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Ni-W/TiO2 composite coatings were electrodeposited on the surface of Q345 pipeline steel, and the 

corrosion resistance and anti-fouling performance of the composite coatings in simulated oilfield 

wastewater were studied. The results show that the concentration of TiO2 particles in the solution has a 

certain influence on the composition, surface morphology, contact angle and surface free energy of the 

Ni-W/TiO2 composite coating, resulting in obvious differences in the corrosion resistance and anti-

fouling performance. Within a certain range, as the concentration of TiO2 particles increases, the 

amount of TiO2 particles doped in the composite coating increases, which can effectively reduce the 

activation energy of crystal nucleation and promote nucleation, so that the surface of the composite 

coating tends to be compact. The Ni-W/TiO2 composite coating prepared with the concentration of 

TiO2 particles 4 g/L has tight bonding and compact surface with the highest TiO2 particle content of 

3.90%, the lowest surface free energy of 25.48 mN/m and the largest contact angle of 120°, which can 

effectively improve the corrosion resistance and anti-fouling performance of Q345 pipeline steel in 

simulated oilfield wastewater. 
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anti-fouling performance; simulated oilfield wastewater 

 

 

1. INTRODUCTION 

 

Oilfield wastewater contains aggressive ions such as chloride ion, sulfate ion and sulfur ion, 

which can cause inter-granular corrosion and crevice corrosion of pipeline steel [1-4]. In addition, 

sulfide ions are also easily combined with some elements in pipeline steel to form various sulfides, 

which further accelerates the corrosion of pipeline steel. Therefore, how to improve the corrosion 

resistance of pipeline steel in oilfield wastewater has become an urgent problem to be solved. 

http://www.electrochemsci.org/
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The surface coating technology is aim to form a coating on the surface of the substrate based on 

the principle of deposition to improve the surface performance of the substrate. The commonly used 

surface coating technologies mainly include electrodeposition, spraying, vapor deposition, electroless 

plating, laser surface treatment and so on [5-10]. Meanwhile, electrodeposition is a popular surface 

coating technology due to its mature and stable process. Some coatings with good physical and 

chemical performance prepared by electrodeposition are introduced in many literatures [11-15].  

Ni-W alloy coating and Ni-W composite coating possess optimal corrosion resistance which 

becomes the focus of people's research [16-20]. Our previous studies have confirmed that the 

electrodeposited Ni-W/PTFE composite coating on the surface of Q345 pipeline steel can effectively 

block corrosive media and significantly improve the corrosion resistance of Q345 pipeline steel in 

simulated oilfield wastewater [21]. In this paper, on the basis of previous research, Ni-W/TiO2 

composite coatings were electrodeposited on the surface of Q345 pipeline steel to extremely improve 

the corrosion resistance and anti-fouling performance of Q345 pipeline steel in simulated oilfield 

wastewater. 

 

 

 

2. EXPERIMENTAL 

2.1 Pretreatment of Q345 pipeline steel 

Q345 Pipeline steel used in the experiment was purchased from China Shougang Group and cut 

into several test pieces as substrates that met the requirements by wire cutting technology. After 

grinding and polishing, the substrate was soaked in alkaline solution (45 g/L sodium hydroxide and 12 

g/L sodium carbonate) at 60℃ for 10 min to remove oil completely. Then the substrate was immersed 

in 10% hydrochloric acid at room temperature to be activated for 1 min. Finally, the substrate was 

cleaned with deionized water and placed in a drying oven. 

 

2.2 Preparation of simulated oilfield wastewater 

Analytical pure sodium chloride, calcium chloride, sodium bicarbonate, sodium sulfate and 

sodium sulfide were used to prepare simulated oilfield wastewater. The main composition were shown 

in Table 1. Pure nitrogen was introduced into the prepared simulated oilfield wastewater to remove 

oxygen for 6 h to make it reach an anaerobic state. Then an appropriate amount of acetic acid was 

added to adjust the pH value of the simulated oilfield wastewater to keep it neutral. 

