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Abstract. The photocatalytic activity of titania from nanotubes (TiNT) to eliminate phenol was investigated. Titania nanotubes were prepared using a 
hydrothermal method, followed by an acid washing process and calcination at various temperatures. The as-prepared titania nanotubes were then 
characterized using various methods: field emission scanning electron microscopy (FE-SEM), X–ray diffraction (XRD), UV–vis Diffuse Reflectance 
Spectroscopy (DRS) and Brunauer-Emmett-Teller (BET) analysis. The experimental results showed that the calcination temperature strongly 
influenced several TiNT properties that determine the phenol photodegradation  activity of TiNT. As the calcination temperature increased, the 
nanotube morphology became more rigid and defective and even became damaged when the temperature was excessively high. The crystallinity and 
crystal size of TiNT increased however, the surface area decreased as the calcination temperature increased. Interestingly, the TiNT band gap  was 
independent of the calcination process. The TiNT sample calcined at 700 °C showed the best performance for phenol photodegradation achieving 
54% of phenol elimination due to its high level of titania anatase  while maintaining the nanotube structure. At a higher calcination temperature (800 
°C), the photocatalytic activity of TiNT was very low due to the formation of the rutile phase and the absence of the nanotube structure. 
 
Index terms: calcination, crystallization, phenol, photodegradation, titania nanotube. 

——————————      —————————— 

 

1 INTRODUCTION                                                    
Phenol and its derivatives are often found in the wastewater 
of various industries, such as chemical, coal, herbicide, 
petrochemical, petroleum, pharmaceutical, and plastic 
industries [1-2]. Although phenol is included as one of the 
toxic and carcinogenic compounds that are hazardous to 
humans, it is often released to an environment without 
further treatment [2]. Phenol in wastewater is difficult to  
treat due to its high solubility and stability in water [3-4]. The 
solubility of phenol in water might be due to its polar 
hydroxyl group that interacts with water molecules, forming 
van der Waals and/or dipole bonds. The stability of phenol 
is related to the presence of  a phenyl (benzene) ring which 
is highly stable in water [5] due to the resonance 
phenomenon of its delocalized electrons [6]. Various 
methods to remove and degrade phenol components in 
waste have been widely developed, including adsorption, 
biodegradation, and extraction using liquid membranes and 
oxidation, as in the ozonation and photocatalytic processes 
[7]. Among all of the methods, the use of a semiconductor 
photocatalyst is a promising candidate technology. TiO2, or 
titania, is a well-known nano-sized semiconductor 
photocatalyst with outstanding properties, which has drawn 
the attention of many scientists due to its wide range of 
applications [8]. Moreover, the discovery of carbon 
nanotubes has prompted intensive studies of one-
dimensional nanostructures, such as nanotubes, nanorods, 
nanowires, and nanobelts, due to their fascinating 
microstructure and  
excellent properties [9-10]. Titania nanotubes  (TiNTs), 
therefore, have received a substantial amount of interest 
because of their good electronic and mechanic 
characteristics, large surface area and pore volume, high 
interfacial charge transfer rate, ion-exchange properties, 
non-toxicity, and promising catalytic activity [10-12]. Various 
methods have been developed for synthesizing TiNT: the 

