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Abstract 

The properties and activity of TiO2-based nanorods as an antifouling agent and a photocatalyst for the catalytic 

degradation of methylene blue (MB) have been investigated. A modification of TiO2 with SiO2 was first carried out to 

enlarge the surface area. In order to enhance the TiO2 photo response to the visible light region, a further modification 

of TiO2-SiO2 (TS) composites with polyaniline (PANI) was also conducted. The nanorod TiO2 exhibited an anatase 

structure based on the diffraction patterns. The TEM images showed that some TiO2 molecules were attached around 

SiO2 with a random orientation. The TiO2-SiO2-PANI (TS-PANI) exhibited the largest specific surface area (SBET) of 

about 256.85 m2/g. The profile on the AFM images of the composites showed that the nano-roughness of the coatings 

was confirmed. The photocatalytic activity was evaluated through the degradation of MB both on the powder and the 

coated composites. The photocatalytic activity on the coatings was verified due to further application as anti-fouling 

coatings involving photocatalytic mechanism. The degradation of MB using TS-PANI powder and TS-PANI coating 

composites was 89.5% and 90.2%, respectively, with the irradiation time on the coatings was 20 min longer. The anti-

fouling activity through the photocatalytic mechanism and nano-roughness surface was confirmed by the inhibition of 

barnacle growth on the teakwood surface immersed for two months in the sea.  
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1. Introduction  

The technology of wastewater treatment has 

been continuously developed to achieve an 

effective and efficient method to remove the 

pollutants from the aquatic environment. The 

removal of dyes, especially methylene blue as a 

primary dye, from wastewater have been 

intensively investigated due to its high toxicity 

and non-biodegradable property [1]. Various 

methods of dyes-containing wastewater 

treatment, such as adsorption [2], precipitation 
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[3], ultra-filtration [4] and coagulation [5] have 

been studied. The photocatalytic degradation of 

dyes using a photocatalyst has been considered as 

the most advantageous method [6]. It could 

convert the organic pollutants into smaller and 

safer molecules to be disposed to the environment. 

Investigation and development of TiO2 are 

increasingly beneficial due to its wide application, 

especially as a photocatalyst. TiO2 photocatalyst 

used in a variety of applications and products in 

the environmental and energy fields, including 

self-cleaning surfaces [7], air and water 

purification systems, hydrogen evolution [8,9], 

sterilization [10], and wastewater treatment [11]. 

TiO2 extensively studied due to its strong 
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oxidation ability to decompose various organic 

pollutants [7,8], excellent chemical stability, long 

durability, and nontoxic [10,12]. TiO2 also widely 

developed as an active agent for anti-fogging [12], 

self-cleaning coating [13], and an anti-fouling 

coating [14,15]. Several characteristics of TiO2 as 

a photocatalyst, such as surface area, 

crystallinity, morphology, crystalline phase, and 

photo-response, considered as important factors 

affecting its performance. 

Biofouling is considered a serious problem in 

the marine life. Biofouling is the accumulation of 

living organisms on a ship’s surface that begins by 

attachment of microorganism. First, a layer 

consisting of organic substances, such as proteins 

or polysaccharides, were formed on the surface of 

the substrate and then triggers the adhesion of 

subsequent microorganisms to form a biofilm. 

This biofilm then develops into an adverse fouling 

layer [16]. One of the safe ways to control the 

fouling is to use a photocatalyst that act to inhibit 

the formation of biofilms through a photocatalytic 

mechanism [17,18]. As a photocatalyst, TiO2 acts 

to inhibit the micro-foulant growth or biofilms on 

the surface material like boats or ships [19,20]. In 

recent years, TiO2 with a nanorod morphology was 

studied as an active material in a self-cleaning 

coating [21]. Several studies reported that as a 

coating, the TiO2 nanorods provide a nano-

roughness on the surface and act to inhibit the 

fouling attachment or biofilms formation. 

Therefore, the TiO2 nanorods are very potential to 

perform nano-roughness on the surface and 

inhibit the attachment of biofilms or foulants by a 

photocatalytic mechanism.  

Supporting TiO2 on a thermally stable material 

such as SiO2 would improve its properties, 

especially the surface area, pore-volume, and pore 

diameter [22,23] while reducing the susceptibility 

of agglomeration. The improvement of these 

properties will be able to increase the 

photocatalytic activity of TiO2-SiO2 [23–25]. In the 

coating application, SiO2-modified Ti provided a 

lower surface energy and better hydrophobic 

property to the coating films [26–28]. The initial 

layer of fouling is a layer of bacteria that will be 

decomposed by free radicals formed because TiO2 

absorbs the appropriate photons. In addition, SiO2 

in coatings produces better layer surfaces and 

reduces biofilm adhesion. The TiO2-SiO2 

composites were also expected to form a 

homogeneous layer when dispersed in an acrylic 

matrix for coatings as has been reported earlier 

[17,29]. Therefore, a better activity would be 

observed in the SiO2-combined TiO2 for an anti-

fouling coating.  

