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Abstract
Paraffin deposition is a severe global problem during crude oil production and transportation. To inhibit the formation of 
paraffin deposits, the commonly used methods are mechanical cleaning, coating the pipe to provide a smooth surface and 
reduce paraffin adhesion, electric heating, ultrasonic and microbial treatments, the use of paraffin inhibitors, etc. Pipeline 
coatings not only have the advantages of simple preparation and broad applications, but also maintain a long-term efficient 
and stable effect. In recent years, important progress has been made in research on pipe coatings for mitigating and preventing 
paraffin deposition. Several novel superhydrophilic organogel coatings with low surface energy were successfully prepared 
by bionic design. This paper reviews different types of coatings for inhibiting wax deposition in the petroleum industry. The 
research prospects and directions of this rapidly developing field are also briefly discussed.
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1  Introduction

Crude oil is known as “black gold” and is also called as “the 
blood of modern industry.” It not only benefits human beings 
in terms of energy, but also is a very important chemical raw 
material. Crude oil is a thick, dark brown liquid, a mixture 
of different hydrocarbons. Paraffin is one of the important 
components in crude oil. Paraffin is composed of straight-
chain saturated hydrocarbons, of which the majority are 
n-alkanes with a small amount of isoparaffins, naphthenes 
and extremely few aromatic hydrocarbons. Paraffin gener-
ally has a melting point of 30–70 °C. Crude oil in China is 
a heavy conventional oil with a high pour point, high wax 
content, low content of heptane asphaltene and a relative 
density between 0.85 and 0.95 (Lu and Zhang 1980; Tissot 
et al. 1978).

In the process of petroleum exploitation and transporta-
tion, with a decrease in temperature and pressure to a certain 
extent, the wax dissolved in the crude oil will crystallize 
and precipitate, then adsorb and deposit in the inner wall 
of the tubing, casing and other equipment. The problem is 
widespread in oil fields all over the world (Li et al. 2014). 
Wax deposition in the inner wall of petroleum pipelines will 
cause the effective flow area to be reduced or blocked, thus 
increasing the flow resistance and pump loads and affecting 
the service life of equipment such as sucker rods. This will 
not only reduce the efficiency of work, resulting in huge 
economic losses, but also damage the operating equipment. 
In severe cases, production must be stopped to remove wax 
from the pipeline (Correra et al. 2007; Towler and Rebbapra-
gada 2004; Wang and Zhang 1999; Venkatesan et al. 2003).

In order to reduce or eliminate paraffin deposition, the 
commonly used methods are mechanical cleaning (Poole 
et al. 2008), coating the pipe to reduce paraffin adhesion 
(Dotto et al. 2006), electric heating (Samigullin et al. 2016; 
Danilović et al. 2010; Zheng 2012), ultrasonic treatments 
(Seow 1991; Gonçalves et al. 2010; Tung et al. 2001), the 
use of paraffin inhibitors (Gilles et al. 2015; Yang et al. 
2015; Jung et al. 2016; Ridzuan et al. 2016) and microbial 
removal (He et al. 2003; Liu et al. 2012; Xiao et al. 2012; 
Yi et al. 2009), etc. Among them, mechanical cleaning uses 
a special scraper to remove paraffin and soft wax deposits 
from the inner wall of the pipeline. It is a primitive and 
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simple method. What is more, the mechanical cleaning, 
electric heating and ultrasonic treatments are inefficient 
and energy-consuming, and thus, it is difficult to perform 
them well in harsh environments such as deep-sea pipelines 
(Aiyejina et al. 2011; Sun et al. 2014). However, coating the 
pipes may inhibit and eliminate the formation of paraffin 
deposits by putting one or more coatings on the inner wall 
before use. Specially, anti-wax coatings not only have the 
advantages of simple preparation and broad application, but 
also can maintain long-term efficiency and a stable effect, 
which has wide application prospects. In recent years, many 
achievements have been made in this field at both home and 
abroad, especially in the field of bioinspired intelligent inter-
face materials. In this paper, recent research into different 
kinds of coatings to inhibit wax deposition in the petroleum 
industry has been summarized. The research prospects and 
directions of this rapidly developing field are also briefly 
reviewed.