 

Table 1. Main composition of simulated oilfield wastewater 

 

Chemical agent 
sodium 

chloride 

calcium 

chloride 

sodium 

bicarbonate 

sodium 

sulfate 

sodium 

sulfide 

Concentration 

(g·L-1) 
12.6 4.8 0.15 0.08 0.1 
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2.3 Electrodeposition of Ni-W/TiO2 composite coatings 

The treated Q345 pipeline steel sample was used as the cathode, and the electrolytic nickel 

plate was used as the anode. The spacing between the two electrodes was set as 30 mm. Four Ni-

W/TiO2 composite coatings were electrodeposited respectively on the surface of Q345 pipeline steel 

with constant current density 2 A/dm2 using KPS3040D DC voltage rectifier, and the electrodeposition 

time was 60 min. The main composition of the solution is as follows: nickel sulfate 24 g/L, sodium 

tungstate 45 g/L, boric acid 30 g/L, diammonium hydrogen citrate 100 g/L, sodium dodecyl sulfate 60 

mg/L. Fluorinated TiO2 particles were added into the solution in the form of enhanced phase, with 

concentrations of 1 g/L, 2 g/L, 4 g/L and 6 g/L, respectively. The solution containing TiO2 particles 

was firstly subjected to ultrasonic oscillation for 2 h, and then magnetic agitation for 4 h, so that TiO2 

particles were evenly dispersed.  

 

2.4 Characterization and performance testing of Ni-W/TiO2 composite coatings 

2.4.1 Surface morphology and composition characterization 

The surface morphology of Ni-W/TiO2 composite coating was characterized by high-resolution 

field emission scanning electron microscope (Supra55, Germany), and the composition of Ni-W/TiO2 

composite coating was analyzed by X-ray photoelectron spectroscopy (X-max80, UK). Based on the 

mass fraction of Ti element and the relative molecular weight relationship between Ti and TiO2, the 

content of TiO2 particles in the composite coating was calculated. 

 

2.4.2 Measurement of contact angle and calculation of surface free energy 

An automatic contact angle tester (JC2000D1) was used to measure the contact angle of water 

droplets on the surface of Ni-W/TiO2 composite coating. To reduce the error, three drops of 4 μL were 

dropped on the surface of each sample, and the measurement results were averaged. In addition, the 

surface free energy of Q345 pipeline steel and different Ni-W/TiO2 composite coatings was calculated 

by Owens two-liquid method. 

 

2.4.3 Corrosion resistance testing 

An electrochemical workstation (Parstat 2273, USA) was used to test the electrochemical 

impedance spectra of Q345 pipeline steel sample and the Q345 pipeline steel samples electrodeposited 

with different Ni-W/TiO2 composite coatings in simulated oilfield wastewater. Platinum sheet was 

used as counter electrode, and saturated calomel electrode was used as reference electrode. The test 

frequency range was 105~10-2 Hz, and a sinusoidal signal with amplitude of 5 mV was applied. The 

test data were imported into ZSimpWin software to obtain the charge transfer resistance and maximum 

phase angle, which were used to evaluate the corrosion resistance of different Ni-W/TiO2 composite 

coating. 
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In addition, Q345 pipeline steel sample and the Q345 pipeline steel samples electrodeposited 

with different Ni-W/TiO2 composite coatings were immersed in simulated oilfield wastewater for 14 

days. After that, the samples were cleaned and the corrosion products on the surface were cleaned with 

a rust remover, and then the corrosion morphology was characterized by scanning electron microscopy. 

