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Abstract

Superhydrophilicity and underwater superoleophobicity are fundamental issues in many
applications for special wettable surfaces. In this work, the special wetting behaviors were achieved
by an ecologically green wet chemical method. The prepared coatings with porous structure present
superhydrophilicity and underwater superoleophobicity. The effects of the reaction conditions, such
as pH values and conversion duration, on the morphology and wetting behaviors of the prepared
coatings, were also studied. A wax deposition test based on cold-finger was carried out and good
performance was investigated. A possible wax prevention mechanism is proposed, which can be
calculated from water film theory. The corrosion resistance and stability of the prepared coatings

were also measured. The prepared coatings with special wetting behaviors offer significant insight
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for the design of anti-wax materials in water contained crude oil transition.
Key words: Ecologically green; Chemical conversion coating; Superoleophobicity; Wax prevention.
1 Introduction

Crude oil is the most important energy material in modern society, which known as the blood of
industry. It is meaningful and exigent to guarantee adequate oil supplies.'” Waxes are mainly
paraffinic compounds that precipitated from crude oil at low temperature.” Wax deposited in the
pipeline would reduce the effective cross area and raise the flow resistance, which leads to short
supply and great economic losses.*® Increase of pipeline pressure and decrease of pipeline
temperature would further intensify wax deposition.”® Tt is essential to develop effective method to
avoid wax deposition.

Many researchers have made great effort to avoid the wax deposition, such as microbial,’

1% 1 mechanical dewaxing12 magnetic field dewaxing13 and high-temperature

paraffin inhibitor,
dewaxing.'* However, most of these methods are either inefficient or costly, and would cause
environmental pollution. Therefore, great effort has been made to develop appropriate wax
prevention methods, especially in costly and environmental friendly way.

Wax prevention coatings have attracted much attention due to the good performance, simple
fabrication, low cost and wide application. Metal, glass, polymer and many other materials have been
used to fabricate anti-wax coatings.">'* Some early researchers focused on the smooth coatings, such
as glass and plastic.'> ' However, the wax prevention performance of those coatings was very poor.
Some other researchers also developed coatings with special wetting behaviors for wax prevention,

and good performance was investigated.'” '® In spite of the fact that its performance is relatively well,

the preparation process would cause environmental pollution, and the wax prevention performance
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was still low for application. For more and more people are aware of environmental issues, the
environmental friendly method is urgently needed.' It is necessary and urgent to develop effective
coatings for wax prevention, especially in facile, low-cost and environmental friendly way.

Our group has committed to develop efficient and low-cost wax prevention coatings for several
years.” In the previous work, composite coating with fish-scale like morphology was prepared and
excellent wax prevention performance was investigated.”> In addition, an alternate current etching
method was also employed to fabricate coatings with different surface morphology on carbon steels
to prevent wax from deposition, and good performance was investigated.” ** However, all the
methods mentioned above would take power and make waste liquid. If the wax prevention efficiency
is to be further improved, much more research needs to be done.

Phytic acid (CsH;3024P¢) (PA), an inartificial and innoxious organic large molecular compound,
consists of 24 oxygen atoms, 12 hydroxyl groups and 6 phosphate carboxyl groups.27 The particular
structure of PA has a powerful chelating capability with many metal ions, allowing it to form very
stable complexes with multivalent cations.”® PA is present in natural cereal grains and is employed as
a vitamin component. The chelating process is non-toxic and low-cost, and necessitates no waste
treatment to eliminate environmental pollution. Therefore, PA has been proposed as an
environmental friendly reagent to prevent the surface of metal ions, such as Mg, Al, Zn, ete.?!
However, most of the previous work was focused on the corrosion resistance of the prepared
conversion coating. As a common chemical conversion coating, the wetting behavior of the PA
conversion coating has not been studied, and few people had employed it in wax prevention

application.