2 � Paraffin deposition mechanisms

Paraffin deposition in petroleum pipelines is not only related 
to temperature, pressure and the composition of crude oil, 
but also influenced by other factors, such as flow velocity, 
pipeline material and design. It is really a complex process. 
In the early studies, the mechanisms of paraffin deposition 
were mainly divided into four categories, among which 
molecular diffusion is the dominant factor, followed by 
shear dispersion, Brownian diffusion and gravity sedimen-
tation. In addition, asphaltenes are important constituents of 
waxy crude oil; the latest research shows that the presence 
of asphaltenes has a significant impact on the stratification 
of paraffin deposits.

2.1 � Molecular diffusion

Burger et al. (1981) investigated wax deposition mecha-
nisms in the Trans-Alaska Pipeline and believed that the 
deposition was a result of lateral transport by molecular 
diffusion, shear dispersion and Brownian diffusion (Burger 
et al. 1981). However, Brown et al. (1994) found that shear 
dispersion had no significant effect on paraffin deposition 
based on experimental measurements and field operating 
experience, and no paraffin deposition was observed under 
zero-heat flux conditions (Brown et al. 1994). Azevedo and 
Teixeira (2003) proposed that molecular diffusion of paraffin 
is the major contributor to wax deposition, and Brownian 
diffusion, shear dispersion and gravity sedimentation are 
minor and negligible (Azevedo and Teixeira 2003).

Studies of paraffin deposition in petroleum pipelines show 
that molecular diffusion plays a leading role, especially in 
the low-temperature environment of abyssal sea pipelines. 

As the pipelines cool below the critical temperature, a tem-
perature gradient is generated in the cross section, where the 
temperature near the tube wall is the lowest as well as the 
lowest solubility of paraffin molecules. This concentration 
gradient due to the temperature gradient is the power of par-
affin molecules to diffuse from the core of petroleum to the 
inner wall (Tian et al. 2014; Duan et al. 2011). Paraffin mol-
ecules start to move out of the petroleum and form a network 
of colloidal structures with some petroleum molecules and 
then adhere to the inner wall of the pipeline. The initially 
formed paraffin sediments contain some small petroleum 
molecules; thus, they are relatively low in hardness. Sub-
sequently, a large number of paraffin molecules continue to 
diffuse to the tube wall and adsorb on the initial sediments, 
resulting in an increased hardness of paraffin. Finally, more 
paraffin will be deposited on the inner wall, which brings 
serious problems to crude oil production and transportation 
(Zhang and Liu 2010; Hamouda and Ravney 1992).

2.2 � Shear stripping and aging

In recent years, progress has been made on understanding 
paraffin deposition in petroleum pipelines. On the basis of 
molecular diffusion, shear stripping and aging have gradu-
ally been recognized by the majority of researchers (Huang 
et al. 2016).

Different flow rates of the crude oil in pipelines show 
different flow states. When the crude oil flows at a low veloc-
ity, it moves in a direction parallel to the tube axis. The 
maximum flow velocity of the fluid is at the center of tube, 
and the minimum is near the wall. However, when the flow 
rate increases gradually, the flow pattern of crude oil will 
begin to undulate. The frequency and amplitude of oscil-
lation increase with an increase in the flow rate, which is 
called transient flow. When the flow rate of the crude oil 
increases further, the streamline is no longer clear. There are 
many small eddies in the flow field, and the state is called 
turbulent flow. Under turbulent flow, the movement of crude 
oil in turbulent state has disorder, and it will produce a cer-
tain shear effect on the deposits in the inner wall. The faster 
the flow rate is, the stronger the shear action is. The shear 
stripping is the phenomena that the shear stress is large 
enough to destroy the structure of the deposited paraffin. It 
will peel off some of the sediments. Rashidi et al. studied 
the relationship between the paraffin deposition rate and the 
crude oil flow rate and found that the paraffin deposition rate 
increased with the flow rate in the low flow stage. When the 
flow rate exceeded a critical value, the paraffin deposition 
rate would decrease rapidly. The experimental results proved 
the importance of shear stripping in the paraffin deposition 
in petroleum pipelines (Rashidi et al. 2016).