In addition to the activity as an antifouling 

coating, the improvement of the photo response of 

TiO2 to the visible light areas is important to 

study. Adding conductive polymers such as 

polyaniline (PANI), polythiophene, and poly-

pyrrole played an important role as a sensitizer to 

increase the photo-response of TiO2 to the visible 

regions [30–35]. PANI itself has been considered as 

a useful modifier to improve the photo-response of 

TiO2 because it is easy to synthesize and provide 

benefits in marine coating [20,32].  

It was reported that the photocatalytic 

performance of TiO2-SiO2-PANI was quite low due 

to the high amount of PANI added in the 

composites [36]. In this study, the TiO2-SiO2/PANI 

composites were synthesized using a solvothermal 

method with reduced amount of PANI in order to 

develop the photocatalysts with a better 

characteristic and performance. The performance 

of the composites was evaluated through the 

photocatalytic degradation of methylene blue and 

as a coating to prevent the fouling attachment over 

time. The kinetics of the photocatalytic activity of 

the TiO2-SiO2/PANI composites in the forms 

(powder and coating) was studied. In addition, the 

anti-fouling activity of the composites was also 

investigated using iron teak wood plates immersed 

in Tanjung Emas port for two months. 

  

2. Materials and Methods  

2.1 Materials 

Titanium tetra-isopropoxide (TTiP, 97%) 

Na2EDTA (99%) purchased from Sigma Aldrich 

was used as the precursor of Ti and Ti growth 

directing agent, respectively. Ammonia (28%, E. 

Merck), toluene (99.5%, Mallinckrodt), and 

demineralized water were used for the preparation 

of TiO2 nanorods. Tetraethyl orthosilicate (TEOS, 

99%) and ethanol (99.5%) were all from E. Merck 

and used during the preparation of SiO2. Acetic 

acid (CH3COOH, 99.8%) was from E. Merck and 

used for the synthesis of TiO2–SiO2 composites. 

Ammonium peroxy-disulfate (APS, 98%), aniline 

(99.5%), and HCl (37%), all from E. Merck, were 

used for the synthesis of TiO2–SiO2–PANI. Aniline 

first distilled under a low pressure of about 0.8 atm 

prior its use. 

  

2.2 Synthesis of TiO2-SiO2/PANI Composites 

The first stage of this study was the synthesis 

of TiO2 nanorods and SiO2. The synthesis of TiO2 

nanorods was carried out by the solvothermal 

method [37]. The process was started by slowly (in 

dropwise), adding 5 mL of TTiP into 25 mL of 0.2 

M Na2EDTA solution. Together with the process, 

50 mL of toluene was also added slowly into 

Na2EDTA solution. The mixture was stirred using 

a magnetic stirring system, then transferred into 

an autoclave, and heated at 180 °C for 3 h. The 

precipitate obtained was dried at 70 °C for 6 h.  

The synthesis of SiO2 was carried out by a 

modified sol-gel method, as was reported earlier 
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[38]. TEOS, NH3, ethanol, and demineralized 

water were prepared in the following volume ratio 

(in mL): TEOS : ethanol : NH3 : demineralized 

water = 9 : 8 : 6.5 : 26.5. TEOS was dissolved in 

ethanol and stirred using a magnetic stirrer for 30 

min. NH3 and demineralized water then were 

added dropwise while stirring for 2 h. The 

precipitate obtained was filtered and washed till 

neutral and dried in an oven at 60 °C for 24 h.  

TiO2-SiO2 composites (hereinafter referred to 

as TS) were prepared in accordance with the 

hetero-coagulation method proposed by Wilhelm 

[33]. One gram of SiO2 was dispersed into 

demineralized water, and the pH was adjusted to 

7.5-8 by adding concentrated NH3. Meanwhile, 

0.428 g of TiO2 nanorods was dispersed into 

demineralized water, and the pH was adjusted to 

2-3 by adding concentrated CH3COOH. The 

obtained suspension was sonicated for 1.5 h. 

During this process, the suspension of TiO2 

nanorods was slowly added into the SiO2 

suspension. Then the mixture of the suspensions 

was aged for 24 h after sonication. The precipitate 

was separated by a 400-rpm centrifugation and 

then dried in an oven at 70 °C for 12 h. The 

precipitate obtained was then calcined at 500 °C 

for 3 h. The same procedure was conducted for 

other amounts of TiO2 of 0.43, 1.00, and 2.33 g. The 

obtained material from this step attributed to TS-

30, TS-50, and TS-70 composites. These 

composites underwent the measurement of specific 

surface area, and the results were used as the 

consideration of which composite would be used for 

the preparation of TS-PANI composites. 

The TS composite showing the highest specific 

surface area was then combined with PANI to form 

the TS-PANI composites. The TS-PANI composites 

were synthesized by a set of the ratios of the TS 

composites to aniline using a method as was 

previously reported by Li [23]. One gram of TS 

powder was dispersed into 80 mL of 1 M HCl 

solution, then homogenized by ultrasonic 

irradiation for 20 min. The suspension was added 

with 0.05 mL of aniline under a continuous 

ultrasonic irradiation. The APS solution in HCl 

was added dropwise into the mixture while 

continuing the irradiation for 4 h (the mole ratio of 

aniline to APS was 1:1.15) [30]. The composites 

obtained were washed until the pH reached 7 and 

then dried at 70 °C for 12 h. The composites 

obtained were labelled as TS-PANI composites.  