 

2.4.4 Anti-fouling performance test 

Q345 pipeline steel sample and the Q345 pipeline steel samples electrodeposited with different 

Ni-W/TiO2 composite coatings were immersed in simulated oilfield wastewater for fouling deposition 

experiment for 7 days. The samples were cleaned and dried before and after the experiment. An 

electronic balance (FA2204N, China) was used for weighing and the fouling deposition rate was 

calculated according to the following equation. 

tS

G
DR fouling




     (1) 

Where, DRfouling represents the fouling deposition rate and unit is g/(m2·h); ΔG represents the 

mass difference of samples before and after the fouling deposition experiment and unit is g. S 

represents the sample surface area and unit is m2; t represents the fouling deposition experiment time 

and unit is h. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Composition of different Ni-W/TiO2 composite coatings 

Figure 1 shows the composition of different Ni-W/TiO2 composite coatings. By comparison, 

different Ni-W/TiO2 composite coatings all contain Ni, W, Ti and O elements. Among them, Ti 

element comes from TiO2 particles added to the solution, which can confirm that TiO2 particles and 

Ni-W coating realize co-deposition to form Ni-W/TiO2 composite coating. The co-deposition 

mechanism of TiO2 and metal alloy has been studied in many literatures [22-24]. When the 

concentration of TiO2 particles is 1 g/L, the mass fraction of Ti element in the composite coating is low, 

indicating that few TiO2 particles are doped in the composite coating. As the concentration of TiO2 

particles increases, the mass fraction of Ti increases, indicating that more TiO2 particles are doped in 

the composite coating. In particular, when the concentration of TiO2 particles reaches 4 g/L, the 

content of TiO2 particles in the composite coating is the highest, reaching 3.90%, as shown in Figure 2. 

The reason is that the increase in the concentration of TiO2 particles increases the amount of TiO2 

particles in a uniformly dispersed state in the solution. More particles are driven to the deposition 

surface and co-deposited with Ni-W coating. However, when the concentration of TiO2 particles is too 

high, the mass fraction of Ti element decreases, indicating that the amount of TiO2 particles doped in 

the composite coating decreases. The reason is that in the case of excessive TiO2 particles in the 

plating solution, the agglomeration effect is easy to be dominant, which leads to the reduction of TiO2 

particles in the composite coating. 
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Figure 1. Composition of different Ni-W/TiO2 composite coatings: a-Ni-W/TiO2 composite coating 

(concentration of TiO2 particles 1 g/L); b-Ni-W/TiO2 composite coating (concentration of TiO2 

particles 2 g/L); c-Ni-W/TiO2 composite coating (concentration of TiO2 particles 4 g/L); d-Ni-

W/TiO2 composite coating (concentration of TiO2 particles 6 g/L) 

 

 

 
 

Figure 2. Content of TiO2 particles in different Ni-W/TiO2 composite coatings  

 

3.2 Surface morphology of different Ni-W/TiO2 composite coatings 

Figure 3 shows the surface morphology of Q345 pipeline steel and different Ni-W/TiO2 

composite coatings. It can be seen that different Ni-W/TiO2 composite coatings electrodeposited on the 

surface of Q345 pipeline steel shows a cellular morphology, and the shape of the unit cell is similar but 

the size is not uniform. The cellular morphology of Ni-W composite coating has also been reported in 

some literatures [25-27]. As shown in Figure 3(b), when the concentration of TiO2 particles is 1 g/L, 
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the unit cell diameter of the composite coating is larger. The reason is that the promoting effect on 

crystal nucleation and the inhibiting effect on unit cell growth are not significant when the 

concentration of TiO2 particles is low. As the concentration of TiO2 particles increases to 4 g/L, the 

unit cell diameter of the composite coating decreases and the density increases gradually. The reason is 

that the increase in the concentration of TiO2 particles enables more particles to be co-deposited with 

Ni-W coating, which reduces the activation energy of crystal nucleation and promotes nucleation. In 

addition, the TiO2 particles dispersed in the composite coating can also achieve heterogeneous 

nucleation, which also has a certain inhibitory effect on the growth of the unit cell, so that the diameter 

of the unit cell is reduced. However, when the concentration of TiO2 particles is too high, the unit cell 

diameter of the composite coating increases and the compactness decreases. This is due to the 

agglomeration effect of excess TiO2 particles, which reduces the content of TiO2 particles in the 

composite coating and weakens the inhibition of unit cell growth. The agglomeration effect of TiO2 

particles has been reported by some scholars [28-30].  