Fogler’s research group initially proposed the aging of 
wax deposits (Lu et al. 2012; Singh et al. 2000). Through 
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a great number of experimental studies, they found that the 
wax content and hardness of the deposits increased gradu-
ally with deposition time in the process of wax deposition. 
Experimental studies showed that at the beginning of wax 
deposition, wax-oil gels were formed on the inner wall 
because the temperature of the inner wall of the pipeline was 
lower than the crude oil. These wax-oil gels contained most 
of the oil trapped in a 3-D network structure of wax crystals 
as a porous media. As the oil content was high, the hardness 
was still relatively low. Subsequently, the wax molecules in 
crude oil continued to diffuse and deposited to form wax-oil 
gels, gradually increasing the wax content of the deposited 
layer. At the same time, the oil content decreased gradually, 
but the mass fraction was higher than the oil in the pipe 
core, which resulted in the reverse diffusion of the oil layer 
from the sedimentary layer to the pipe center. The diffusion 
of wax molecules and counter-diffusion of petroleum mol-
ecules resulted in an increase in the wax content and hard-
ness of the deposition layer. The phenomenon is called the 
aging of the deposited wax layer, and it has been recognized 
by the majority of researchers.

In the process of petroleum transportation, according to 
the phase composition of crude oil, it can be divided into 
single-phase flow and multiphase flow. The single-phase 
flow is an ideal condition. It has been confirmed that if 
there is no water or gas in crude oil, only the single flow 
characteristic is considered. In the single-phase (oil) flow, 
molecular diffusion is the main mechanism of wax deposi-
tion, and the shear stripping and aging have drawn more 
and more attention. However, the multiphase flow state is 
closer to the actual situation, including oil–water two-phase, 
oil–water–gas three-phase, oil–water–gas–sand and other 
multiphase situations. Wax deposition mechanisms under 
multiphase flow conditions are not very well understood. 
At present, our understanding is mainly based on the mech-
anisms of the single-phase flow; therefore, it needs to be 
further studied (Hernandez et al. 2004; Couto et al. 2008; 
Sarica and Panacharoensawad 2012).

2.3 � Effects of asphaltenes

Asphaltenes are the heaviest and the most polar components 
in crude oil, and they are also important components in waxy 
crude oil (Lei et al. 2016). The latest research shows that 
the presence of asphaltenes has a significant impact on the 
stratification of wax deposition. Li et al. studied the phe-
nomenon of wax deposits formed by synthetic waxy oil 
by direct observation, DSC tests and component analyses 
with a new wax deposition device (Li et al. 2016). It was 
found that asphaltene played a role as a paraffin inhibitor 
and could significantly inhibit the paraffin deposition rate. 
When no asphaltene was present in waxy oil, paraffin depo-
sition was formed by a thick wax-oil gel, and no stratification 

phenomena were found. With the addition of asphaltenes in 
waxy oil, an obvious two-layer stratification phenomenon 
occurred in the wax deposit. According to the remarkable 
difference of structural strength, the two layers could be 
clearly identified. The outer layer was very soft and easy to 
be scrapped. However, the inner deposit was very compact 
and hard and required sharp instruments to scrape it away. 
Yang et al. also investigated the effect of asphaltenes on the 
stratification in wax deposits (Yang et al. 2016). The results 
showed that there was interaction between asphaltenes and 
wax molecules, and the asphaltenes were enriched in the 
wax deposit layer by Brownian diffusion. The existence of 
asphaltenes changed the morphology of wax crystals (spher-
ical flocs), which is due to the diffusion of asphaltenes and 
wax molecules. Both the molecular diffusion of wax and 
the Brownian diffusion of asphaltenes lead to the formation 
of a two-layer wax deposit, which greatly inhibits later wax 
deposition.