In this work, a facile PA conversion method was employed to fabricate wax prevention coatings.
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This conversion coating was achieved by simple wet chemical method without energy consumption
and environmental pollution. The prepared conversion coatings with special porous structure show
extreme superhydrophilicity and underwater superoleophobicity. The effect of the solution pH value
and conversion duration, on the surface morphology and wetting behaviors of the conversion
coatings, was also studied. Excellent wax prevention performance was investigated in a wax
deposition test.*> In addition, a possible wax prevention mechanism calculated from water film
theory is proposed. Due to the obvious assets of facile fabrication, low cost and environmental
friendly, the prepared PA conversion coating is expected to wide application in petroleum industry.
2 Experimental sections
2.1 Materials

The ZnSO4-7H,0, Aly(SO4);-18H,0 and KAI(SO4),12H,0 were purchased from Xilong (AR,
China) and used as received. The surfactant, PA and tri-ethanolamine (TEA) were purchased from
Beijing Chemical works (AR, China). A3 carbon steels with the size of 20 mmx>40 mmx2 mm were
used as substrates. The A3 carbon steels were ultrasonically cleaned in acetone and then rinsed with
deionized water sequentially before use. The crude oil for wax deposition test was from Daqing
Oilfield (in Heilongjiang province, China). The main characteristics of the waxy crude oil are shown
in Table 1, indicating a typical waxy crude oil. The crude oil contains about 50 wt% water, which is

consistent with most of the actual situations.

2.2 Preparation of the chemical conversion coating

The Zn coating was prepared by electroplate method in the bath containing 2 M ZnSO4-7H,0,

0.05 M Al (SO4)3-18H,0, 0.1 M KAI(SO4),-12H,0 and 0.02 M surfactant. The solvent of the
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electroplate bath is deionized water. The conversion coating was prepared on Zn coated A3 carbon
steel in the conversion solutions with different pH values by immersing 20 min at 40 °C. The pH
value of conversion solution can be controlled by adjusting the TEA dose. After immersion, the
specimens were thoroughly washed using running deionized water, dried at room temperature and
then measured.
2.3 Wax deposition test

The wax deposition procedure was simulated in the laboratory using a self-designed apparatus
based on the cold-finger method.* In the wax deposition test, crude oil was heated to 80 °C in a
water bath and stirred thoroughly (®=20 rad-s™) to ensure complete dissolution and well-distribution
of wax. Then the specimens were fixed onto the inner wall of the container. After the oil was kept at
80 °C for 0.5 h, it was cooled by circulating water cooling (water temperature is 25 °C). It takes
about 2 hours until the oil temperature decreased to 25 °C.

The quantitative determination of the wax prevention deposition weight, DW in abbreviation,
was calculated according to Eq. (1):*

MXIOO%
So (1)

DW =

where W, is the weight of the wax deposited specimen; ) is the weight of the original specimen;
Sy is the surface area of specimen. For anti-wax treatment specimens, a less DWW value means a better
wax prevention property.
2.4 Characterizations

A scanning electron microscope (SEM, JSM-7500F, JEOL Ltd., Japan) was used to observe the
surface morphology of the obtained specimens. Before the observation, the specimens were

sputter-coated with Pt under the vacuum conditions for electric conduction. Fourier transform
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infrared (FTIR) spectra was collected on a FTIR spectrometer (NEXUS-470, Nicolet Co.) using the
KBr method and transmission mode. Digital images of the specimens before and after the wax
deposition test were obtained by a digital camera (Olympus, E-PL1). The contact angles of bare
water on the specimens were measured using a contact angle meter (DSA 20, Kriiss Instruments
GmbH) on five different positions for each surface. The volume of an individual droplet in all
measurements was 5 pL. The contact angles of oil on the specimens in water were also measured
using the contact angle meter (DSA 20, Kriiss Instruments GmbH) via underwater oil contact angles
(OCA) test.** * The specimens were upside down in a water-filled glass container because the
density of oil was lower than water. First, specimens were immersed in hot water (T = 80 °C to keep
crude oil at the liquid state), and then a crude oil droplet was gently injected by a micro syringe on

the surfaces. The OCA can be calculated by Eq. (2):*

where 0 is the OCA, & is the height of the oil droplet and D is the length of the oil droplet

contact the specimen surface, which can all be measured directly in the digital image of the OCA.

The effects of the prepared conversion coatings on the corrosion protection properties of the
samples were evaluated by electrochemical impedance spectroscopy (EIS) and salt spray test. The
EIS analysis was carried out in a conventional three-electrode cell including saturated Ag/AgCl as
reference electrode, Platinum as counter electrode and the prepared sample as working electrode.

Measurements were performed on 1 cm” of the prepared sample immersed in the 3.5 wt.% NaCl
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solutions. The salt spray tests were conducted in SF850 salt spray cabinet (Atlas Electric Devices).

