismuth 
titanate. We reported the degradation of ofloxacin on a 
Sm2Ti2O7/nHZSM-5 composite [19].

Sodium titanate was known as a typical dielectric mate-
rial [20,21]. The recent literatures revealed the application 
of sodium titanates in the photocatalytic reactions. Shi et 
al. [22] prepared sodium titanate necklaces to study oxy-
gen vacancies and photocatalytic activity. Shtyka et al. [23] 
synthesized mixed-phase sodium titanates for visible-light 
driven reduction of carbon dioxide. Wang et al. [24] prepared 
a sodium titanate nanosheet encapsulated p-n heterojunction 
photocatalyst. However, sodium titanate is still a new type 
of photocatalyst, and the application of sodium titanate on 
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the removal of organic pollutants is interesting. There was 
no literature reporting the degradation of antibiotics on 
sodium titanate.

A sol–gel method was applied to prepare sodium titanate 
in this work. The composition of the precursor was changed 
to adjust the molar ratio of sodium/titanium. The properties 
of the obtained sodium titanates were investigated using 
different characterization techniques, and the application of 
the sodium titanates was studied in an ofloxacin degrada-
tion process. The main finding of this work was the influ-
ences of sodium/titanium molar ratio on the composition 
and properties of the sodium titanate samples, especially 
on the performance in the photocatalytic degradation of  
ofloxacin.

2. Experimental methods

2.1. Sodium titanate preparation

Ethanol (16 mL) and tetrabutyl titanate (0.005 mol) were 
used to prepare solution Ⅰ. Sodium acetate was dissolved 
in pure water (15  mL), and then acetic acid (16  mL) was 
added to form solution Ⅱ. Solution Ⅰ, solution Ⅱ and gly-
col (2 mL) were stirred together to obtain a sol. The sol–gel 
process was accomplished in an 80°C water bath. After 18 h 
of dehydration of the gel at 110°C, the subsequent thermal 
treatment was conducted at 700°C for 3  h. The products 
were ground before use. Table 1 gives the sodium titanates 
prepared with different n(Na)/n(Ti) ratios.

2.2. Characterization of sodium titanate samples

The phase compositions of the sodium titanate sam-
ples were obtained using a D8 X-ray diffractometer (Cu Kα, 
0.1542  nm). The scanning electron photos of the materials 
were obtained using a Quanta 250 microscope, FEI, USA. The 
UV-Vis absorption properties of the sodium titanate samples 
were obtained using a Lambda 35 spectrometer, PE, USA. 
An ASAP2460 porosity analyser, Micromeritics, USA. was 
used to study the surface area and porosity of the materials.

2.3. Activity of the sodium titanate photocatalysts

Ofloxacin was applied to study the activity of the sodium 
titanate samples. The photocatalyst was stirred in an oflox-
acin solution (20 mg/L, 50 mL) in the dark for 30 min. Then 
the mixture was irradiated under a UV light (main photon 
wavelength 253.7  nm, 2,300  µW/cm2). The ofloxacin con-
centration was determined using an Agilent 1260 liquid 
chromatography, Agilent, USA (C18 column; V(1% phosphoric acid): 
V(acetonitrile) = 80:20).

Hydroxyl radicals generated on the sodium titanate sam-
ples were identified using a 0.5  mmol/L terephthalic acid 
solution. 2-Hydroxyterephthalic acid was produced after 
30 min of irradiation in the presence of the photocatalysts. 
The fluorescence spectra of the 2-hydroxyterephthalic acid 
solution were obtained using a fluorescence spectropho-
tometer (LS-55, excited at 315 nm).

3. Results and discussions

3.1. Compositions in the sodium titanate samples

Fig. 1 shows the X-ray diffraction (XRD) patterns for the 
sodium titanate samples with different n(Na)/n(Ti) ratios. 
The compositions of the sodium titanate samples depended 
on the n(Na)/n(Ti) ratios in the precursor. Na2Ti6O13 was 
the main substance in all the samples. The diffraction pat-
tens for Na2Ti6O13 were in accordance with the pattern in 
JCPDS 73–1398, belonging to a rhombic system. The sample 
Na2Ti6 was mainly composed of Na2Ti6O13, and other phases 
were hardly observed in the XRD pattern. Several diffrac-
tion peaks in the XRD pattern for Na2Ti3 were assigned to 
Na4Ti5O12. The diffraction intensity of Na2Ti6O13 in the pat-
tern for Na2Ti3 was much weaker than that for Na2Ti6. Besides 
Na2Ti6O13, rutile phase TiO2 was a minor component in 
Na2Ti9. Titania might have a strong activity in the photocata-
lytic reaction, but the activity of rutile TiO2 is usually weaker 
than the activity of anatase TiO2. Phase composition is a very 
important factor that can affect the activity of a photocatalyst.