In order to solve the serious wax deposition in petroleum 
pipelines effectively, research and development of anti-wax 
technology has become particularly important. Among the 
various methods to prevent wax deposition, anti-wax coating 
has the most potential and is a valuable method because of 
its simplicity, efficiency and durability. Moreover, the mul-
tifunctional aspects of anti-wax coating can not only inhibit 
wax deposition, but also utilize other properties of the coat-
ing, such as corrosion resistance and mechanical stability.

3 � Anti‑wax coatings

Anti-wax coatings are methods to reduce or prevent wax 
deposition by coating an organic or inorganic material on 
the inner wall of oil pipelines. Compared with mechanical 
cleaning and paraffin inhibitors, the anti-wax coatings not 
only have the advantages of simple preparation and broad 
application, but also can maintain a long-term efficient and 
stable effect. There is no longer a need to regularly clean the 
pipes or to add paraffin inhibitors. Moreover, the anti-wax 
coatings can also inhibit the corrosion of metal and play a 
crucial role in protection. The anti-wax coatings that have 
been studied so far can be divided into the following three 
categories: low surface energy coatings, bioinspired super-
hydrophilic coatings and novel organogel coatings.

3.1 � Low surface energy coatings

In the early research into coatings for paraffin deposition 
control, the researchers believed that smooth surface or low 
surface energy coatings can effectively inhibit paraffin depo-
sition. Therefore, in a large number of experiments, the inner 
walls of pipes were coated with low surface energy polymer 
composite coatings, and their properties to inhibit paraffin 
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deposition were investigated by controlling the free energy 
of the substrate surface (Dotto and Camargo 2010).

Jessen and Howell (1958) studied the paraffin deposi-
tion on the surface of different pipe materials (Jessen and 
Howell 1958). It was found that the paraffin deposition on 
the surface of smooth plastic was much smaller than that 
on a steel surface and maintained a low paraffin deposition 
for a long time. Jorda (1966) conducted paraffin deposition 
experiments on metal and plastic surfaces, with other condi-
tions unchanged, only studying the effect of coating surface 
roughness on paraffin deposition. The experimental results 
showed that a smooth phenolic resin surface exhibited an 
excellent capacity of reducing paraffin deposits compared 
with epoxy resin and polyurethane surfaces, while the rough-
ness of a steel or plastic surface increased the amount of 
paraffin deposits. They suggested that coatings for paraffin 
deposition prevention should have a smooth surface, high 
polarity, high gloss and flexibility, so as to provide long-term 
resistance to paraffin deposition in oil wells (Jorda 1966).

With the development and application of polytetrafluoro-
ethylene (PTFE), Zhang et al. applied fluoropolymer and 
other resin materials to the inner wall of the tubes (Zhang 
et al. 2002). The aim was to compare the relative effects 
of resin coatings on preventing paraffin accumulation and 
reducing friction drag on the surface of coatings. They 
studied the effects of eight coatings, such as alkyd resins, 
methacrylate copolymers, vinylidene fluoride–chlorotri-
fluoroethylene copolymers, polyvinylidene fluoride and 
room-temperature vulcanized silicone rubbers. The experi-
mental results showed that fluoropolymer and vulcanized 
silicone rubber coatings with low surface energy had sig-
nificant effects on drag reduction and paraffin deposition 
prevention. The silicone rubber coating could achieve an 
efficiency of up to 75% in paraffin deposition prevention and 
could reduce drag by 22% in crude oil at 26 °C.

In order to meet the actual working conditions in crude oil 
transportation, Quintella et al. evaluated the influence of the 
flow state of crude oil on the inhibition of paraffin deposi-
tion when using three types of polymer coatings (Quintella 
et al. 2006). Figure 1 shows the structures of three coatings: 
polypropylene (PP), high-density polyethylene (HDPE) and 
ethylene vinyl acetate copolymer (EVA28) with an oxygen 
content of 28%. It was found that the low polarization of 
EVA28 was due to the crude oil oxygen content and the 
stronger interaction between crude oil and surface groups. 
The interfacial tension between the crude oil and the coat-
ings was 12% and 17% higher for EVA28 and HDPE, respec-
tively, than for that of PP under static conditions. Under flow 
conditions, the interaction of EVA28 and HDPE with crude 
oil increased by 79% and 43%, respectively, compared to PP. 
Therefore, the tendency of PP to inhibit paraffin deposition 
was higher, and the effect on crude oil in the flow state was 
better. This is due to the fact that the methyl groups on the 

surface of the PP reduce the surface density of the hydrogen 
atoms and hinder the interaction between the alkyl groups 
and the surface in crude oil.

