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This study has investigated corrosion inhibition performance on X70 pipeline steel in seawater using
carboxymethyl chitosan (CMCS) and Na,WOy, at a cathodic protection potential of —0.85 V (vs. SCE). The
corrosion behaviors were studied using electrochemical methods, scanning electron microscopy (SEM),
energy-dispersive spectroscopy (EDS), X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR). The results show that the inhibition efficiency increases when the CMCS
concentration increases. Polarization curves reveal that CMCS and Na,WO,4 exhibit a nice synergy for the
corrosion inhibition of X70 pipeline steel in seawater. The inhibition mechanism behind the synergistic
protective effect of CMCS and Na,WO, is assumed to occur via both chemisorption on the steel surface
through the active sites in the molecule and physisorption. When combined with cathodic protection,
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1. Introduction

Power plant recirculating cooling systems use freshwater as
a cooling medium, which leads to the scarcity of freshwater."
Seawater has been used more often in power plants constructed
at the seaside in China to decrease the loss of water sources.”
For the convenience of connecting the pipeline to other
equipment like condensers, secondary filter screens and
butterfly valves, cooling water systems are usually used as part
of the steel pipeline.® X70 pipeline steel is used in the cooling
water systems of power plants in China. Corrosion issues in
pipelines are particularly serious when seawater acts as the
cooling medium. The application of corrosion inhibitors is one
preventative method that has been reported to be helpful in
cooling systems.*® Other organic compounds like anionic
polymers, poly(acrylic acid) and polyaniline dispersions have
been investigated as inhibitors for controlling scale deposition
in cooling water.>™*

Chitosan has been widely used in many fields, such as
medicine, biotechnology, agriculture and food science.** Chi-
tosan is a safe, nontoxic, biocompatible, and biodegradable
natural alkaline polysaccharide derived from the deacetylation
of chitin."™'* CMCS is a type of chitosan derivative with better
water solubility. Cathodic protection is a reliable, effective and
economic method for the protection of pipelines.” Both
inhibitors and cathodic protection can be used to protect
metal from corrosion in aqueous solutions.'*** Inhibitors
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corrosion can be inhibited and calcareous deposits cannot form on the surface.

such as thiourea and cations such as aluminium, calcium and
magnesium under cathodic control in different solutions have
been investigated and proved to be practical.***> However, the
addition of cations and other inhibitors cannot solve the
problem of scaling. With the application of recirculating
water, a dense adherent scale will gradually form, grow and
deposit on the metal surface. Scale deposits lower the thermal
efficiency of heat exchangers and may also cause localized
corrosion.”>**

This study investigated the inhibition efficiency of CMCS
and its synergistic effects with Na,WO,. The combined inhibi-
tors and cathodic protection have been used both separately
and together to protect metal in natural seawater. An attempt
has been made to develop a new corrosion protection method
for pipelines in seawater recirculating cooling systems.

2. Experimental

2.1. Materials and solutions

The test material used was X70 pipeline steel with a composi-
tion (wt%) of: C (0.0450), Si (0.026), Mn (1.48), S (0.001), P
(0.017), Cr (0.031), Ni (0.16), Mo (0.23), Nb (0.033), Cu (0.21) and
Fe balance. Specimens embedded in epoxy resin with an
exposed area of 1 cm> were polished with emery paper up to
grade 800, degreased ultrasonically in ethanol, and dried under
air flow at room temperature. The test solution used was filtered
natural seawater obtained from Huiquan Bay in Qingdao,
China. Carboxymethyl chitosan (CMCS) and Na,WO, were
provided by BomeiBio and BASF, respectively. The deacetylation
degree of CMCS was more than 90%.
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2.2. Weight loss test

The samples were immersed in a beaker containing 500 ml
0.5 M H,SO, solution without and with inhibitors at 303 K for
8 h. Three samples were used for each test to measure the
average weight loss. The samples were weighed before and after
the tests using an analytical balance with a precision of 0.1 mg.
The inhibition efficiency n was evaluated by using the following
equation:

Wy — W,

n (%) = L 100% (1)

0
where W, and W; are the values for the weight loss of the X70
pipeline steel without and with the addition of inhibitors in the
solution, respectively.