The next process was dispersing the composites 

into an acrylic resin to form a coating composite. 

The dispersion of TS and TS-PANI composites into 

the acrylic resin was performed as follows. A 

0.1545 g of each composite was suspended in 5 mL 

of demineralized water. The suspension was then 

added to 5 g of acrylic resin and stirred until 

homogeneous. The coating composite was then 

manually coated onto a plate surface (3 x 3 cm) 

using an applicator and allowed to dry [40,41]. 

The photocatalytic activity of the powder and 

coating composites of TS and TS-PANI was 

studied through MB degradation in an aqueous 

solution. In addition, the anti-fouling activity of 

the TS and TS-PANI coating composites was also 

examined. 

  

2.3 The Characterization of the Composites 

The XRD analysis was carried out on the 

powder TiO2 nanorods, TS composites, TS-PANI 

composites, and the coating composites. The 

diffraction patterns were obtained on a Rigaku 

Mini-flex 600 X-ray diffractometer using Cu Kα (λ 

of 0.15418 nm) radiation with an Ni filter at 45 kV 

and 20 mA in the range of 2θ of 10-80°. In addition, 

a double beam Shimadzu 2450 diffuse reflectance 

UV spectrometer and a Shimadzu FTIR-820 IPC 

spectrophotometer were used to evaluate the 

band-gap energy and the functionalities of the 

synthesized materials, respectively. 

An analysis to confirm the morphology of TiO2 

and its composites was also carried out using a 

JEOL JEM-1400 TEM instrument with an 

accelerating voltage of 40-120 kV. The surface 

properties of the composites, i.e. SBET, pore-

volume, and pore diameter, were determined 

through the BET method using a Nova 3200e 

Quantachrome surface area analyzer. Moreover, 

the interaction between components in the 

composites was studied using a high-resolution 

Auger electron spectrometer (X-ray Photoelectron 

Spectroscopy - XPS) equipping a Kratos/Axis 

Ultra DLD atomic emission-X ray photoelectron 

spectrometer with a detection limit of 0.1-1% 

atom. The topography of the coating was analyzed 

using a Park System XE-70 non-contact-type 

atomic force microscope. 

  

2.4 The Evaluation of the Photocatalytic and 

Anti-fouling Activity 

The photocatalytic activity of TS and TS-PANI 

composites was evaluated through the 

degradation of methylene blue (MB) using a light 

emitting diode lamp irradiation with a λ of 550-

590 nm. Moreover, the photocatalytic activity of 

the composites coated on the surface of the plate 

was also studied.  

In each experiment, a 100 mL of 10 ppm MB 

solution and 100 mg of TiO2 nanorod, TiO2–SiO2 

(TS), and TS–PANI composites were mixed and 

homogenized in a sonication bath for 15 min. The 

mixture was then left in the dark condition for 30 

min until the adsorption-desorption equilibrium 

was reached. The mixture was sequently exposed 

to visible light using a Philips LED 120 watt for 

100 min under a constant magnetic stirring of 500 

rpm. A 2 mL of MB solution was taken every 20 

min during the visible light irradiation. The 
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possible solid was separated through 

centrifugation. The concentration of MB solution 

was quantified using a mini 1240 Shimadzu UV-

Vis spectrophotometer at a wavelength of 663-664 

nm. The percentage of degraded MB through the 

photocatalytic degradation using the materials 

synthesized in this study was determined using 

Equation (1), where C0 and Ct are the initial 

concentration of MB solution and after time t. 

0 t

0

% 100%
C C

Degraded MB
C

−
=   (1) 

In addition to the photocatalytic activity, the 

anti-fouling activity of the composites coated on 

the surface of the teak wood with a size of 10 x 15 

cm was also investigated. The surface of the teak 

wood plate was first coated with the coating 

composites. The plate then was dipped in the 

seawater at Tanjung Emas Port, Central Java, 

Indonesia with a depth of about 1 m. The change 

on the surface then observed every week for two 

months to inspect the growth of the sticking 

barnacle (one of the foulants) that most often 

appears on the surface of the plate. 