template method [13], electrochemical anodic oxidation 
[14], and the hydrothermal method [2,8,15]. Among these 
techniques, the hydrothermal method is simple and cost-
effective for large- scale production and is suitable for 
providing  a high yield of very low dimensional, well-
separated, crystallized nanotubes [10,18]. Moreover, the 
hydrothermal method can be categorized as a facile and 
environmentally friendly technology and is, obtained by the 
reaction of TiO2 powder with a highly concentrated alkaline 
solution (usually NaOH) and a subsequent treatment with 
an acidic solution [15]. This method also allows the 
manipulation of a large number of variable factors to control 
the morphology and quality of the produced TiNT [12]. 
Although the application of TiNT with the most potential 
might be in photocatalysis, controversies regarding the 
process or parameters to determine the photocatalytic 
activity of TiNT remain. It is widely known that hydrothermal 
treatment will produce hydrogen titanate nanotubes, which 
is amorphous with zero photocatalytic activity [15-17]. A 
post treatment such as calcination, therefore, is needed to 
change the photocatalyst from the amorphous phase into 
the crystallize phase (anatase or rutile), which has a higher 
photocatalytic activity. Several reports have verified 
significant improvements in the photocatalytic activity of 
TiNT after the calcination process [10,15,16,17]. The 
calcination process not only will changes the crystal 
structure of TiNT but, also affects the other catalyst 
properties, which influence the photocatalytic activity of 
TiNT. However, few intensive discussions exist to explain 
the effect of the calcination process on the nature of TiNT 
which strongly determines its photocatalytic property, 
specifically to eliminate phenol. In this study, titania 
nanotubes were prepared by a hydrothermal method, using 
a strong alkaline solution (10 M  NaOH) and TiO2 P25 as 
precursors, followed by an acid washing process and 
calcination at various temperatures. The effects of the 
calcination temperature on the phenol photocatalytic 
degradation by TiNT relative to the properties of TiNT 
(morphology, crystal structure and degree of crystallinity, 
band gap, and surface area) were investigated and 
discussed. 
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2 MATERIAL AND METHOD 
 
2.1 Material 
TiO2 P25 with a crystallographic mode of 79% anatase and 
21% rutile, a 53.6 m

2
g

-1
 BET surface area [19] and an 

average particle size of 21 nm, was used as the raw 
material and was purchased from Evonik Industries. 
Sodium hydroxide pellets and fuming hydrochloric acid for 
the preparation of titania nanotubes (TiNTs) were 
purchased from Merck and Mallinckrodt, respectively. 
Phenol (solid/powder), which was used to synthesize the 
pollutant sample, was purchased from Merck. 
 
2.2 Preparation of Titania nanotubes (TiNTs) 
The preparation method of titania nanotubes (TiNTs) was 
similar to that used in a previous study [8]. TiNT was 
synthesized by dissolving 6 g of titania P25 powder into 300 
mL of 10 M NaOH aqueous solution, followed by 
ultrasonication for 30 min to form a suspension of TiO2. The 
mixture was transferred into a Teflon-lined stainless steel 
autoclave to undergo the hydrothermal treatment at 130 °C 
for 6 h under continuous stirring at 600 rpm. The sample 
obtained was then washed with acid (0.2 N HCl) repeatedly 
for a long time until it reached pH 2 and then with aquadest 
until approximately pH 5. TiNT powders were then obtained 
after drying at 80 °C for several hours and calcined at 
different temperatures (500 °C, 600 °C, 700 °C, and 800 
°C) for 1 h. For simplicity, the prepared TiNT is labeled as 
TiNT-x, where x represent the calcination temperature in 
°C. 
 
2.3 Catalyst Characterization 
The prepared catalysts were further characterized by 
several analysis methods. The crystalline phase of the TiNT 
sample and TiO2 P25 were determined using powder X-ray 
diffraction (XRD). The XRD patterns were obtained using a 
Philips PW 1710 with a Cu anode tube (l = 0.154184 nm). 
XRD tube operated with a voltage of 40 kV and a current of 
30 mA, with a scan rate of 2°/min (with a sampling pitch of  
0.02°) in the range of 2θ=10 – 80°. The crystallite sizes of 
the titania were estimated from FWHM (full-width at half-
maximum) of XRD by the Scherrer equation. The surface 
morphology of the sample was analyzed using a field 
emission scanning electron microscope (FE-SEM FEI 
INSPECT F50) operating at 20 kV. To evaluate the band 
gap of the TiO2 photocatalyst, UV–vis Diffuse Reflectance 
Spectroscopy (DRS) analysis was employed using a 
Shimadzu UV2450 spectrophotometer. Reflectance spectra 
were analyzed under ambient conditions in the wavelength 
range of 200 – 800 nm. For a better understanding of the 
photocatalyst surface properties, Brunauer-Emmet-Teller 
(BET) analysis was performed to measure the specific 
surface area of the catalyst. In this study, the BET 
characterization was performed by employing the N2 
physical adsorption principle, using Autosorb-6 
manufactured by Quantachrome Corp. BET data were 
automatically retrieved using ASORB6AG software, which 
is integrated into Autosorb-6. 
 