Rashidi et al. (2016) studied the effect of the surface 
roughness of the coating in a submarine pipeline on the dep-
osition of paraffin in Malaysia with polyvinyl chloride (PVC) 
and ethylenetetrafluoroethylene (ETFE), and the influence 
of crude oil cooling rate and flow velocity of different coat-
ings of paraffin deposition (see Fig. 2). It was found that the 
ETFE coating with the least roughness had the best control 
on paraffin deposition. Moreover, the faster the cooling rate 
of crude oil is, the faster the deposition rate of paraffin is. 
However, at low flow rates, the deposition rate of paraffin 
increased with the flow rate, and when the flow rate was 
greater than a critical value, the deposition rate decreased 
rapidly. This was because at lower velocities range, the crude 
oil is in laminar flow and stays in the pipeline for a longer 
time. This resulted in more heat loss and a rapid decrease in 
the temperature of the crude oil, leading to paraffin deposi-
tion (Rashidi et al. 2016).

The study of low surface energy anti-wax coatings has 
been very thorough. Many new coatings with very low 
surface energy have been developed, most of which are 
derivatives of polytetrafluoroethylene. In the field of mod-
ern petroleum industry, most of the coatings used are low 
surface energy coatings, which have good anti-wax effects. 
However, in order to adapt to harsher service environments, 
it is urgent to develop more excellent anti-wax coatings, 
and the mechanical properties and corrosion resistance of 
coatings also need to be improved. Many researchers have 
shifted the focus from low surface energy to the wettability 
of bioinspired superwetting interface materials, and a series 
of new developments have been achieved.

-(H2C-CH2)-n

~(-CH2-CH2-CH2-CHOCOCH3-)n~

-(HC2-CH)-n

PPHDPE

EVA28

CH3

Fig. 1   Chemical structure of the anti-wax coatings (after Quintella 
et al. 2006)
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3.2 � Bioinspired superhydrophilic coatings

In recent years, a large number of researchers have applied 
the idea of bionics to the study of functional materials and 
have tried to learn from and imitate the effective structures 
in nature after their long evolution. These include the supe-
rhydrophobic structure on the upper surface of leaves (Gong 
et al. 2012, 2015a; Cheng et al. 2011), the superoleophobic 
structure of the lower surface of the lotus leaf and the surface 
of fish skin (Liu et al. 2009; Ma et al. 2014; Gao et al. 2016; 
Chen et al. 2016), the water-collecting structure of the back 
of beetles (Parker and Lawrence 2001), the back groove of 
Opuntia cactus and spider silk structure (Gong et al. 2015b; 
Bai et al. 2015) and organic and inorganic composite struc-
ture of pearl shell layers (Guo et al. 2016; Xu et al. 2013). 
Among these, some researchers focused on pipeline anti-wax 
works, and research results are quite abundant.

Charles (1986) treated carbon steel with three sulfur 
oxides to obtain a highly hydrophilic surface (Charles 
1986). The surface can form a layer of water film between 
the interface of the crude oil and the metal to slow down the 
deposition of paraffin, and reduce the paraffin adhesion, thus 
causing paraffin crystals to be easily washed away by the 
fluid. They suggested that it can be widely applied and can 
alleviate paraffin deposition on the inner wall of crude oil 
pipes for a long time. Li et al. (1997) investigated the effects 
of glass coating and a carbon steel surface on the deposition 
of paraffin in the presence of multiphase oil and water for 
the production and transportation of crude oil in the Jilin 
Oilfield. The results showed that for carbon steel coated with 
hydrophilic glass in water-bearing crude oil, wax deposition 
decreased with the water content. When the water content 
exceeded 60%, the crude oil became oil–water emulsion. 
At this time, a stable water film can be formed between the 
crude oil and the glass tube wall. The film can inhibit the 

deposition of wax in the glass tube wall, thus reducing the 
deposition of paraffin (Li et al. 1997).

