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A novel anti-fouling epoxy-silicone composite coating containing Ni–Cu–Al alloy powder for metal pipeline
in geothermal water was fabricated based on the basic principles of galvanic corrosion. Fouling behaviors
of the surface of composite coating in the simulated geothermal water were studied in comparison with
stainless steel and epoxy-silicone resin coating. The results indicated that composite coating possessed a
good anti-fouling performance. In the geothermal water, Ni2+, Cu2+ and Al3+ ions, originated from interface
electrochemical corrosion, were released into bulk solution. These metal ions intensively inhibited nucleation
and crystal growth rate of CaCO3 fouling on the surface of composite coating, and promoted precipitation of
CaCO3 fouling in the bulk-solution, which could be easily washed away by flowing water. But for 304
stainless-steel and epoxy-silicone resin coating, CaCO3 fouling grew easily and adhered firmly to their surfaces,
and influenced the transport efficiency of geothermal water for pipelines.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Since geothermal water contains a lot of corrosion and fouling
ions, including Cl−, Mg2+, Ca2+, HCO3

− and SO4
2−, metal pipelines

and equipments are suffering from serious corrosion and fouling
problems in the process of transporting geothermal water, which re-
duces the efficiency and service life of pipelines, and increases the
cost of geothermal energy exploitation[1–4].

Coating technology can effectively protect metal pipelines from
corrosion in geothermal water. But the problems of fouling have not
been well resolved yet. Until now, many methods have been devel-
oped to reduce fouling deposition on pipelines, including coating
with low surface energy coatings (PPS/PTFE, Ni-P-PTFE [5–7]), adding
chemical reagents in geothermal water [8,9] and electric or magnetic
field treatment [10,11]. However, all these methods are subject to
certain limitations, such as high cost and secondary pollution [12].

Multiple alloys like KDF, MRPS and Cu–Zn alloy have aroused
more interests in anti-fouling researches. After treating geothermal
water with the alloys, pipelines showed a good anti-fouling perfor-
mance to some degree due to the alloy that released Zn2+ ions into
bulk solution [13]. The Zn2+ ions can effectively restrain the crystal
growth rate of CaCO3 fouling and change CaCO3 morphology on the
pipeline surface [14,15]. Glasner [16] showed that Zn2+ and CO3

2−

ions in geothermal water spontaneously formed a complex carbonate
ion [Zn(CO3)2]2−, which would be used as nucleation center for the
+86 1082317133.
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crystallization of CaCO3. Although Zn2+ ions would increase the
amount of CaCO3 fouling nucleus in bulk solution, the amount of
CaCO3 could also be increased on the surface of pipelines. Meanwhile,
the preparation of multiple alloys was characteristic of high energy
consumption. Hence, multiple alloys used as anti-fouling tools for
pipelines exhibit a few limitations.

Coating technology is a simple and cheap method which has been
widely used in our daily life. Blending with zinc powder, TiO2 and
dyestuff in slurry coating can obtain functional coatings with anti-
corrosion, anti-biosis and decorative performance, respectively
[17,18]. Some literatures have indicated that Mg2+, Cu2+, Fe2+, etc.
ions can also partially influence the precipitation behavior reduce nu-
cleation and crystal growth rate of CaCO3 fouling in geothermal water
[19]. Thus, based on galvanic corrosion of alloy powder in geothermal
water, alloy powder blended in slurry coating has potential to be used
as a functional coating with good anti-fouling property for pipelines.

In our work, based on the basic principles of galvanic corrosion,
nickel–copper–aluminum alloy powder blending epoxy-silicone
resin composite coating was designed and its anti-fouling perfor-
mance in the simulated geothermal water was studied. Compared
with stainless steel and epoxy-silicone resin coating, the composite
coating showed a good anti-fouling performance. This study might
provide a simple, cheap technique to improve the anti-fouling perfor-
mance of metal pipelines.

2. Experimental procedures

The metallic specimens used were 304 stainless-steel which was
38 mm in out-diameter, 2.5 mm in wall thickness. All the chemical
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reagents and solvents were of analytical grade. W304 epoxy-silicone
resin for the slurry coating was supplied by Yuanen Composition
material Co., Ltd. Flake aluminum powders blended in W304 epoxy-
silicone resin slurry have a flat shape of not more than 16 μm in thick-
ness. The copper and nickel powders were 6–8 μm and 2–4 μm in
diameter, respectively. The simulated geothermal water at 50 °C
was used as the medium to characterize the anti-fouling property.
The chemistry compositions of the simulated geothermal water
were as shows in Table 1.