2.4  Photocatalyst Performance Test 
The photocatalytic activities of the TiNT catalysts were 
evaluated by the photodegradation of phenol. Synthetic 
phenol wastewater (10 mg/L)  was  prepared  by  dissolving  

powdered  phenol  in  300  mL  of  water. The test was 
performed in an open reactor placed in a closed test box 
lined with aluminum foil. The box contained, a PHILIPS 
HPL-N mercury lamp (250 W power and 165 μm/cm

2
). The 

reactor was contained with a magnetic stirrer, which was 
turned on during the performance test to ensure a 
homogenous reaction. The test box was also equipped with 
a blower to control the temperature inside the box. The test 
was conducted for 210 minutes, and liquid samples were 
drawn from periodically (every 30 minutes). The samples 
were analyzed using a UV-vis spectrophotometer  
(Spectroquant Pharo 300 ) at λ = 500 nm to measure the 
phenol concentration. 

 
3 RESULTS AND DISCUSSION 
 
3.1 Catalyst Characterization 
Figure 1 shows the XRD pattern of TiNT samples calcined 
at various temperatures. The dominant peaks in all samples 
are found at 2θ of 25.6°, 37.6°, 47.9°, 53.7°, and 55.1°, 
which conform to the crystalline structure of anatase TiO2 
(according to JCPDS no. 21-1272). As the calcination 
temperature increases, the anatase peak intensity 
increases, indicating the improvement of the crystallization 
of the anatase phase, and the width of the peak becomes 
narrower, denoting the growth of anatase crystallites [16]. 
The calcination process that occurred during the post- 
treatment was believed to influence the phase structures 
and microstructure of TiNT, which would advance the 
phase transformation of the amorphous phase into the 
anatase phase [20]. In particular, relatively small peaks at 
2θ of 27.4° and 36.1°, corresponding to the (1 1 0) plane of 
the rutile crystalline structure (JCPDS no. 21–1276) can 
only be observed from the XRD pattern of the TiNT-800 
sample, which indicates that the sample is fully crystallized. 
Tsai and Teng [21] found that the temperature for the 
anatase to rutile transformation is dependent on the 
synthesis temperature of TiNT in which this transformation 
occurs at 900 °C for TiNT, hydrothermally synthesized at 
130-150 °C. However, Yu et al. [16] indicated that the 
transformation of the anatase to the rutile phase for TiNT 
starts at 700 °C, similar to that of pure TiO2 samples. In 
good agreement with our finding, Poudel et al. [22] and 
Qamar et al. [17] reported that the rutile phase for the  TiNT 
case begins to crystallize at 800 °C. Based on these 
comparisons, it is suggested that the anatase to rutile 
phase transformation temperature is related to the amount 
of the highly concentrated NaOH solution per mass of raw 
TiO2 nanoparticles, whose mixture would undergo the 
hydrothermal treatment. Tsai and Teng [21] applied the 
mixture of 2 g TiO2 and 0.07 L NaOH solution (~35 mL 
NaOH/g TiO2), while Yu et al. [16] used 1.5 g TiO2 and 140 
mL NaOH solution (~93 mL NaOH/g TiO2). Meanwhile, 
Poudel et al. [22] employed 3 g TiO2 and 0.168 L NaOH 
solution (~56 mL NaOH/g TiO2), similar to our study that 
employed 6 g TiO2 and 0.3 L NaOH solution (~50 mL 
NaOH/g TiO2) for the hydrothermal treatment. As the 
amount of NaOH (for the same quantity of TiO2) increases, 
the temperature at which the anatase phase begins to 
transform into the rutile phase decreases. This suggestion 
should be further investigated through continued study. 
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Fig 1. XRD patterns of (a) uncalcined TiNT; (b) TiNT-500; 