In addition to ordinary glass coating, attention has also 
been drawn to hydrophilic TiO2 particles. Yu et al. (2001) 
prepared ultra-hydrophilic TiO2/SiO2 composite films by 
the sol–gel deposition method, which can be used to pre-
vent fouling and sludge precipitation in wastewater treat-
ment. As the surface contains a large number of hydroxyl 
groups, the water contact angle of the film can be as low 
as zero (Yu et al. 2001). Bae et al. (2006) prepared anti-
fouling nanocomposite films by electrostatic self-assembly 
using TiO2 nanoparticles and anionic sulfonated poly(ether 
sulfone) (Bae et al. 2006). The addition of TiO2 particles 
improves the hydrophilicity of the membrane and inhibits 
the hydrophobic interaction between the film surface and 
organic pollutants. Although the effects of the crude oil in 
the petroleum pipeline can be blocked, it is believed that 
the hydrophilic properties of the composite membrane may 
be contaminated by other compounds in petroleum pipe-
lines, which can facilitate subsequent paraffin deposition and 
which remains to be studied.

Theories about water films on coating surfaces have 
appeared frequently in recent years. Guo et al. (2012a, b) 
treated the surface of galvanized carbon steel substrate with 
sodium silicate and a mixed acid solution (Guo et al. 2012a). 
A chemical conversion coating was formed. The coating was 
mainly composed of Zn, O, Si and other elements. This coat-
ing is hydrophilic in air and superoleophobic underwater. 
Combined with the rough structure of the surface, the con-
version film was first adsorbed in water and formed a layer of 
water film. In water, the contact angle between the water film 
and liquid paraffin was 160°, and the water film had good 
non-adhesion, which resulted in a very good anti-wax effect. 
Subsequently, Guo et al. investigated the paraffin deposition 
resistance of phosphorus-containing chemical conversion 
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films obtained at different temperatures (H: 80–90 °C, M: 
50–60 °C, R: room temperature) (Guo et al. 2012b). The 
results show that the conversion coating (R) obtained at 
room temperature had the best anti-wax effect which can 
reach 80%–95%. They found that the phosphorus chemical 
conversion film on the carbon steel surface was hydrophilic 
(with a water contact angle of 22°), the surface morphology 
of the conversion film obtained at room temperature had the 
largest roughness, and a stable water film could be formed 
in the water to prevent paraffin deposition on the membrane 
surface, as shown in Fig. 3.

The underwater superoleophobic system based on water 
film theory is better, and the nanometer composite structure 
on the surface of coating is becoming more important. Wang 
et al. (2013a, b) fabricated a pyrophosphate coating with 
a flower-like microstructure on the surface of carbon steel 
(Wang et al. 2013a). In the paraffin deposition experiment, it 
was found that the coating had good anti-wax performance, 
reaching about 80%, and had good stability (see Fig. 4). 
They thought this is due to the wettability of the coating 
surface, underwater superoleophobicity (contact angle of oil 
droplets in water was 160°) and low adhesion of oil droplets 
(oil droplet rolling angle 7°). The essence is the synergistic 
effect of the hydrophilicity and the microstructure of the 
coating surface, so a stable water film can be formed to pre-
vent the deposition of paraffin (see Fig. 5).

Wang et al. developed a chemical conversion film of 
ferric phosphate by in situ alternating deposition on the 
surface of carbon steel, which was inspired by the under-
water superoleophobic properties and low adhesion struc-
tures on the surface of fish skin and clamshells (Wang 

et al. 2013b). The film had the best effect in preventing 
wax deposition when the deposition time was greater than 
2 h. The surface of the conversion film was composed of 
hydrophilic amorphous iron phosphate and had a layered 
micro-nanocomposite structure exhibiting superhydro-
philic behavior in air (with a water contact angle of 0°) 
and superoleophobic behavior (with an oil contact angle 
of 160°) in water. The characteristics of water in the sur-
face adsorption can form a layer of water film. In paraffin 
deposition experiments, the deposition of paraffin in water-
containing crude oil can be effectively prevented, showing 
excellent self-cleaning properties (see Fig. 6).