 

 

         

 

Figure 3. Surface morphology of Q345 pipeline steel and different Ni-W/TiO2 composite coatings: a-

pipeline steel Q345; b-Ni-W/TiO2 composite coating (concentration of TiO2 particles 1 g/L); c-

Ni-W/TiO2 composite coating (concentration of TiO2 particles 2 g/L); d-Ni-W/TiO2 composite 

coating (concentration of TiO2 particles 4 g/L); e-Ni-W/TiO2 composite coating (concentration 

of TiO2 particles 6 g/L) 

 

3.3 Contact angle and surface free energy of different Ni-W/TiO2 composite coatings 

Figure 4 shows the contact angle of water droplet on the surface of Q345 pipeline steel and 

different Ni-W/TiO2 composite coatings, while Figure 5 shows the surface free energy of Q345 

pipeline steel and different Ni-W/TiO2 composite coatings. Combined with Figure 4 and Figure 5, it 

can be seen that the contact angle of Q345 pipeline steel is less than 90°, and the surface free energy is 

the highest, about 43.25 mN/m. Compared with Q345 pipeline steel, the contact angle and surface free 
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energy of different Ni-W/TiO2 composite coatings are different. The free energy shows a trend of first 

decreasing and then increasing. 

The analysis shows that the surface free energy of the fluorinated TiO2 particles with 

hydrophobic groups is very low. TiO2 particles dispersed in the composite coating reduces its surface 

free energy and weakens its affinity for water droplet, thus inhibiting the spread of water droplet on the 

surface of the composite coating.  

 

 

 
 

Figure 4. Contact angles of water droplets on Q345 pipeline steel and different Ni-W/TiO2 composite 

coatings: a-pipeline steel Q345; b-Ni-W/TiO2 composite coating (concentration of TiO2 

particles 1 g/L); c-Ni-W/TiO2 composite coating (concentration of TiO2 particles 2 g/L); d-Ni-

W/TiO2 composite coating (concentration of TiO2 particles 4 g/L); e-Ni-W/TiO2 composite 

coating (concentration of TiO2 particles 6 g/L) 

 

 

 
 

Figure 5. Surface free energy of Q345 pipeline steel and different Ni-W/TiO2 composite coatings: a-

pipeline steel Q345; b-Ni-W/TiO2 composite coating (concentration of TiO2 particles 1 g/L); c-

Ni-W/TiO2 composite coating (concentration of TiO2 particles 2 g/L); d-Ni-W/TiO2 composite 

coating (concentration of TiO2 particles 4 g/L); e-Ni-W/TiO2 composite coating (concentration 

of TiO2 particles 6 g/L) 

 

As the concentration of TiO2 particles increases, the amount of TiO2 particles doped in the 

composite coating increases, which effectively reduces the surface free energy of the composite 
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coating and reduces the contact area with water droplet, thus the contact angle increases. In particular, 

the Ni-W/TiO2 composite coating prepared with the concentration of TiO2 particles 4 g/L has a 

minimum surface free energy of 25.48 mN/m, and its contact angle is close to 120°, showing good 

hydrophobicity. However, when the concentration of TiO2 particles is too high, the agglomeration 

effect leads to the reduction of TiO2 particles doped in the composite coating, so that the effect of 

reducing the surface free energy of the composite coating is not significant. As a result, the composite 

coating shows a strong affinity for water droplet, so the contact angle decreases. The relationship 

between hydrophobicity and surface free energy is stated by some researchers [31-32].  

 

3.4 Corrosion resistance of different Ni-W/TiO2 composite coatings 

Figure 6 shows the electrochemical impedance spectra of Q345 pipeline steel and different Ni-

W/TiO2 composite coatings in simulated oilfield wastewater. It can be seen from Figure 6 that the 

capacitive arc radius and maximum phase angle of different Ni-W/TiO2 composite coatings are larger 

than that of Q345 pipeline steel.  