(c) TiNT-600; (d) TiNT-700; (e) TiNT-800 
 
For further analysis, the crystallite size and anatase fraction 
of the catalyst were calculated using the Scherrer equation, 
and the results are shown in Table 1. As can be seen, the 
anatase crystallite size of the TiNT sample grows from 11 
nm to 40 nm with increasing calcination temperature from 
500 °C to 800 °C. The development of the crystallite size as 
the calcination temperature development is caused by the 
sintering process [17,21]. Throughout the crystal structure 
rearrangement, the anatase crystals fused together, 
forming a larger structur [17]; thus, the crystal size grew as 
the temperature increased. The TiNT-800 sample was 
reported to contain a small amount of rutile phase (7%) with 
a crystallite size of 49 nm, exceeding its anatase crystallite 
size (40 nm). Yu et al. [16] also found that the size of the 
rutile phase is larger than that of the anatase phase upon 
its initial emergence, possibly because the rutile crystalline 
phase was the further transformation of the anatase phase 
[21], so its size would exceed its origin. 
 

TABLE 1 
CATALYST PROPERTIES  

Catalyst 

Crystallite Size
 a
 

(nm) 
Anatase 
Fraction  
(wt%) 

Surface 
Area 

(m
2
/g) 

Band 
Gap

 b
 

(eV)
 

Anatase 
Rutil

e 

Uncalcined 
TiNT 

- - - 238.6 - 

TiNT-500 11 - 100 116.4 3.27 

TiNT-600 18 - 100 54.5 3.26 

TiNT-700 27 - 100 29.7 3.25 

TiNT-800 40 49 93 11.4 3.25 

a
 Evaluated from FWHM of XRD by the Scherrer equation 

b
 Estimated from UV-Vis Spectra 

 
The surface area of the as-prepared TiNT sample was 
evaluated using BET multipoint analysis, and the results are 
shown in Table 1. Before calcination, the TiNT sample was 
reported to have a surface area of 238.6 m

2
/g, indicating 

significant improvement compared to raw TiO2 P25, of 
which, the surface area is 53.6 m

2
/g [19]. The 

transformation of the TiO2 morphology from nanoparticle to 
nanotube leads to an improvement in the porosity of the 
photocatalyst [8]. However, the surface area of the TiNT 
sample is greatly affected by the calcination temperature. 
Sharp decreases in the surface area were observed with an 
increasing calcination temperature, which might be 
attributed to the collapse of the pores and/or the interlayers 
of the tube structure (transformation of tubes into rod-like 
structures), the sintering effect, and growth of TiO2 

crystallites. Hence, less adsorption of nitrogen gas on the 
nanotubes may be expected, and this phenomenon could 
lead to a decrease in surface area of the TiNT sample [16-
17]. In good agreement with the results obtained by Tsai 
and Teng [21], the TiNT sample from calcination at 
temperatures higher than 600 °C has surface area lower 
than that of the precursor P25, indicating that the high-
porosity advantage of the nanotube structure over P25 
nanoparticles is preserved only for calcination conducted at 
temperatures lower than 600 °C. Figure 2 illustrates the FE-
SEM images of TiNT before calcination (Figure 2a) and 
after calcination at various temperatures (Fig 2(b)-(e)). 
Table 2 provides a summary of the morphology and size of 
the TiNT sample based on the images. Figure 2a shows 
that the hydrothermal treatment successfully changed the 
TiO2 nanoparticles into TiO2 nanotubes. The tubes of fresh 
TiNT (uncalcined) are categorized as regular tubes, which 
are small but long and are separated perfectly from each 
other. Intense discussion about the formation of TiNT by 
hydrothermal treatment was presented in a previous study 
[8]. 