The lattice parameters and crystallite sizes of Na2Ti6O13 
in the sodium titanate samples were calculated using a Jade 
5.0 software and the Scherrer formula, as listed in Table 2. 
The crystallite sizes were the average values for the (200), 
(110), (310) and (020) planes of Na2Ti6O13 crystals. The lattice 
parameters and crystallite sizes of Na2Ti6O13 in Na2Ti6 and 
Na2Ti9 did not have noticeable differences, while the val-
ues for Na2Ti3 were much smaller. The growth of Na2Ti6O13 
crystals in Na2Ti3 was limited due to high n(Na)/n(Ti) ratio. 
Titanium in the precursor was not sufficient for the forma-
tion of stochiometric Na2Ti6O13 crystals. The precursor for 

Table 1
Sodium titanate samples prepared with different n(Na)/n(Ti) 
ratios

Sample n(Na)/n(Ti)

Na2Ti3 2:3
Na2Ti6 2:6
Na2Ti9 2:9
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Fig. 1. X-ray diffraction patterns for the sodium titanates with 
different n(Na)/n(Ti) ratios.
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Na2Ti9 had abundant titanium atoms. The excessive tita-
nium atoms were converted into TiO2 during calcination, 
but the formation of Na2Ti6O13 crystals was not disturbed. 
Nanosized crystals usually have a stronger activity com-
pared with large photocatalyst crystals.

3.2. Surface images of the sodium titanate samples

The surface images for the sodium titanate samples are 
shown in Fig. 2. The materials tended to form large parti-
cles during calcination. The aggregation tendency was very 
common for titanates prepared during high temperature 
thermal treatment. The big particles’ size was as large as tens 
of micrometres. The sodium titanate samples were ground 
before characterizations, so there were many small frag-
ments among the large particles.

3.3. Porosity characteristics

Fig. 3a presents the adsorption–desorption isotherms 
for the sodium titanate samples. Nitrogen was used as the 

adsorbate to determine the porosity of the materials. The 
adsorbed N2 quantity on the sodium titanate samples was 
small when the relative nitrogen pressure was lower than 0.9. 
Capillary condensation of nitrogen at very high pressure led 
to the significant increase in the amount of the adsorbed nitro-
gen. The adsorption–desorption isotherms were regarded 
as an International Union of Pure and Applied Chemistry 
type IV isotherm, indicating the mesoporous structure in 
the materials. Fig. 3b presents the pore size distributions for 
the sodium titanate samples. The pores in the materials were 
mostly in the mesopore size range. The pore volumes in Na2Ti6 
and Na2Ti9 were much larger than the pore volume in Na2Ti3.

Table 3 gives the porosity characteristics of the sodium 
titanate samples. The sodium titanates were a kind of mes-
oporous material, but the specific surface areas and pore 
volumes were not high. However, the specific surface 
areas and pore volumes for Na2Ti6 and Na2Ti9 were much 
larger than the values for Na2Ti3. Although the thermal 
treatment caused the avoidable aggregation tendency, the 
complete crystallization of Na2Ti6O13 in Na2Ti6 and Na2Ti9 
could enhance porosity in some extent. Since photocatalytic 

Table 2
Lattice parameters and crystallite sizes of Na2Ti6O13 in the sodium titanate samples

Sample a (nm) b (nm) c (nm) V (nm3) Crystallite size (nm)

Na2Ti3 0.5297 0.5320 0.9537 0.2687 33.5
Na2Ti6 1.5045 0.3757 0.9202 0.5142 49.7
Na2Ti9 1.5071 0.3743 0.9140 0.5183 48.3

  

 

Fig. 2. Surface images for the sodium titanate samples.
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reaction occurs on the surface of a photocatalyst, the surface 
area and porosity of the photocatalyst can greatly influence 
the activity. A material with large surface area usually has a 
strong activity on the degradation reaction.

3.4. UV-Vis absorption and band gap energy

The UV-Vis absorption spectra for the sodium titanate 
samples are shown in Fig. 4a. The absorption spectra for 
the sodium titanates were mainly in the UV light region, 
while the band edges were very close to the ultraviolet-vis-
ible boundary. The materials could not absorb visible light 
energy to trigger the reaction. Based on the Tauc-plot method 
[25], the band gap energies of the sodium titanates were cal-
culated using the hv–(ahv)2 plots, as plotted in Fig. 4b. The 
band gap energies for Na2Ti3, Na2Ti6 and Na2Ti9 were calcu-
lated to be 3.28, 3.15 and 3.06 eV, respectively. The differences 
in the band gap energies for the sodium titanates were not 
significant. Such differences might be due to the phase com-
position and the crystal growth of Na2Ti6O13 in the samples.

3.5. Hydroxyl radicals produced on the sodium titanates

The photocatalytic reaction was initiated by absorbing a 
photon if the photon energy was higher than the band gap 
energies of the sodium titanates. The photogenerated holes 
migrated to the surface of the materials, and the surface 
adsorbed OH groups were oxidized to produce hydroxyl 
radicals. The number of hydroxyl radicals produced on 
the materials was in a close correlation to the activity of 
the sodium titanates. Hydroxyl radicals generated on the 
sodium titanates were identified using a 0.5  mmol/L tere-
phthalic acid solution. 2-Hydroxyterephthalic acid was 
produced under irradiation. Fig. 5 shows the fluorescence 
spectra of 2-hydroxyterephthalic acid solution after half 
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Fig. 3. (a) N2 adsorption–desorption isotherms for the sodium 
titanate samples and (b) pore-size distributions in the sodium 
titanate samples.