The charge transfer resistance can reflect the difficulty of charge transfer process between the 

composite coating and the corrosive medium in the simulated oilfield wastewater. The maximum 

phase angle reflects the blocking effect of the composite coating on the corrosive medium in the 

simulated oilfield wastewater, which are both used as the evaluation index of corrosion resistance. In 

general, the larger the arc radius, the higher the charge transfer resistance. The maximum the phase 

angle, the better the corrosion resistance of composite coating. As can be seen from Table 2, the Ni-

W/TiO2 composite coating prepared with the concentration of TiO2 particle 4 g/L has the highest 

charge transfer resistance 6.4×103 Ω·cm2, which is about 1.8 times higher than Q345 pipeline steel.  

 

 

   
(a) Nyquist spectrum                 (b) Frequency-phase angle spectrum 

 

Figure 6. Electrochemical impedance spectra of Q345 pipeline steel and different Ni-W/TiO2 

composite coatings in simulated oilfield wastewater: a-pipeline steel Q345; b-Ni-W/TiO2 

composite coating (concentration of TiO2 particles 1 g/L); c-Ni-W/TiO2 composite coating 

(concentration of TiO2 particles 2 g/L); d-Ni-W/TiO2 composite coating (concentration of TiO2 

particles 4 g/L); e-Ni-W/TiO2 composite coating (concentration of TiO2 particles 6 g/L) 
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Compared with Q345 pipeline steel, the maximum phase angle reaches 65.3°, which increases 

by about 24.2%. It can be concluded that the composite coating has the best corrosion resistance and 

can significantly improve the corrosion resistance of Q345 pipeline steel in simulated oilfield 

wastewater. The reason is that the composite coating has tight cell bonding and relatively compact 

surface, which effectively prevents the infiltration of corrosive medium in simulated oilfield 

wastewater into its interior and presents high electrochemical corrosion resistance. In addition, the 

composite coating has a lower surface free energy, which can reduce the contact area with the 

corrosive medium in the simulated oilfield wastewater, resulting in better corrosion resistance. 

However, when the concentration of TiO2 particles is low or too high, the surface free energy of the 

composite coating is large due to the decrease of TiO2 particles content and the ability to prevent the 

corrosive medium from penetrating into its interior decreases.  

 

 

Table 2. Fitting results of electrochemical impedance spectra 

 

Samples 
Charge transfer 

resistance/ (Ω·cm2) 

Maximum phase 

angle/ ° 

Q345 pipeline steel 2.3×103 52.6 

Ni-W/TiO2 composite coating 

(concentration of TiO2 particles 1 g/L) 
4.2×103 56.0 

Ni-W/TiO2 composite coating 

(concentration of TiO2 particles 2 g/L) 
5.0×103 59.4 

Ni-W/TiO2 composite coating 

(concentration of TiO2 particles 4 g/L) 
6.4×103 65.3 

Ni-W/TiO2 composite coating 

(concentration of TiO2 particles 6 g/L) 
5.6×103 61.5 

 

3.5 Anti-fouling performance of different Ni-W/TiO2 composite coatings 

Figure 7 shows the fouling deposition rate of Q345 pipeline steel and different Ni-W/TiO2 

composite coatings in simulated oilfield wastewater. It can be seen from Figure 7 that the fouling 

deposition rate on the surface of Q345 pipeline steel is relatively fast, close to 3.6×10-2 g/(m2·h). 