The pH and NaCl concentration of salt fog were 7 and 5 wt.%, respectively.

The stability of the prepared surface was investigated by a flush test. The prepared sample was
flushed by deionized water from 50 cm upon the surface at a speed of 5 mL per second. After a
continuous test of several hours, the sample was moved away to test the CAs at the place where the

water flush on it to evaluate the flush resistance.

3 RESULTS AND DISCUSSION
3.1 Structure characterization, wetting behaviors and chemical characterization.

The pH value of conversion solution plays a key role in the formation of conversion coatings.’’
How the pH value influences the conversion coatings, especially on the morphology and wetting
behaviors, was studied and the results were shown in Figure 2 and Figure 3.

Figure 2 shows the SEM images of the PA conversion coatings attained under different solution
pH value. Insets are the high resolution SEM images of the corresponding coatings. It can be seen
that, for the solution with series pH value of 2.0, 3.0, 4.0 and 5.0, the specimens present different
surface morphology (Figure 2 (A-D)). There is no obvious conversion coating formed in the
solutions with pH of 2.0, as shown in Figure 2 (A). It can be ascribed to the excess high
concentration H', which leads to a passive film on the Zn coating and stops the subsequent reactions.
For the solution with pH of 3.0, the specimen is entirely covered, but the microstructure of the
coating surface is fragmentized and uneven, as shown in Figure 2 (B). For the solution pH is
increased to 4.0, the microstructure of the coating surface becomes integrated and uniform (Figure 2

(C)). As pH increasing to 5.0, the concentration of H' decreases and causes reactions to slow down.
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There is almost no conversion coating on the specimen surface, as shown in Figure 2 (D). (The SEM
images of the prepared surface attained with pH value of 1.0 and 6.0 can be seen in Supporting
Information Figure S1)

The contact angles (CAs) and underwater oil contact angles (OCAs) are closely related to the
surface morphology.** The conversion coatings attained under different pH value present different
CAs and OCAs for different morphology. The digital images of CAs and OCAs are measured and
shown in Figure 3. The CA decreases from 81.2+1.2° to 34.5+1.1° with the solution pH value
increasing, as shown in Figure 3 (A) (a-b). At the same time, the underwater OCA increases from
133.0+2.0° to 151.9+1.6°, as shown in Figure 3 (B) (a-b). With the solution pH value increasing to
4.0, the conversion coating presents superhydrophilicity with CA of about 0°, and the underwater
OCA further increases to 163.2+1.4°, which can be considered to superoleophobicity. The special
wetting behavior of superhydrophilicity and underwater superoleophobicity are attributed to the
porous structure of the conversion coating.® As the solution pH value further increases, the
concentration of H™ in the conversion solution decreases and the porous structure disappear. The
conversion coatings return to hydrophobic again as shown in Figure 3 (A) (d). It can be concluded
that when the solution pH value is 4.0, the conversion coatings would present superhydrophilicity
and underwater superoleophobicity for the porous structure.

The conversion coating attained at pH value of 4.0 shows superhydrophilicity and underwater
superoleophobicity, which greatly arouse our interest. To further investigate the composition of the
prepared coating, the EDS pattern and FTIR spectrum are measured and the results are shown in
Figure 4. Figure 4 (A) shows the EDS pattern of the conversion coating, indicating that O, P and Zn

are detected. The broad vibration bands at 1126 cm™, 1290 cm™ and 1369cm™ in the FTIR spectrum
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(Figure 4 (B)) would be characteristic of P=O. Vibration bands at 996 cm™ and 835 cm™ are
associated with the P-OH and C-P-O stretching bands in PA, respectively. While the intensive
vibration bands among 2800 cm™ and 3800 cm™ are associated to OH in PA. From the results of
EDS pattern and FTIR spectrum, it may be estimated that after immersing in PA, a layer of PA
conversion coating was fabricated on the specimen.

As a matter of fact, PA is consisted of 24 oxygen atoms, 12 hydroxyl groups and 6 phosphate
carboxyl groups.27’ *® The ionization equations of PA in the water were as follows:*

RH,,+ H,O < RH, +H,0"

RH, +H,0 < RH,” +H,0"

(R=C¢HO(PO3)s)

According to the results of EDS and FTIR analyze, the formation for the conversion coatings
can be speculated as shown in Figure 4 (C).