  

2.5 Kinetic Study 

The kinetics of the photocatalytic degradation 

of MB using TiO2, TS composites and TS-PANI 

powder and coating composites was studied using 

a pseudo-first order kinetics equation, as 

presented by Equations (2) and (3). C0 and Ct are 

the initial concentration and that after the 

photocatalytic degradation of MB solution, 

respectively, at a specific time t. This kinetics 

equation was selected after the linear profile of the 

photocatalytic degradation of MB solution was 

obtained. The activity of TiO2 nanorod, TS, and 

TS-PANI photocatalysts was evaluated by 

comparing the kapp value obtained from the plot 

ln(C0/Ct) against time (t).  

t

app

0

ln
C

k t
C

 
− = 

 
 (2) 

0

app

t

ln
C

k t
C

 
= 

 
 (3) 

  

3. Results and Discussion 

3.1 XRD and TEM Analyses 

The synthesis of the TiO2 nanorods through the 

solvothermal method resulted in a crystal powder 

with a length of about 40-50 nm and a diameter of 

about 10-15 nm confirmed from the TEM images of 

TiO2 nanorods, SiO2, TS composite, and TS-PANI 

composites in Figure 1. The TEM images 

confirmed that the similar size of the TiO2 rod was 

observed, although some aggregation still formed. 

The shape of the TiO2 nanorods looked elongated 

with a pointed tip. A similar shape of the rod TiO2 

has also obtained by Baek et al. [42] and 

Chemseddine [43]. The existence of SiO2 was also 

detected in Figure 1, with a diameter of about 200-

250 nm.  

The crystallinity of the TiO2 nanorods and the 

composites was confirmed from the diffraction 

patterns shown in Figure 2. The diffraction 

patterns in Figure 2 confirmed that TiO2 with the 

anatase phase was obtained in accordance with the 

standard data of JCPDS number 00-021-1272. The 

orientation of crystal growth was determined by 

calculating the textural coefficient (TC) values 

from the X-ray diffraction data [44,45]. If the TC 

values for all planes (hkl) approaches one, the 

crystal growth orientation of the particles would be 

Figure 1. The TEM images of (a) TiO2 nanorods, 

(b) SiO2, (c) TS, (d) TS-PANI composites. 

Figure 2. Diffraction patterns of (a) TiO2, (b) TS-

70, (c) TS-50, (d) TS-30, (e) TS-PANI composites, 

and (f) the coating TS-PANI composites. 
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The composites SBET (m2/g) Dp (nm) Vp (cm3/g) 

TiO2 64.0 3.40 0.349 

TS-30 58.1 12.56 0.205 

TS-50 (TS) 80.4 3.28 0.246 

TS-70 75.9 3.01 0.309 

SiO2 48.2 12.15 0.131 

TS-PANI 256.8 3.64 1.572 

randomly approached the JCPDS standard as a 

reference. However, if several of the TC values is 

greater than 1, the abundance of the crystal grains 

is formed in a certain direction [40]. The textural 

coefficient of (004) planes in TiO2 was 1.27. 

Moreover, the (101), (105), (204), and (215) planes 

showed a TC value of 0.77, 1.01, 1.05, and 1.15, 

respectively. These TC values indicated that the 

growth of TiO2 crystals in this study has occurred 

in one certain direction, even though these values 

was not as high as those for the material grown 

directly on the surface of a substrate as reported 

earlier [45,47]. 

This study also showed that by increasing the 

amount of TiO2 added in the TiO2-SiO2 composites 

(labeled as TS-30, TS-50, and TS-70) and even with 

the addition of PANI in the coating composites, the 

anatase phase was consistently observed. A 

decrease in the intensity of the diffraction patterns 

was also observed, possibly due to the inclusion of 

SiO2 in the TiO2 crystal lattice. The TiO2 with 

anatase phase has been considered as the most 

responsible phase for the photocatalytic activity of 

TiO2 through the degradation of the undesirable 

organic compounds in the environment. The 

decrease in the intensity of anatase was quite 

dramatic after the composites being mixed with 

acrylic binders when the composite applied in the 

coating. In the coating-composites, the 

concentration of composites added was only 3% of 

the weight of the acrylic resin. Therefore, a 

significant decrease in the intensity of the 

diffraction patterns was observed (Figure 2(f)). 

 

3.2 N2 Adsorption-Desorption Analysis 

In addition to the crystallinity, another 

important characteristic required by a 

photocatalyst, including TiO2, is the surface 

properties. A change of the surface properties of 

TiO2 was observed due to the addition of SiO2 and 

PANI in the TS and TS-PANI composites. These 

changes could be revealed through a porosity 

analysis, specifically through the nitrogen 

adsorption-desorption (Figure 3) for TiO2, TS 

composite, and TS-PANI composite. The 

differences of the curve shapes indicated the 

change in the porosity characteristics when a 

mixture of oxides was formed as the result of the 

formation of TiO2–SiO2 composites. The type of 

adsorption-desorption curve of TiO2, TS 

composite, and TS-PANI composite according to 

International Union of Pure and Applied 

Chemistry (IUPAC) was the curve of type IV with 

hysteresis loop type H1 at a relative pressure of 

around 0.8. This indicated that the pore 

morphology of the composites was predicted as 

evenly distributed and cylinder-like shaped 

channels [48]. 

The porosity analysis could be also presented 

quantitatively as textural properties as is 

presented in Table 1. The TS-50 composite showed 

the best improvement in the surface properties 

compared to other composites (TS-30 and TS-70). 

The addition of SiO2 to TiO2 to form TS composites 

resulted in a more homogeneous structure as 

indicated by the increase in the specific surface 

area (SBET). However, a slight decrease in the 

surface area of the TS-70 composite was observed. 