Flake aluminum blended cooper and nickel powder with a con-
stant cooper/nickel/aluminum ratio of 1/1/0.1 by weight was pre-
pared in a rotary blender. The base resin solution was prepared by
mixing 66.7 vol.% epoxy-silicone resin with 33.3 vol.% dimethylben-
zene. And 35 wt.% blended powders were mixed with 65 wt.% the
base resin solution to make the alloy powder blending epoxy-
silicone resin composite slurry coating. The stainless steel specimens
were treated in the processes of oil removal and grounded by 180#
SiC abrasive paper, flushed by deionized water, dried by cool air and
brushed with the slurry coatings. The slurry-wetted stainless steel
specimens were preheated in an air oven at 70 °C for 20 min, then
heated at 180 °C for 60 min followed by cooling to room temperature
in air environment.

The coated and non-coated stainless steel specimens were verti-
cally immersed in different vessels containing 500 ml simulated geo-
thermal water without stirring at 50 °C. The morphology and the
elemental distribution of the specimens and fouling were character-
ized by SEM (JSM-530) equipped with EDS. The phase structure was
examined by XRD (Rigaku 2000). The concentration of calcium ions
in simulated geothermal water was quantitatively assayed by EDTA
titrimetric analysis according to the Chinese standard (GB 7476-87).

3. Result and discussion

Since the simulated geothermalwater contains supersaturated Ca2+

and HCO3
− ions, there are three-step reactions will occur as follows:

HCO3
−
(aq) ↔ OH−

(aq)+CO2(aq)

OH−
(aq)+HCO3

−
(aq) ↔ CO3

2−
(aq)+H2O

Ca2+(aq)+CO3
2−

(aq) ↔ CaCO3(s)

Once the second reaction occurred, CO3
2− ions react spontaneously

with Ca2+ ions to form nucleation of CaCO3 fouling in bulk solution
and on the surface of pipeline [21]. It is known that fouling adhered
to the surface of pipelines would influence their transport efficiency.
However, fouling precipitating in bulk solution is harmless to pipe-
lines because they could be washed away by flow water.

It is known that nucleation and crystal growth rate are usually di-
vided into induction period and crystal growth period. An amount of
fouling adhered to the surface of pipeline and precipitating in bulk so-
lution has a direct relationship to their induction period of crystal nu-
cleation and crystal growth rate: The amount of fouling would
increase when the induction period of crystal nucleation decreases
or crystal growth rate increases.

In the simulated geothermal water, galvanic corrosion of galvanic
couple composed of Ni–Cu, Ni–Al, Cu–Al and Ni–Cu–Al would occur
on the surface of composite coating because nickel, copper and alumi-
num powder have different electrode potential (φNi—0.136 V, φCu+
Table 1
Compositions of simulated geothermal water [20].

Composition Na+ SO4
2− Mg2+ Ca2+ K+ HCO3

− Cl− pH

Contain (g/L) 1.559 0.076 0.039 0.102 0.093 0.241 2.59 6–7
0.337 V, φAl—1.66 V)[22]. Among these galvanic couple, nickel and
aluminum powder due to their lower electrode potential would be
the top priority to being oxidized to Ni2+ and Al3+ ions that would
diffuse into bulk solution. Although aluminum powder of Cu–Al, Ni–Al
and Ni–Cu–Al galvanic couples are easily oxidized, the corrosion process
of aluminum powder would be stopped or slowed because of compact
oxidation film produced from the galvanic corrosion covering on alumi-
num powder surface. And the copper and nickel powder would also be
corroded in water. Hence, in the simulated geothermal water, galvanic
corrosion reactions occurring on the surface of composite coating are as
follows:

Anode: Ni→Ni2++2e; Cu→Cu2++2e; Al→Al3++3e
Cathode: O2+H2O+4 e→4OH−

These galvanic corrosion reactions cause Ni2+, Cu2+ and Al3+ ions
cumulate in the vicinity of composite coating. Besides, being driven by
the ion concentration gradient, there would be an amount of Ni2+,
Cu2+ andAl3+ ions in bulk solution. Thosemetal ions intensively inhibit
the nucleation and crystal growth rate of CaCO3 fouling precipitating on
the surface of composite coating and anti-fouling performance of com-
posite coating would be improved. Furthermore, with galvanic corro-
sionreactionsprogress,someofthosemetalionswouldreactwithO2,
CO3

2− etc. in the simulated geothermalwater to form corrosion products
and cover on the surface of composite coating. Due to the existence of
the corrosion products, further corrosion of composite coating would
be stopped or slowed.