Fig. 3   Sample surface after wax deposition test. a Carbon steel, b H (80–90 °C), c M (50–60 °C) and d R (room temperature) coating (after Guo 
et al. 2012b)
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Fig. 4   Time stability of the anti-wax coating (after Wang et al. 2013a)
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In 2013, the anti-wax properties of hydrophilic alloy 
coating were also found. The moisture content of hydro-
philic alloy coating was especially important. Li et al. 
studied the effect on wax deposition by modifying the 
surface of the carbon steel by adding different alloying 
elements (Li et al. 2013). The results showed that when 
the elements such as Zn, Ni, Fe and P were added at the 

same time, the surface morphology of carbon steel became 
very rough, with a micro-nanocomposite structure, and the 
wax prevention effect was improved significantly. They 
investigated the influence of water content of crude oil 
on the anti-wax performance of coating. It was found that 
the anti-wax effect was very poor without water in crude 
oil. However, when the water content increased gradu-
ally, the coating could basically keep the anti-wax effect 
around 95%.

Because a single anti-wax coating could not provide 
good corrosion resistance, Liang et al. prepared a com-
posite coating on the surface of carbon steel, which had 
three layers of structure (Liang et al. 2015). As shown in 
Fig. 7, these structures from the bottom to the top are: (1) 
electrodeposited zinc film for improving corrosion resist-
ance; (2) phosphating film for constructing a fish-scale 
surface morphology; and (3) silicon dioxide film for giv-
ing superhydrophilicity to coating surface. The special 
hydrophilic surface and micro-nanocomposite structure 
can capture a layer of water film on the surface and have 
underwater superoleophobic characteristics. In paraffin 
deposition experiments, the composite coating exhibited 
good resistance to paraffin deposition, which was attrib-
uted to the presence of a water film. Moreover, the corro-
sion resistance of the coating was greatly improved due to 
the existence of the zinc film, and the thermal stability and 
mechanical stability were excellent.

Liang et al. (2016a, b) prepared a phytic acid conversion 
coating on the surface of galvanized carbon steel (Liang 
et al. 2016a). The effect of pH on the deposition of paraf-
fin in crude oil was studied. It was found that at pH 4, the 
effect of the conversion film formed on the steel surface was 
significantly better than a zinc coating (see Fig. 8). They 

Fig. 5   Schematic diagram of 
wetting state of oil droplets on 
the different substrates. a Car-
bon steel. b Conversion coating. 
c The self-cleaning mechanism 
for the conversion coating in 
water-contained crude oil (after 
Wang et al. 2013a)

Fig. 6   a Underwater superoleophobic coating with chrysanthemum-
like surface structure. a1 Digital image of real chrysanthemum. a2 
SEM image of the conversion film. The scale bar is 4  μm. b and c 
Underwater superoleophobic mechanism (after Wang et al. 2013b)
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analyzed the components, morphology and wettability of 
the surface of the coating and found the conversion film on 
the surface had a micro-nanorough structure and showed 
the superhydrophilic (with a water contact angle of 0°) and 
underwater superoleophobic (oil contact angle of 162.3°). 
They suggested that the coating can adsorb a layer of water 
film in water, which is the main reason for preventing the 
deposition of paraffin.

Subsequently, Liang et al. proposed an environmentally 
friendly coating to prevent wax deposition (Liang et al. 
2016b). They modified the surface of galvanized carbon 
steel with 4-isobutylbenzene acid. Because of the absence of 
any waste liquid in the process, an environmentally friendly 
conversion coating was obtained. They studied the effect 
of pH and soaking time on the properties of the coating. 
Results showed that after being soaked in the conversion 
solution (pH = 4) for 20 min, the characteristics of the coat-
ing underwater were superoleophobic (oil contact angle of 
163°), with the best performance to prevent wax deposition 
and good corrosion resistance (see Fig. 9).