It was possibly due to the change in the 

distribution of TiO2 layers at the SiO2 surface. The 

amount of TiO2 nanorod added in the TS-70 

composite was higher, resulting in the 

distribution inhomogeneity of TiO2 at the SiO2 

surface. This was possibly caused by the difficulty 

of the rod morphology to form a homogeneous 

layer at the surface of other components, such as 

SiO2, as is also presented by the TEM images 

(Figure 1(c)). Figure 3. The N2 adsorption-desorption curve of 

(a) TiO2, (b) TS, and (c) TS-PANI composites. 

Table 1. Textural property of TiO2 nanorod, SiO2, TS, and TS-PANI composites. 
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A further increase in the SBET was shown by the 

TS-PANI composites from 80.4 m2/g in the TS-50 

composite (then labelled as TS) to 256.85 m2/g in 

the TS-50-PANI (then labelled as TS-PANI). The 

increase in the surface area was probably due to 

changes in the pore shape of the composites as 

observed in the isotherm curve (Figure 3). The 

pore shapes like sheets or layers would increase in 

the narrow slit-shaped pores [49–51]. 

 

3.3 FTIR Spectroscopy and XPS Analysis 

The formation of the composites between TiO2 

and SiO2, as well as TiO2, SiO2, and PANI caused 

changes in the chemical bonds in TiO2 alone, as 

indicated by the change of peak in the IR spectra 

in Figure 4. The change in the chemical bonds of 

TiO2 could be observed by the formation of C=N 

and C−N bonds in the TS and TS-PANI 

composites in Figure 4(b-e). In addition, the 

increase in the peak designated as N−H bonds in 

the composites was also an indication of the 

change in the chemical bonds in TiO2. 

The interaction between TiO2, SiO2, and PANI 

in the composites was also analyzed through XPS 

analysis as is presented in Figure 5. On the wide 

spectra for the TiO2 nanorods, peaks were 

occurred at 458.8 eV for Ti(2p), 529.8 eV for O(1s), 

and 284.6 eV for C(1s). The binding energy values 

calibrated with a standard value of C(1s) of 284.6 

eV [52]. The binding energy of TiO2 matched with 

the literature that specifically determines the 

characteristics of TiO2 through XPS analysis [53]. 

According to the literature, the binding energy of 

Ti(2p3/2) was 458.15 eV base on the calculation 

using the standard C(1s) 284.6 eV. The binding 

energy of the O(1s) in TiO2 is 529.41 eV. For TS 

(TiO2-SiO2) composites, several peaks were 

appeared in the wide spectrum, there were C(1s), 

O(1s), Ti(2p), and Si(2p) at binding energy 

positions of 284.25 eV, 529.25 eV, 457.25 eV, and 

103.25 eV, respectively. In the spectrum of each 

atom, the signal of C(1s) occurred at position of 

284.6 eV, while the signals of O(1s) occurred in 

two positions, at 529.6 eV confirmed as the Ti−O 

bond in TiO2 [45]; and 533.0 eV identified as 

OHt−O−Ti4+ [54]. Meanwhile, the signals of Ti(2p) 

occurred at 458.3 and 464.3 eV. These values 

Figure 4. The FTIR spectra of (a) TiO2, (b) TS-50, 

(c) TS-50-PANI, (d) TS-70, and (e) TS-70-PANI. 

Figure 5. XPS spectra of TiO2-SiO2 nanocomposites: (a) binding energy position of Ti(2p) and O(1s) (as-

prepared TiO2); (b) binding energy of Ti(2p) and O(1s) of TiO2-SiO2 composites (c) binding energy of Ti(2p) 

and O(1s) of TiO2-SiO2-PANI composites; (d) the wide spectra of TiO2-SiO2-PANI composites. 
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Sample TiO2 
TS composites  TS-PANI composites 

PANI 
TS TS-50 TS-70  TSP-50 TSP-70 

Band-gap (eV) 3.15 3.14 3.13 3.17  2.97 3.06 2.88 

λedge (nm) 394 393 396 391  418 412 431 

shifted to the lower level than the binding energy 

of Ti(2p) in the TiO2 nanorods. The shifting of the 

binding energy occurred due to the formation of 

Ti−O−Si bonds due to the inclusion of Si into the 

TiO2 framework causing a shifting in electron 

density and further resulted in the change in the 

binding energy. The changes in binding energy at 

Ti−O can also be confirmed by observing a shift in 

the binding energy of O(1s) (Figure 5). Similar 

shifts were also reported by Wang and Zeng in 

their study [55]. 

The wide spectrum of the TS-PANI composites 

(Figure 5(d)) represented all the peaks of 

components in one frame according to the atomic 

fraction. The amount of N atoms in the TS-PANI 

composites was too small (less than one percent). 