On the authority of previous literatures®’ **

and above reactions, the formation process of the
conversion coating can be calculated as follows. At first, the specimen was immersed in the
conversion solution, dissolution of the Zn occurred, forming Zn**, accompanied by the intense
formation of H,. The anodic reaction was the dissolution of Zn and the cathode reaction was the
reduction of H'. Then the Zn*" reacted with the phytate groups to form insoluble compounds, which
is called chelate process. The concentration of insoluble compounds increased as the reaction
happened. Finally, the concentration of insoluble compounds increased to a certain value and
gradually deposited on the substrate surface to form the conversion coating.

3.2 The growing process of the conversion coatings.

To further investigate the growing process of the prepared chemical conversion coatings, the
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following experiments were carried out. Figure 5 shows the surface morphology of the prepared
conversion coatings with different treatment durations. The pH value of the conversion solution is
4.0.

Before immersing in the conversion solution, many hexagon grains can be seen in Figure 5 (A),
which are corresponded to the typical shape of Zn.*® ( Detailed SEM images and high-resolution
SEM images of the PA conversion coatings with different conversion time can be seen in Supporting
Information Figure S2) The surface of the Zn grain is flat. After immersing in the PA conversion
solution for 1 min, the Zn grains can still keep their hexagon shape, as shown in Figure 5 (B). We can
also find that there are some small particles growing on the surface of the Zn grains, which can be
speculated to the first generated products. The surfaces also become a little rough, as shown in
Figure 5 (B). As the conversion time increased to 5 min, more products appeared on the surface of
the Zn grains, as shown in Figure 5 (C). The Zn grains are completely covered by the new generated
products after immersing in conversion solution for 10 min. The new generated particles combined
with each other and formed porous structure on the surface of the specimen, as shown in Figure 5
(D). The corresponding EDS pattern of the new particles shown in Supporting Information Figure S3
indicates that the new particles are also RHn-Zn (R=CcH¢O(PO3)s. The porous structure is the key to
achieve surperhydrophilicity for it can make hydrophilic surface more hydrophilic.3 > The formation
of the porous structure can be attributed to the H, which would form because of the reaction between
the Zn and PA during the conversion process.”” The huge amount H, transiting the surface layers
resulted in the formation of porous structure. Figure 5 (E) shows that after immersing in conversion
solution for 20 min, the new generated particles uniformly distribute on the surface with porous

structure. The new generated particles grow larger with the immersing time increasing, and the
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specimen surface became more porous, as shown in Figure 5 (F) and (G). In conclusion, 20 min is
appropriate time to get both superhydrophilic and stable conversion coating.

It can be concluded that when the pH value of conversion solution was 4.0, the prepared
conversion coating formed a special porous structure, which can be detected to R-Zn
(R=C¢HsO(PO3)6). This porous structure and high surface energy composition give the prepared
conversion coating special wetting behavior: superhydrophilicity and underwater superoleophobicity,
which have been proved to be conductive to wax prevention in petroleum industry.38
3.3 Wax prevention performance.

To investigate the wax prevention performance, a wax deposition test was carried out and the
results were shown in Figure 6. Three Zn coated carbon steels and three prepared conversion
coatings were employed to investigate the wax prevention performance. Figure 6 (A) shows the
schematic diagram of the cold-finger wax deposition test, indicating that the deposition apparatus
include four basic parts: temperature controller system (thermostat water bath and circulating
water-cooling), stirring system, water-contained waxy crude oil and washing system. The Figure 6 (C)
shows the full view of three Zn coatings after wax deposition test, and Figure 6 (D) shows the full
view of three conversion coatings. Obviously, the Zn coatings were covered with thick layer of wax
oil mixtures while the conversion coatings were undefiled with a little wax on the surfaces. The wax
deposition weights (DWs) of different coatings were also calculated and the results were shown in
Figure 6 (B), indicating that Zn coating and the prepared conversion coating have great difference in
wax prevention performance. The DW value for Zn coating is 5.432+0.204 g/dm’ indicating really
terrible wax prevention property, while the DW value of 0.096+0.012 g/dm’ for the prepared

conversion coating showing good wax prevention property. By the way, the digital images of the
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bare A3 carbon steels after wax deposition test in Supporting Information Figure S4 indicate that
bare A3 carbon steels present very bad performance in wax deposition test.