Table 3
Specific surface area, average pore size and pore volume of the 
sodium titanate samples

Sample Specific surface 
area (m2/g)

Average pore 
size (nm)

Pore volume 
(cm3/g)

Na2Ti3 2.76 5.15 0.00361
Na2Ti6 4.29 6.74 0.00722
Na2Ti9 5.32 7.30 0.00970
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Fig. 4. (a) UV-Vis absorption spectra for the sodium titanate samples and (b) hv–(ahv)2 plots.
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an hour of UV illumination in the presence of the sodium 
titanate samples. A higher fluorescence intensity means a 
stronger activity of the photocatalyst. The productivity of 
hydroxyl radical on the sodium titanates was in the sequence 
Na2Ti9  >  Na2Ti6  >  Na2Ti3. Hydroxyl radical is a major oxi-
dative reagent in the photocatalytic reaction. The produc-
tivity of hydroxyl radical is greatly related to the activity 
of the material.

3.6. Ofloxacin degradation on the sodium titanates

Ofloxacin was adsorbed on the surface of the sodium tita-
nates, followed by degradation under irradiation. As shown 
in Fig. 6, the proportion of ofloxacin molecules adsorbed 
on the materials was not more than 2%. The removal of 
ofloxacin from the solution depended on the activity of the 
sodium titanates. The ofloxacin degradation efficiencies 
after half an hour of reaction for Na2Ti3, Na2Ti6 and Na2Ti9 

were obtained to be 30.1%, 47.9% and 53.5%, respectively. 
The activity of Na2Ti3 was much weaker than that of the 
other two materials, since the crystallization of Na2Ti6O13 
was not adequate in Na2Ti3.

The activity of Na2Ti9 was slightly stronger than the activ-
ity of Na2Ti6. This might be due to the difference in phase 
composition of the two materials. Na2Ti9 was composed of 
Na2Ti6O13 and a small proportion of rutile TiO2. It is hard 
to attribute the promoted activity to the existence of rutile 
TiO2, since rutile TiO2 usually has poor activity. As stated 
before, more hydroxyl radicals were produced on Na2Ti9 
than that produced on Na2Ti6. The rutile TiO2 might reduce 
the recombination of photogenerated electrons and holes, 
and then more hydroxyl radicals were generated.

Fig. 7a shows the concentration of ofloxacin solution 
during the photocatalytic process. The original ofloxacin 
molecules were nearly removed after 70 min of reaction in 
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Fig. 5. Fluorescence spectra of 2-hydroxyterephthalic acid 
solution after 30 min of UV illumination in the presence of the 
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the presence of Na2Ti6 and Na2Ti9, while the degradation 
efficiency was only 54.7% in the solution using Na2Ti3. The 
ofloxacin molecules could be fully removed during the oxi-
dation process. Fig. 7b shows the first-order kinetic plots 
for the oxidation reactions. The reaction rate constants for 
ofloxacin degradation occurred on Na2Ti3, Na2Ti6 and Na2Ti9 
were calculated to be 0.00693, 0.0154 and 0.0187  min–1, 
respectively.

The photocatalyst needs to be reused in water treatment. 
Fig. 8 compares the reusability of the sodium titanates for 
ofloxacin degradation in 5  cycles. When the first cycle was 
finished after 30 min, a volume of 5 mL of the solution was 
used to examine the remaining ofloxacin concentration. Then 
another 5 mL of ofloxacin solution was added into the for-
mer solution to restore the initial ofloxacin solution (50 mL, 
20 mg/L). The degradation efficiencies on Na2Ti6 and Na2Ti9 
after the first cycle were 47.9% and 53.5%, respectively. A 
total of 88.1% of the original activity of Na2Ti6 was main-
tained in the fifth reaction cycle, and a total of 90.5% of the 
original activity of Na2Ti9 was maintained at the same time. 
The slight decrease in degradation efficiency was probably 
due to the removal of fine powders in the solution samples.

4. Conclusions

The influences of sodium/titanium molar ratio on the 
composition and properties of the sodium titanate sam-
ples were studied. The materials were mainly composed 
of Na2Ti6O13, while Na4Ti5O12 and rutile phase TiO2 were 
the minor components in Na2Ti3 and Na2Ti9, respectively. 
The specific surface areas and pore volumes for Na2Ti6 
and Na2Ti9 were much larger than the values for Na2Ti3. 
The absorption edges for the sodium titanates were very 
close to the ultraviolet-visible boundary. The productiv-
ity of hydroxyl radicals on the sodium titanates was in the 
sequence Na2Ti9 > Na2Ti6 > Na2Ti3. The proportion of ofloxa-
cin molecules adsorbed on the materials was not more than 
2%, and the ofloxacin molecules could be fully removed 
during the oxidation process. The sodium titanates had high 
activity even in the fifth reaction cycle to degrade ofloxacin.
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