3.3 � Novel organogel coatings

In addition to the low surface energy and bioinspired super-
hydrophilic coatings, recently some researchers have begun 
to reduce the drag between the surface and the interface, to 
prepare a new surface. This type of surface can achieve a 
state of ultra-low adhesion, which reduces the adhesion of 
the coating to wax and has a good effect on preventing wax 
deposition.

Yao et al. (2015) prepared a new type of organogel (OG) 
material by polydimethylsiloxane (PDMS) (Yao et al. 2015). 
They immersed rectangular slices of PDMS in crude oil 
(gasoline and diesel) for 1 day, so that oil molecules diffused 
into PDMS to expand it. Finally, it was transferred to the 
surface of carbon steel to study its performance to prevent 
wax deposition (see Fig. 10).

The results showed that the oil-treated PDMS had excel-
lent resistance to paraffin deposition. This is mainly because 
the adhesive force between paraffin crystals and the surface 
of PDMS was very low and 500 times smaller than tradi-
tional materials. They believed that the PDMS organogel 
material can avoid uneven nucleation of paraffin on its sur-
face. At the beginning of contact between liquid paraffin and 
the PDMS surface, liquid paraffin diffused into the oil layer 
on the surface, nucleated and crystallized, which greatly 
reduced the contact with the PDMS surface. The resulting 
microscopic composite structure had very low adhesion for 
paraffin crystals. Therefore, whether the crude oil is in the 
stationary or flowing states, the coating has excellent per-
formance for reducing paraffin deposition.

The prepared PDMS organogel coating not only has 
good performance to prevent wax deposition, but also has a 

Fig. 7   Underwater superoleophobic composite coating with fish-
scale-like surface structure. a Digital image of real fish scales. b SEM 
image of a fabricated fish-scale-like composite coating. (The insets 
are digital images of the water contact angle and oil contact angle on 
the surface of composite coating.) c Schematic diagram of the pre-
pared composite coating (after Liang et al. 2015)
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self-reinforcing effect in flowing crude oil. Just as fish and 
pitcher plants use the surrounding water, the organogel can 
absorb the light components of the crude oil to achieve self-
reinforcement. As a result, this coating may have long-term 
resistance to wax deposition and good mechanical stability.

These organogel coatings not only have the advantages of 
simple preparation and excellent performance, but also pro-
vide a new method of preparing ultra-low adhesion surfaces. 
In the future of machinery manufacturing, environmental 
protection, shipbuilding and other fields, this coating tech-
nique will have great prospects.

4 � Conclusions and outlook

In the modern petroleum industry, the most advanced tech-
niques of low surface energy anti-wax coatings have been 
put into practice. From the initial phenolic resin coating 
to the current ethylenetetrafluoroethylene, low surface 
coatings with surface energy reduction help the anti-wax 

effect continue to improve. However, with the exploration 
and development of offshore oil, the harsh conditions and 
the change of environmental factors, higher requirements 
for crude oil pipeline coatings are put forward. They will 
not only need better anti-wax and anti-scaling effects, but 
also need to provide long-term stability for protection, in 
order to ensure the normal exploitation and transportation 
of petroleum.

In recent years, more attention has been paid to the 
interfacial wettability between coatings and crude oil. 
Novel functional coatings have been designed by using 
bionic concepts, including superhydrophilic micro-nano-
structure composite coatings and self-reinforcing ultra-low 
adhesion surfaces. The research and preparation of these 
new materials not only provide us with new ideas, but also 
improve the comprehensive properties, such as mechani-
cal properties, corrosion resistance and efficient stability.

In the future research and development of anti-wax 
coatings, the bioinspired intelligent interfacial materials 
have great research potential for the state of multiphase 
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mixed flow of oil and water. Of course, the performance 
of new coatings will also become more and more multi-
functional. They must not only provide efficient and stable 
properties to prevent wax deposition, but also have corro-
sion resistance, low-temperature resistance, scour resist-
ance and excellent mechanical properties. Henceforth, 
only with many excellent comprehensive properties can 
the novel anti-wax coatings effectively solve the problem 
of wax deposition in crude oil pipelines for a long time.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat​iveco​
mmons​.org/licen​ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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