 

 

 

 

(a) 

(b) 

(c) 
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Fig 2. FE-SEM images of: (a) uncalcined TiNT; (b) TiNT-

500; (c) TiNT-600; (d) TiNT-700; (e) TiNT-800 
 

The structure of TiNT-500 (Figure 2b) resembles the 
regular tubes, which is similar to uncalcined TiNT      
(Figure 2a), both in terms of morphology and size. 
However, as the calcination temperature increases, the 
TiNT tube structure would become more rigid and larger in 
diameter but shorter in length (Figure 2(c)-(e)). At 600 °C, 
the tube structure of TiNT becomes irregular (Figure 2c) in 
which the tube diameter increases as a result of the 
sintering effect, and nearby tubes begin to attach to each 
other (not perfectly separated as found for regular tubes). 
The TiNT-700 catalyst contains irregular tube and rod (rigid) 
structures (Figure 2d). Furthermore, at 800 °C (Figure 2e), 
the initial nanotubes completely disappear and are replaced 
by aggregated nanoparticles [23]. These results are in good 
agreement with the results obtained by Yu et al. [6] and 
Xiao et al. [10] in which the morphology of the nanotubes 
are not greatly affected until 500 °C, but the nanotubes start 
to collapse, forming a more rigid (rod-like) structure at 
temperatures above 600 °C and eventually become 
aggregated particles at very high calcination temperatures. 

 

 
Fig 3. TEM images of: (a) uncalcined TiNT; (b) TiNT-

500; (c) TiNT-700  
 

The microscopic structure and morphological 
characteristics of TiNT were measured by means of 
transmission electron microscopy (TEM). Figure 3  shows 
the morphology of non-array TiNT synthesized by 
hydrothermal method and then calcined. Figure 3 (a) TiNT 
has not been calcined in Figure 3 (b) Calcined TiNT at 500

o
 

C and its diffraction pattern, and Figure 3 (c) TiNT calcined 
at 700

 o
C. The figure shows that the uncalcinated TiNT 

shows a tubular structure and the TiNT after the calcination 
process, most of the nanotubes retain their tubular texture. 

The calcination treatment at 500 
o
C at TiNT did not change 

the morphology of the nanotubes, but only changed the 
crystallinity of TiNT. The results of XRD analysis for TiNT 
after calcination at 500 

o
C formed the anatase phase. This 

was also found by other researchers Jiang et al. [15] where 
calcination can reduce the surface area so that the 
structure becomes solid (crystalline) and tends to cover the 
surface of the catalyst. The size of the inner diameter and 
outer diameter of TiNT after 500 

o
C calibration can also be 

observed from the morphology of TiNT where the inner and 
outer diameter sizes are around 12 nm and 20 nm. At 700 
o
C, the morphology of TiNT turned into a nanorod. This is in 

line with other studies that state at a calcination 
temperature of 700 ° C, the surface morphology of titania 
nanotubes forms a nanorod structure and the diameter of 
the nanorod increases with increasing calcination 
temperature [10] 

 
TABLE 1 

 MORPHOLOGY AND SIZE OF TINT CATALYST BASED 
ON FE-SEM IMAGES 

Catalyst Morphology 

Size* 

Outer 
Diameter 

(nm)  

Average 
Diameter 

(nm) 

Minimum 
Length (nm) 

Uncalcined 
TiNT 

Regular tubes 20-40 30 410 

TiNT-500 Regular tubes 25-40 32.5 390 

TiNT-600 Irregular tubes 25-60 42.5 300 

TiNT-700 
Irregular tubes 

and rods 
40-70 55 210 

TiNT-800 

Shattered 
tubes 

(aggregated 
particles) 

50-100 75 110 

* estimated by samples measurement from Fig 2 (6 
different single tube specimens for each sample). 