However, the fouling deposition rate on the surface of different Ni-W/TiO2 composite coatings is 

lower than that of Q345 pipeline steel. With the increase of TiO2 particle content in the composite 

coating, the fouling deposition rate firstly decreases and then increases. Many studies have shown that 

the surface free energy of the coating is closely related to the fouling deposition rate, and low surface 

free energy can effectively inhibit fouling deposition. The Ni-W/TiO2 composite coating completely 

covers the Q345 pipeline steel, which reduces the surface free energy and improves the anti-fouling 

performance of Q345 pipeline steel in simulated oilfield wastewater. In particular, the Ni-W/TiO2 

composite coating prepared with the concentration of TiO2 particle 4 g/L has the lowest fouling 

deposition rate, which is about 2.0×10-2 g/(m2·h), resulting in excellent anti-fouling performance. 
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Figure 7. Fouling deposition rate of Q345 pipeline steel and different Ni-W/TiO2 composite coatings 

in simulated oilfield wastewater: a-pipeline steel Q345; b-Ni-W/TiO2 composite coating 

(concentration of TiO2 particles 1 g/L); c-Ni-W/TiO2 composite coating (concentration of TiO2 

particles 2 g/L); d-Ni-W/TiO2 composite coating (concentration of TiO2 particles 4 g/L); e-Ni-

W/TiO2 composite coating (concentration of TiO2 particles 6 g/L) 

 

Figure 8 shows the surface morphology of Q345 pipeline steel and different Ni-W/TiO2 

composite coatings immersed in simulated oilfield wastewater for 7 days. As shown in Figure 8(a), the 

fouling deposited on the surface of Q345 pipeline steel is concentrated, which further confirms that its 

anti-fouling performance is poor.        

 

 

    
 

Figure 8. Surface morphology of Q345 pipeline steel and different Ni-W/TiO2 composite coatings 

immersed in simulated oilfield wastewater for 7 days: a-pipeline steel Q345; b-Ni-W/TiO2 

composite coating (concentration of TiO2 particles 1 g/L); c-Ni-W/TiO2 composite coating 

(concentration of TiO2 particles 2 g/L); d-Ni-W/TiO2 composite coating (concentration of TiO2 

particles 4 g/L); e-Ni-W/TiO2 composite coating (concentration of TiO2 particles 6 g/L) 
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As shown in Figure 8(b) and Figure 8(e), when the concentration of TiO2 particles is low or too 

high, some fouling is also deposited on the surface of the composite coating, but it is sparsely 

distributed. As shown in Figure 8(d), when the concentration of TiO2 particles is 4 g/L, few fouling 

deposited on the surface of the composite coating, which further confirms that its anti-fouling 

performance is the best. The reason is that the composite coating is relatively compact and has the 

lowest surface free energy, and it is difficult for insoluble metal salts in simulated oilfield wastewater 

to obtain sufficient energy from the composite coating surface to deposit in the form of crystals. Some 

articles also reported that the anti-fouling performance of material is mainly related to the free energy 

and wettability of material surface [33-37]. Reducing the surface free energy and increasing anti-

wetting performance can improve the anti-fouling performance of materials which support the 

conclusions in the paper.  

 

 

 

4. CONCLUSIONS 

Ni-W/TiO2 composite coatings were electrodeposited on the surface of Q345 pipeline steel to 

extremely improve the corrosion resistance and anti-fouling performance of Q345 pipeline steel in 

simulated oilfield wastewater. The major conclusions are as follows: 

(1) Proper concentration of TiO2 particles can drive more particles to reduce the activation 

energy of crystallization nucleation and promote nucleation in the composite coating, so that the 

surface of the composite coating tends to be compact and the surface free energy is reduced, resulting 

in the improvement of corrosion resistance and anti-fouling performance. 

(2) When the TiO2 particle concentration is 4 g/L, the cellular morphology of Ni-W/TiO2 

composite coating are closely bonded and the surface is relatively compact, and the content of TiO2 

particles reaches 3.90%. The composite coating has the lowest surface free energy of 25.48 mN/m, the 

highest charge transfer resistance of 6.4×103 Ω·cm2 and the maximum phase angle approximate 65.3°. 

Moreover, the Ni-W/TiO2 composite coating prepared with the concentration of TiO2 particles 4 g/L 

shows excellent corrosion resistance and anti-fouling performance, and it can effectively improve the 

corrosion resistance and anti-fouling performance of Q345 pipeline steel in simulated oilfield 

wastewater. 
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