Fig. 1 illustrates the surface of specimens after being immersed in
the simulated geothermal water for 72 h. It can be seen that the surface
of stainless steel and epoxy-silicone resin coating are covered with a
large amount of needle-like matters. And the single needle adhered to
stainless steel and epoxy-silicone resin coating is 40–60 μm and
70–100 μm in length, respectively. The analysis of EDS (Table 2(1) and
Table 2(2)) and our previous work reveal that needle-like matters are
the classical aragonite fouling in geothermal water [23,24]. However,
compared with the surface of composite coating before immersion
(Fig. 1c), stainless steel and epoxy-silicone resin coating, there are no
obvious changes except a little of needle-like matter with 8–12 μm in
length covering on composite coating surface after immersion
(Fig. 1d). The analysis of EDS (Table 2(3)) shows that the needle-like
matter is CaCO3. These results indicate that Ni2+, Cu2+ and Al3+ ions
produced from interface galvanic corrosion intensively inhibit induc-
tion period of crystal nucleation and crystal growth rate of CaCO3 foul-
ing precipitating on the surface of composite coating. According to
magnified image of Fig. 1d, flake aluminum powder of composite coat-
ing becomes rough after immersion due to the covering of a larger
amount of small ball-like matters. The analysis of EDS (Table 2(4))
shows that ball-like matters are composed of C, O, Al, Ni, Cu elements
accompanied by a small amount of Mg element, and Ca element is not
detected. These are due to corrosion products produced from galvanic
corrosion covering on the surface of composite coating. The existence
of corrosion products would slow the galvanic corrosion of alloy powder
in the simulated geothermal water.

The XRD patterns for the surface of composite coating before and
after immersion in the simulated geothermal water are shown in
Fig. 2. According to Fig. 2, the diffraction peaks indicate that phases
of composite coating surface mainly are nickel, copper and aluminum
pure phases after immersion. No obvious characteristic peaks of
CaCO3 are found, also suggesting that almost no fouling covers on
the surface of composite coating. Besides, due to a little amount of
metallic oxide and other compounds covering on the surface of com-
posite coating, their characteristic peaks could not be obviously seen
in the XRD patterns.

Increasing the immersion time of specimens in the simulated geo-
thermal water to 168 h, needle-like CaCO3 fouling covering on the



Fig. 1. SEM images for the surface of specimens after immersion in the simulated geothermal water: a) stainless steel; b) epoxy-silicone resin coating; d) composite coating;
c) composite coating before immersion; e) magnified image of Fig. 1d.
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surface of stainless steel becomes bigger and longer (Fig. 3b). Besides,
a little of needle-like CaCO3 fouling can be seen on the surface of com-
posite coating (Fig. 3a). However, an amount of CaCO3 fouling adher-
ing to the surface of composite coating is still much smaller than that
adhering to stainless steel surface, meaning that composite coating re-
veals a good anti-fouling performance. In conclusion, due to the existence
of those metal ions, nucleation, crystal growth rate of CaCO3 fouling and
an amount of nucleation numbers adhering to the surface of composite
coating become lower and smaller, respectively.

Fig. 4 shows the SEM images of stainless steels being immersed in
different test vessel for 72 h. According to our previous work [25], an
amount of fouling adhered to the surface of stainless steel can reflect
an amount of fouling precipitating in bulk solution in some degree.
According to Fig. 4a, CaCO3 fouling on stainless steel is too sparse to
cover the whole surface. However, due to the existence of composite
coating, the surface of stainless steel is almost entirely covered be-
cause of the dense growth of needle-like CaCO3 fouling (Fig. 4b).
This means that nucleation and crystal growth process of CaCO3 fouling
are easy in bulk solution.