 

(d) 

(e) 
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The change in the morphology and size of the TiNT 
catalyst with the calcination process is closely related to the 
other properties of TiNT, such as anatase crystallite size 
and surface area. Figure 4 summarizes the effect of 
calcination temperatures on the size and properties of the 
TiNT catalyst. The uncalcined TiNT is underwent a thermal 
treatment at 100 °C, the temperature used to dry the 
catalyst prior to the calcination process. At 500 °C, the 
anatase crystals begin to grow, which initially occupy the 
spaces in the catalyst pores (indicated by the decrease in 
surface area), and the formation of the anatase phase 
occurs without being accompanied by the sintering process; 
thus, there is no significant change in the morphology and 
size. Above 600 °C, the sintering process began to occur 
with the calcination process [17,21], causing the crystal size 
to further increase. This process would also cause the tube 
diameter to increase because the tube should adapt to the 
growth of the anatase crystallite. Figure 4 shows that above 
500 °C, the increase in tube diameter is proportional to the 
growth of the anatase crystallite size. The sintering process 
would also induce the closure/collapse of the pores, which 
would initiate the formation of rod structures. At 700 °C, the 
rod-like structures appeared, indicating that the catalyst 
pores had entirely collapsed. Therefore, at a higher 
temperature (800 °C), the tube would swell, but it would not 
be able to conserve its structure, thus breaking down and 
re-forming the nanotube from aggregated particles. 

 

 
Fig 4. Effect of calcination temperature on anatase 

crystallite size, average tube diameter, minimum tube 
length, and surface area of TiNT catalyst 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 5. DRS patterns of TiNT samples : (a) TiNT-500; (b) 
TiNT-600; (c) TiNT-700; TiNT-800 

The DRS patterns of TiNT samples are shown in Figure 5. 
The figure shows that the spectra of TiNT samples are 
similar to each other (especially for the straight vertical lines 
that collide with each other). This similarity indicates that all 
TiNT samples calcined at different temperatures would 
share the same characteristic to respond to the illumination 
of narrow wavelength radiation, including UV radiation (λ < 
380 nm), thus activating the photocatalytic process of the 
TiNT catalyst. The band gaps of the TiNT samples were 
calculated using the Kubelka-Munk transformation [24], and 
the results are presented in Table 1. As can be seen, the 
band gaps of TiNT samples decrease slightly from 3.27 eV 
at a calcination temperature of 500 °C to 3.25 eV at 800 °C. 
The slight decrease in the band gap of TiNT with an 
increase in calcination temperature might be attributed to 
the crystal growth and rearrangement in the direction of 
rutile phase formation [25]. However, the difference in the 
band gap is negligible; thus, it would not significantly 
influence the photocatalytic activity of the TiNT sample. In 
their study, Lin et al. [24] found similar results for the band 
gap of hydrogen titanate nanofibers, which is relatively 
constant with an increasing calcination temperature. 