Consequently, the peak of N(1s) (marked with a 

circle) that appeared in the wide-spectra was 

almost unclear. Figure 5(d) has confirmed the 

presence of the main components in TS-PANI 

composites, i.e., carbon, oxygen, titanium, silicon, 

and nitrogen. Those five components, C(1s), O(1s), 

Ti(2p), Si(2p), and N(1s) corresponded to the 

binding energy at 284.6, 529.8, 458.8, 103.8, and 

399.8 eV, respectively.  These results indicated 

that PANI has partially been coated on the surface 

of the TS composites after the aniline 

polymerization took place. The binding energy of 

N(1s) observed at 399.8 eV indicated the presence 

of interaction between TS composite and PANI. 

This binding energy was in the range of the 

binding energy of N−H (399-400 eV) [46,57]. 

  

3.4 Measurement of Band-Gap Energy 

The light absorption ability of the synthesized 

materials TiO2 nanorod and its composites with 

SiO2 and SiO2–PANI was evaluated and analyzed. 

The band-gap energy of the synthesized materials 

was determined based on the edge wavelength 

(λedge) and listed in Table 2. A slight change in the 

light absorption ability of the TiO2 nanorod and TS 

composites was observed. The addition of PANI in 

the TS composites showed a significant decrease in 

the band-gap energy and the light absorption 

ability of TS-PANI composites has shifted to the 

visible range. 

  

3.5 Photocatalytic Activity Test 

The photocatalytic activity of TiO2 nanorods, 

TS, and TS-PANI composites was evaluated by 

monitoring the decrease in the concentration of 

methylene blue (MB) in an aqueous solution. This 

experiment also used a commercial TiO2 (available 

in the lab) in the photocatalytic activity test for a 

comparison.  

The addition of different amount of SiO2 in the 

TS composites gave a positive effect on the 

photocatalytic activity of TiO2 during the 

degradation of MB, as is presented in Figure 6. 

The commercial TiO2 showed the lowest activity of 

MB degradation. By increasing the amount of 

Figure 6. The decreased of MB concentration using 

(a) commercial TiO2 (by Merck), (b) the synthesized 

TiO2, (c) TS-30, (d) TS-50, and (e) TS-70. 

(a) 

(b) 

Figure 7.  The decreased of MB concentration by 

(a) powder composites and (b) the coating 

composites. 

Table 2. The band-gap energy of TiO2 nanorod, TS composites and TS-PANI composites. 
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Photocatalysts k (min−1) R2 
degraded MB after 

120 min (%) 

Adsorbed MB during 20 min 

in darkness (%) 

TiO2 (commercial) 0.0047 0.9530 44.43 17.56 

TiO2 nanorod 0.0087 0.9648 66.54 29.82 

TS composite 0.0138 0.9853 82.97 37.78 

TS-PANI composite 0.0178 0.9920 89.53 41.39 

added SiO2 in the TS composites, the significant 

increase in the degraded MB was observed. TS-50 

and TS-70 composites showed a similar 

photocatalytic activity; only a slight difference 

could be observed (see Figure 6). The presence of 

SiO2 in the TS composites seemed promote a 

better electron-hole pair production to produce 

active to radicals to further react with the organic 

pollutant. Due to the better surface porosity of TS-

50 composite, this composite was selected to be 

further investigated its activity through the 

formation of the powder and coating TS-PANI. 

The photocatalytic activity of the TiO2–based 

composites (TiO2, TS and TS-PANI composites) in 

the form of powder solid and coating solid was also 

evaluated during the degradation of MB solution 

under visible light irradiation. The degradation 

efficiency for both forms is presented in Figure 7. 

The TS and TS-PANI powder composites 

degraded the MB solution faster than the nanorod 

TiO2 and commercial TiO2 reached (Figure 7(a)). 

The TS-PANI composite exhibited the best 

performance compared to other composites in this 

study. The percentage of MB solution degraded by 

TS and TS-PANI composites was 82.97% and 

89.53%, respectively. Meanwhile, nanorod TiO2 

and commercial TiO2 degraded the MB solution 

only 66.54 and 44.53%, respectively. The 

photocatalytic activity shown by the TS-PANI 

composite was 6.56%; higher than that reached by 

the TS composite.  

A similar study reported that the 

photocatalytic activity of Fe3O4/SiO2/TiO2/PANI 

composite degraded MB solution by about 40% 

within a 300 minutes irradiation. The study also 

found that a relatively small difference in the 

photocatalytic activity between Fe3O4/SiO2/TiO2 

and Fe3O4/SiO2/TiO2/PANI was observed [51]. 

Another study investigating the effect of PANI 

layer on TiO2/SiO2 composite has reported that the 

thickness of the PANI layer on the composite 

affected its photocatalytic activity. A thin PANI 

layer on the composite produced a higher photo-

response than the thick one. On the opposite, a 

thick PANI layer on the composite decreased the 

transfer rate of charged species in the electronic 

state; consequently, it decreased the activity of the 

composites [59]. 

The adsorption capacity of TS and TS-PANI 

composites was better than that of the TiO2 

nanorod alone; this was confirmed before 

irradiation process on the composites. The 

adsorption process was run for 20 min in the dark 

room. The increasing of adsorption capacity may 

be due to the increase in the homogeneity of the 

composites compared to TiO2 nanorods alone. 