To better understand the mechanism of the excellent wax prevention ability, the specific wetting
behavior of the prepared conversion coating in air and underwater were systematic studied. Figure 7
(A) shows the rapidly wetting process of water droplet on the prepared conversion coating, which
indicates that the conversion coating is superhydrophilic in the air. A superhydrophilic surface

usually presents superoleophobicity underwater, 22,38

and the results of underwater OCA in Figure 7
(B) further confirm this view. The underwater OCA was about 162.6°. The underwater oil rolling
angle of 2.8° indicates that only a tiny deflection can make the oil drop roll away.

It is known that crystallization of wax is a kinetic process, the onset of which can be described
by classical homogeneous nucleation theory.”” In the water-contained crude oil system, the
crystallization of wax can be divided into two stages: nucleation and crystal growth. The nucleation
speed (v;) and the crystal growth speed (v;) can be calculated according to Eq. (4) and (5),
respectively™:

_le=e)
€ (4)

Vi

D
v,=—A(c-c,)
g (5)

where ¢ is the concentration of supersaturated solution, ¢, is the concentration of the saturated
solution, k£ is a constant, D is the solute diffusion coefficient, J is the diffusion distant and 4 is the
surface area of the nucleation. In oil pipeline, temperature near the pipeline inwall is much lower
7, 8,39

than the pipeline center, which resulted in a lower c., and further leaded to higher v; and v;.

That is why the pipeline inwall is easier to form wax nucleus. While in this work, for

Page 12 of 33



Page 13 of 33

RSC Advances

superhydrophilicity, the water would rapidly cover the whole conversion coating surface and form a
continuous water film, as shown in Figure 7 (A), which can stop the wax nucleus forming on the
surface or bonding in the surface. The water film acted as a barrier to prevent the oil and the PA
conversion coating contact. For the small bonding force between the water film and the oil, the new
generated wax nucleus would easily roll away with the flowing crude oil fast. On this basis, the rapid
wetting process of water and fast rolling of oil are the two key points for the wax prevention. The
results in this work coincide with those obtained previous.zz’ 3

3.4 Corrosion resistance and stability tests.

It is known that good corrosion resistance and stability are always required for the hot, damp and
salty environment during the transition, which causes reinforcement rusting and thermal damage.*’
Thus the corrosion resistance and stability of the prepared PA conversion coating were also
investigated in this work.

To investigate the anti-corrosion property of the prepared conversion coatings, we characterized
bare A3 carbon steel, Zn coating and prepared conversion coating with potentiodynamic polarization
in 3.5 wt.% NaCl solution. The potentiodynamic polarization curves of electrical parameters of the
corrosion potentials (Ecoy), corrosion current densities (icorr) and polarization resistance (R,) are
presented in Figure 8 (A) and Table 2, respectively. The result of Figure 8 (A) indicates that
comparing to the bare carbon steel and Zn coating, an obvious corrosion current densities decrease
can be observed in conversion coating, indicating the increase of corrosion consistent. It can be
attributed to the conversion coating that provide a passive treatment and reduce the formation of

corrosion products. Furthermore, the results of Table 2 indicated that with the conversion coating, the

corrosion current density (icor) is lower than the Zn coating and bare A3 carbon steel while the
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polarization resistance (Rp) is greater, indicating that the conversion coating is able to offer higher
corrosion protection. In conclusion, the increasing of corrosion resistance can be contributed that the
conversion coating formed a barrier layer, which can effectively prevent air and solution infiltration
and increase the anti-corrosion stability.

The salt spray enlarged rusty test was used to estimate the anti-corrosion performance of Zn
coatings and prepared conversion coatings. The results after 24 h of salt spray tests were shown in
Figure 8 (B). The bare A3 carbon steel (Figure 8 (a)) is absolutely covered by the red corrosion
products and the Zn coating (Figure 8(b)) also has heavy corrosion with white corrosion products on
the whole surface, while the prepared conversion coating (Figure 8(c)) is almost clean with a little
white corrosion products on the sample edge. It is seen that the prepared conversion coating
possesses comparative anticorrosion resistance to that of Zn coating. The corrosion of the enlarged
rusty of bare A3 carbon steel is rather terrible. Therefore, the prepared conversion coating has a
beneficial effect on the anticorrosion property of the samples.