That CaCO3 fouling easily precipitate in bulk solution may be proba-
bly due to the Ni2+, Cu2+, Al3+ ions produced from galvanic corrosion
in bulk solution. Asmentioned above, Zn2+ and CO3

2− ions in geothermal
Table 2
EDS analysis of products on the surface of different specimens.

Element/weight
percent (wt.%)

C O Ca Fe Al Ni Cu Mg

(1) 16.52 33.86 49.62 – – – – –

(2) 11.23 23.67 61.99 3.11 – – – –

(3) 10.2 19 15.23 – 28.04 12.27 15.26 –

(4) 9.63 18.80 – – 39.76 18.97 11.11 1.73
water spontaneously form a complex carbonate ion [Zn(CO3)2]2−, which
would be used as the nucleation center for crystallization of CaCO3[16].
According to our previouswork[25], theNi2+, Cu2+, Al3+ ions in bulk so-
lution might be probably similar to Zn2+ ion and combine with CO3

2− to
form a complex carbonate, which can work as the nucleation accelera-
tors of CaCO3 and boost the formation of CaCO3 fouling in the bulk solu-
tion. High concentration of Ni2+, Cu2+ and Al3+ ions cumulated in the
vicinity of composite coating would form a strong barrier to Ca2+ as
the electrostatic repulsion. Besides, high concentration of those metal
ions would intensively inhibit nucleation and crystal growth rate of
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Fig. 2. XRD patterns for the surface of composite coating before and after immersion in
the simulated geothermal water for 72 h.
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Fig. 3. SEM images for the surface of specimens after immersion in the simulated geothermal
water for 168 h: a) composite coating; b) stainless steel.

Fig. 4. SEM images of specimens immersed in different test vessel for 72 h. (a) Stainless
steel; (b) stainless steel with the composite coating after immersion in the same test vessel.
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CaCO3 fouling on the surface of composite coating [19,26,27]. Therefore,
due to the existence of composite coating, CaCO3 fouling easily precipi-
tates in the bulk solution instead of on the surface of composite coating.
Comparedwith stainless steel and epoxy-silicone resin coating, compos-
ite coating shows a good anti-fouling performance in geothermal water.

Fig. 5 shows the variations of Ca2+ concentration with time in the
simulated geothermal water. The decrease in the concentration of Ca2+

ions in solution containing composite coating is greater than that in the
solution containing stainless steel. After immersion in the simulated geo-
thermal water for 72 h, the concentration of Ca2+ ions in the solutions
containing composite coating and stainless steel decrease to 30.1 mg/L
and 45.3 mg/L, respectively. It can be calculated that about 71.5 mg
CaCO3 fouling precipitated in the solution containing composite coating
and about 52.5 mg CaCO3 fouling precipitated in the solution containing
stainless steel. However, it has been discussed that only little CaCO3 foul-
ing adhering to the surface of composite coating as shown in Fig. 1d.
Therefore, these can also prove that CaCO3 fouling is prone to precipitate
in bulk solution rather than on the surface of composite coating due to
the existence of composite coating in the simulated geothermal water.
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Fig. 5. Concentration of Ca2+ ions were determined according to Chinese Standard GB
7476–87.
4. Conclusion

Based on the principles of galvanic corrosion, a novel anti-fouling
composite coating containing Ni–Cu–Al alloy powder for metal pipe-
lines in the simulated geothermal water has been studied. When
composite coating was immersed in the simulated geothermal
water, galvanic corrosion of galvanic couples including Ni–Cu, Ni–Al,
Cu–Al and Ni–Cu–Al would occur and release Ni2+, Cu2+ and Al3+

ions into bulk solution. With the influences of metal ions on the in-
duction period of crystal nucleation and the crystal growth rate of
CaCO3 fouling, CaCO3 fouling was prone to precipitate in bulk solution
rather than on the surface of composite coating. Besides, the corro-
sion products produced from electrochemical corrosion would cover
on the surface of composite coating and slow the further corrosion
of composite coating.

After being immersed in the simulated geothermal water at 50 °C for
72 h, compared with stainless steel and epoxy-silicone resin coating,
only a small amount of foulingwas observed on the surface of composite
coating and the composite coating showed a good anti-fouling perfor-
mance. This study might provide a simple, cheap technique to improve
the anti-fouling performance of metal pipelines.
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