Thus, the increase in the adsorption capacity was 

followed by the significant increase in the 

photocatalytic activity of the composite. The 

reaction kinetics data in Figure 8 and Table 3 

showed that TS-PANI composites exhibited the 

highest adsorption capacity to adsorb MB until 

41.39% before irradiation. This adsorption 

capacity was higher than that of TS composite and 

TiO2 nanorods. The increase in the adsorption 

capacity was followed by the increase in the 

surface properties, especially the porosity. A 

better adsorption capacity provided more benefits 

the degradation of the dyes in the solution.  

TS-PANI composites overall showed the best 

photocatalytic activity due to their best 

characteristics such as the response to light, 

surface area and band-gap energy, in comparison 

with other materials synthesized in this study. 

However, the addition of PANI in large amount 

could result in the lower photocatalytic activity. 

The less thick the PANI layer, the higher the 

photocatalytic activity. It is possibly because the 

thin layer of TS-PANI composite would better 

initiate the electron transition from the valence 

band to the conduction band. In addition, the thin 

Table 3. The kinetics during the degradation of MB by TiO2, TS, and TS-PANI composites. 

Figure 8. Fitted curves of the experimental data 

using a pseudo-first order kinetics equation 

during the photodegradation of methylene blue 

using (a) commercial TiO2 (by Merck), (b) TiO2 

nanorods, (c) TS composite, and (d) TS-PANI 

composite. 
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Photocatalysts k (min−1) R2 degradation of MB (%) Adsorbed MB in 20 min (%) 

acrylics 0.0012 0.9258 14.68 3.18 

TiO2-acrylics 0.0062 0.9691 57.80 8.11 

TS-acrylics 0.0115 0.9822 81.83 22.67 

TS-PANI-acrylics 0.0159 0.9845 90.22 25.54 

TS-PANI composite would not prevent the 

interaction between light and the TiO2 surface. 

The same experiments were also carried out to 

evaluate the photocatalytic activity of the coating 

composites as in the powder composite. The 

composite-acrylic coating on the surface of a 3 x 3 

cm2 plate was dipped in an MB solution and 

irradiated with visible light (LED Phillips 120 W). 

The curve of the decrease in the concentration of 

MB solution presented in Figure 7b. The fitted 

curve of the kinetic data during the MB 

degradation is presented in Figure 9, while the 

kinetic parameters are shown in Table 4. Overall, 

the decrease of MB solution both on the coating 

plate and the powder composites was almost the 

same. Before irradiation, the sample was placed in 

a dark place for 20 min to allow the adsorption 

took place. The amount of MB adsorbed on the 

plate was lower than that adsorbed in the powder 

composite. The photocatalytic activity test of the 

coating composite showed the best results on TS-

PANI-acrylic with a percentage of degraded MB 

solution reached 90.22%. 

Similar study has reported the photocatalytic 

activity of the coating of TiO2(P25)-SiO2-acrylic 

during the degradation of rhodamine-B [17]. The 

study obtained that the performance of TiO2(P25)-

acrylic coating was better than the activity of 

TiO2(P25)-SiO2-acrylic coating [17]. Other study 

also reported that the photocatalytic activity of 

TiO2-fluoro silane-acrylic coating showed a better 

performance than TiO2-acrylic coating [18]. In this 

study, the performance of the photocatalytic 

activity on TS-acrylic and TS-PANI-acrylic 

coatings were better than TiO2-acrylic coating 

alone. It was possibly due to the composite 

formation between SiO2 and TiO2 nanorods before 

it was blended with acrylic. Synthesis of TiO2-SiO2 

composites prior to coating aims to reduce 

agglomeration of TiO2 and increase the surface 

area. Then, acrylic-composite coating still showed 

photocatalytic activity as evidenced by a decrease 

in the MB concentration. 

The plausible mechanism of MB degradation 

using TS-PANI composites as a photocatalyst is 

illustrated in Figure 10. PANI molecules would 

cover the surface of TiO2 and absorb the photon 

energy from visible light irradiation. This would 

allow the initiation of electron transition from the 

highest occupied molecular orbital (HOMO) to the 

lowest unoccupied molecular orbital (LUMO). The 

electron from PANI molecules would efficiently 

move to the conduction band of TiO2 nanorod. 

Meanwhile, the positively-charged species (hole, 

h+) would be formed. The electron transfer would 

take place easier between PANI molecules and 

TiO2 nanorod due to the increase in the photo-

response of TiO2 nanorod with the addition of 

PANI.  

The kinetic study of the photodegradation of 

MB using acrylic-coated TiO2 and its composites 

(Table 4) indicated that the photocatalyst 

materials still showed a considerable activity on 

the MB photodegradation. The dispersion of TiO2 

nanorod, TS composites and TS-PANI composites 

in acrylic during the coating material preparation 

did not lead to a significant decrease of the activity 

of the photocatalysts. This was used as the 

consideration of the application of the coating 

Table 4. Kinetics data of decreasing MB concentration by the coating composites. 