To further investigate the stability, a flush test was also carried out and the result was shown in
Figure 8 (D). The result shows that after a continuous flush test of 48 hours, the prepared sample can
also keep superhydrophilic, which indicates a good flush resistance. The results of the flush test
indicate that the prepared conversion coating has a good performance in flush resistance. A pipe-like
model was also developed to test the stability of prepared coating, as shown in Supporting
Information Figure S5 (A), and the result in Figure S4 (B) indicates good performance. Because of
the condition limitation, it is hard for us to test the prepared coating in real crude oil pipeline, but the
results in this work can confirm the practicability to some extent.

Above all, it can be concluded that the prepared conversion coating present extreme stability
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which is very meaningful in industry application.

4 Conclusions

In this work, a facile wet chemical method was employed to prepare wax prevention coatings. Zn
coated A3 carbon steel was immersed in a PA conversion solution for 20 min at 40 °C. The prepared
coatings present special wetting behavior of superhydrophilicity and underwater superoleophobicity.
The effects of the reaction conditions, such as conversion time and pH values, on the morphology
and wetting behavior of the prepared coatings, were also studied. The prepared coatings present good
performance in cold-finger wax deposition test. A possible wax prevention mechanism calculated
from water film theory is proposed. Besides, this PA conversion method without any energy
consumption and polluted liquid is good to environment protection. This environmental friendly
method offers significant insight for the design of antiwax materials in water-contained crude oil
transition.
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Table 1 Characteristics of the waxy crude oil.

parameter value

Wax (wt%) =26
Resins (wt%) =12
Water (wt%) =50

Pour point (°C) ~32
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Table 2 The parameters derived from the potentiodynamic polarization curves in 3.5 wt.% NaCl

solution.

Specimen Ecor(V/SCE) Leor(A/cm?) R, (Q/cm?)
Conversion coating -0.9638+0.03 7.94+0.10x10°  1.21£0.40x10’
Zn coated carbon steel -0.7785+0.03 3.87£0.25x107  2.01£0.31x10°

A3 carbon stell -0.5951+0.03 9.23+0.14x107  6.44+0.35%10°
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Figure 1. (A) SEM image of the Zn coating, (insets are the digital images of the CA and underwater

OCA); (B) SEM image of the conversion coating, (insets are the digital images of the CA and

underwater OCA); (C) the schematic diagram of the Zn coating in wax deposition test; (D) the

schematic diagram of the conversion coating in wax deposition test.

Figure 2. The SEM images of conversion coatings attained under different solution pH value: (A)

2.0; (B) 3.0; (C) 4.0; (D) 5.0. Insets are the high resolution SEM images of the corresponding

coatings.

Figure 3. (A) The CA digital images of the PA conversion coatings attained under different solution

pH value: (a) 2.0; (b) 3.0; (c) 4.0; (d) 5.0. (B) The underwater OCA digital images of the conversion

coatings attained under different solution pH value: (a) 2.0; (b) 3.0; (¢) 4.0; (d) 5.0.

Figure 4. The (A) EDS pattern and (B) FTIR spectrum of the prepared conversion coating at solution
pH value of 4.0; (C) Schematic illustration for the chelate process of PA on the Zn coating.

3.2 The coating formation process.

Figure 5. The SEM images of PA conversion coatings with different conversion time: (A) 0 min; (B)

1 min; (C) 5 min; (D) 10 min; (E) 20 min; (F) 30 min; (G) 60 min.

Figure 6. (A) Schematic diagram of cold-finger wax deposition test; (B) The average wax deposition

weight of different coatings; (C) the digital images of Zn coatings after wax deposition test; (D) the

digital images of the prepared conversion coatings after wax deposition test.

Figure 7. Digital images of: (A) Rapid wetting process and (B) Fast rolling process; (C) the wax

prevention mechanism diagram of the prepared conversion coating.

Figure 8. (A) Potentiodynamic polarization curves of (a) prepared conversion coating, (b) Zn coated

carbon steel and (c) bare A3 carbon steel. (B) The salt spray test results of different specimens: (a)
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A3 carbon steel; (b) Zn coated sample and (c) prepared conversion coating. (C) The schematic
diagram of flushing test. (D) The contact angles of prepared samples after flushing for different

dyration.
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Graphical abstract

(A) SEM image of the Zn coating, (insets are the digital images of the CA and underwater OCA);
(B) SEM image of the conversion coating, (insets are the digital images of the CA and underwater
OCA); (C) the schematic diagram of the Zn coating in wax deposition test; (D) the schematic

diagram of the conversion coating in wax deposition test.
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