 
3.2 Photocatalyst Performance Test 
The photocatalytic degradation of phenol using TiNT 
samples after calcination at various temperatures was 
evaluated, and the results are presented in Figure 6 and 
Figure 7. As can be seen, phenol photodegradation by TiNT 
was significantly affected by the calcination temperature, 
and the highest phenol photocatalytic degradation, with 
54% of pollutant elimination, was observed in the presence 
of the TiNT-700 sample. As the calcination temperature 
increased from 500 °C to 700 °C, phenol elimination from 
the TiNT sample increased from 45% to 54%. This increase 
was associated with the formation of the anatase phase 
and an improved crystallinity of each sample, which 
increases along with the increasing temperature [17], 
although there was a the significant decrease in surface 
area. It is expected that for the case of phenol 
photodegradation, the influence of surface area on the 
photocatalytic activity of TiNT catalysts was not as 
dominant as that of the crystallinity factor. In good 
agreement with this idea, Agrios and Pichat [26] stated that 
for the elimination of phenol, the better crystallization of 
titania, relative to the decreased rate of electron-hole 
recombination, outweighs the decrease in the surface area 
resulting from the calcination temperature. Amorphous 
titania has been reported to contain imperfections, for 
example, impurities, dangling bonds, or microvoids, which 
lead to electronic states in the band gap that act as a 
recombination of charge carriers [27]. The crystallization 
process would transform the amorphous titania into the 
anatase phase, thus reducing the defect of on the structure, 
which would cause a decrease in the electron-hole 
recombination rate and improve the photocatalytic activity 
of TiNT. As the calcination temperature increased to 800 
°C, the phenol elimination rate of  the TiNT catalyst dropped 
to 35%. Although TiNT-800 had the best crystallinity among 
all of the TiNT catalysts, this decrease in photocatalytic 
activity was associated with the new factors that were 
distinctively found for TiNT calcined at very high 
temperatures: the formation of the rutile phase and the 
damaged nanotube structure [10]. The formation of the 
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rutile phase might lower the phenol photocatalytic 
degradation of TiNT because the the rutile phase, which 
replaced the anatase phase, had lower photocatalytic 
activity than did the anatase phase. 
 

 
Fig 6. Effect of calcination temperature on the phenol 

photocatalytic degradation profile of TiNT samples 

 
Fig 7. Effect of calcination temperature on the phenol 

elimination rate (%) of TiNT samples 
 
Subsequently, the nanotubular structure of TiNT calcined at 
800 °C was destroyed, while TiNT calcined at 700 °C 
maintained a better nanotubular structure. The breakdown 
of the nanotubular structure to become aggregated particles 
causes the TiNT sample to lose its high interfacial charge 
transfer rate and ion-exchange properties, possibly 
because of the increase in the number of defects in the 
oxide structure that would revert to acting as the charge 
carrier recombination centers [28]. In addition, the 
interaction between catalyst and phenol pollutant on the 
aggregated particle structure would be inferior to that on the 
tubular structure [29]. In their study, Xiao et al. [10] 
encountered a similar phenomenon in which, the titanate 
nanotube thin film calcined at 600 °C displayed 
approximately the same photocatalytic activity to eliminate 
Methyl Orange (MO) with the film calcined at 400 °C, for the 
same reason as that previously explained. Although the 
influence of surface area was not dominant, the decrease in 
the surface area might contribute to the low photocatalytic 
performance of the TiNT-800 sample. The considerably low 
surface area of the catalyst might cause it to suffer certain 

limitations in the diffusion process of the pollutant to the 
catalyst surface before the photocatalytic process begins. 
This might reduce the for probability that the photocatalyst 
and pollutant will encounter each other, thus hindering the 
process to eliminate the pollutant and decreasing the 
overall kinetic rate of the photocatalytic process. 

 
4 CONCLUSION 
The Photocatalytic degradation of hydrothermally 
synthesized titania nanotubes (TiNTs) considering its 
properties were investigated and discussed. The 
morphology, crystallinity, crystallite structure and size, as 
well as the surface area of TiNT, were strongly dependent 
on the calcination temperature, which influenced the 
photocatalytic performance of TiNT to eliminate phenol. In 
general, as the calcination temperature increased from 500-
800 °C, the anatase crystallite size and the average tube 
diameter of the TiNT sample increased, while the length of 
the tube and the surface area of the catalyst decreased. 
The nanotubular structure of TiNT was maintained until a 
calcination temperature of 700 °C but completely 
disappeared and became aggregated particles at 800 °C. 
Distinctively, the band gap of the TiNT catalyst was not 
significantly influenced by the calcination process. The 
result of the photocatalytic performance test showed that 
the optimum calcination temperature for the highest phenol 
photodegradation was 700 °C, which could be ascribed to 
several factors (anatase content or crystallinity, 
maintenance  of the nanotubular structure, and surface 
area) associated with TiNT. 
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