Figure 9. Fitted curves of the experimental data 

using a pseudo-first order kinetics equation 

during the photodegradation of methylene blue 

using (a) acrylics (b) TiO2-acrylics, (c) TS-acrylics, 

and (d) TS-PANI-acrylics. 

Figure 10. A plausible mechanism during 

photocatalytic degradation of MB solution using 

TS composites in the presence of PANI. 
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composites to prevent the growth of foulant such 

as barnacles or other species at the surface of ship 

body that stopped at a beach or a port. 

 

3.6 Anti-Fouling Test 

Two main activities contributed to the anti-

fouling activity of this coating. The first is the 

photocatalytic activity due to the composite 

content in the coating material (binder). On the 

other hand, the hydrophobic nature of the coating 

due to the nano-roughness texture of the surface. 

The surface topography of the coating identified 

through AFM images as is presented in Figure 11. 

Figure 11 presents the AFM image on the surface 

that showed fluctuations between hills and valleys 

Figure 11. (a) The three-dimensional AFM images and (b) surface profiles of nano-roughness of 1) acrylic 

resin, 2) TiO2-acrylic, 3) TS-acrylic, 4) TS-PANI-acrylic. 
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on the surface of the coating. The coating 

roughness profile of all analyzed samples shown in 

Figure 11a. The roughness profile noticeably of 

many hills and valleys on the surface also the 

steepness. In blank samples (only acrylic coating), 

some hills and valleys were not steep and tended 

to be flat. At the width of the same field, which was 

about 2.5 m, the AFM images showed that the 

height of the hill on the surface of the acrylic 

coating was only about 16 nm. In contrast, on the 

nanorod TiO2-acrylic coating appeared one hill 

and one valley with a considerable amount of 

roughness. There were more small hills and 

valleys in one profile at 2.5 m width with a hill or 

valley height of about 4.5 nm. 

The height of hills and valleys on the image of 

the TS-acrylic coating and the TS-PANI-acrylic 

coating were only about 8-9 nm. The surface 

topography was predicted by observing its 

roughness, wave amplitude (the presence of hills 

and valleys), distance, namely the distance 

between the roughness of the texture [60]. Figure 

11b illustrates the nano-roughness profile on the 

coating surface based on AFM analysis. The nano-

roughness of the surface was predicted through 

the model that commonly used, namely the 

average roughness (Ra). The Ra value indicates a 

natural roughness texture; the smaller the value, 

the better the nano-roughness. In this study, 

acrylic coating samples showed the Ra value of 

10.27. The roughness in the TS-PANI-acrylic 

coating was 4.73, while in the TS-acrylic coating 

was 3.07. The smallest roughness was shown by 

the nanorod TiO2 acrylic coating with the Ra value 

of 1.49.  

The anti-fouling activity was evaluated by 

monitoring the growth of barnacles by immersing 

composite coated plates at Tanjung Emas Port for 

two months. The result showed the best anti-

fouling performance in TS-PANI-acrylic composite 

coatings compared to others, as is shown in Figure 

12. In this coating, there was almost no growth of 

barnacles for two months immersion at Tanjung 

Emas Port, Semarang. 

  

4. Conclusions 

TiO2 nanorods have been developed as a 

photocatalyst for methylene blue degradation and 

as an anti-fouling agent in a coating. Efforts to 

improve the characteristics of TiO2 provides the 

following results: the SBET increased by 25% after 

being composited with SiO2, i.e., from 64 m2/g 

(TiO2 nanorods) to 80.4 m2/g (TS), and then 

increased more after coated by PANI (256.8 m2/g). 

The photocatalytic activity increased by about 32% 

in TS composites compared to nanorod TiO2. 

However, the photocatalytic activity of TS-PANI 

composite both on powder form and the coating 

only increased by about 6.5 % compared to TS-

composite. This study showed that the nano-

roughness factor also affected the performance of 

anti-fouling of the composites in addition to the 

photo-response factor of the composite. The surface 

roughness was probably due to the rod morphology 

of TiO2, which could form excellent roughness on 

the surface. The topography of the surface reveal 

that the nano-roughness on the surface 

contributed additionally to the prevention of the 

attachment of fouling (barnacles).  

As a photocatalyst, the TS-PANI composite 

showed a similar activity to the TS composite. As 

an anti-fouling material, the TS-PANI-acrylic 

composite coating was better than the TS-acrylic 

composite coating, which was shown by the less 

barnacle growth for two months immersion at 

Tanjung Emas Port, Semarang, Central Java, 

Indonesia. Therefore, TiO2 nanorods, TS 

composite, and TS-PANI composites showed the 

potential to be developed as an environmentally 

friendly anti-fouling material. 

 

a b c d 

Figure 12. The photos of anti-fouling test on the plates coated by: (a) acrylic, (b) TiO2-acrylic, (c) TS-acrylic, 

(d) TS-PANI-acrylic. (Note: The red circles indicated the growth of barnacles on the wood coated by acrylic 

without the use of TiO2 composites.) 
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