2.3. Electrochemical measurements

Electrochemical measurements were conducted using a PAR-
STAT 2273 advanced electrochemical system (Princeton Applied
Research) at 303 K in test solution. A conventional three-
electrode system was used. The working electrode was X70
pipeline steel with an exposed area of 1 cm?. A platinum foil
electrode and a saturated calomel reference electrode (SCE)
coupled with a Luggin probe were used. Before the measure-
ments, the working electrodes were immersed in seawater
containing different concentrations of CMCS and Na,WO, for
2 h until a stable open-circuit potential (OCP) was obtained.

Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out at OCP by applying a sinusoidal poten-
tial perturbation of 10 mV with a frequency range from 100 kHz
to 10 mHz. The EIS data were analyzed using Zsimpwin software
and fitted to the appropriate equivalent circuits. Polarization
measurements were carried out from —250 to 250 mV vs. the
OCP at a scanning rate of 0.5 mV s~ . Power Suite software was
used for the analysis of corrosion current densities and polari-
zation parameters. Three parallel measurements were per-
formed under each experimental condition.

2.4. Cathodic protection

The cathodic protection was supported by a DJS-292B Poten-
tiostat. A cathodic potential of —850 mV was applied on the
three-electrode system mentioned above, and a carbon rod of @
6 mm x 100 mm was used as the counter electrode.

2.5. Surface analysis

Scanning electron microscopy (SEM, JEOL-JSM-5600) and
energy-dispersive X-ray spectroscopy (EDS, OXFORD INCA) were
used to examine the specimen surface after immersion in
solution for 120 h. The surface films were further characterized
using X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR). XRD data were recorded on a Rigaku D/
max-TTR-III, with a Cu target operating at 40 kV, a scan range
of 10-80° and a scan rate of 20° min~'. FTIR spectroscopy was
performed using a Bruker Vertex 70 FTIR and collected at

a resolution of 2 cm™* between 400 cm ™ * and 4000 cm ™.
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3. Results and discussion

3.1. Weight loss test

Values of n obtained from the weight loss method in different
solutions at 303 K are given in Table 1. According to Table 1, the
corrosion rates of the specimens decrease with the addition of
CMCS. These data also indicate that the weight loss value of the
steel in the solution containing CMCS decreases slightly, sug-
gesting that CMCS alone has little inhibitory effect. In addition,
the addition of only 0.1 g L™! Na,WO, into the test solution also
exhibits little inhibitory effect, as can be seen from Table 1. The
weight loss values decrease significantly when both CMCS and
Na,WO, are added into the test solution, indicating that the
synergistic inhibitory effect between CMCS and Na,WO, is
better than that when only CMCS or Na,WO, is added into the
test solution separately.

3.2. Polarization measurements

The polarization curves of the X70 pipeline steel in seawater in
the absence and presence of different inhibitors are shown in
Fig. 1, and the electrochemical parameters obtained by
extrapolation of the Tafel line are illustrated in Table 1. The
inhibition efficiency (IE%) is calculated using the following
equation:*

Table1 Weight-loss results and corrosion inhibition efficiency for X70
pipeline steel in seawater in the absence and presence of the inves-
tigated inhibitors at 303 K after 2 h immersion

Weight loss

Inhibitor concentration (gmh") 1 (%)
Blank solution 10.29 —

0.25 ¢ L' cMcCS 1.32 80.95
0.1 g L™ Na,Wo0, 1.28 82.83
0.25 g L' CMCS + 0.1 g L™ Na,WO, 0.57 90.20

[ Blank sample
-0.2f——0.1g/L CMCS
[ ——0.1 g/L Na,WO,

[ ——0.25 g/L CMCS
-0.4 | ——0.5g/LCMCS
s [ ——0.25 g/L CMCS + 0.1 g/L Na,WO,
= [
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Fig.1 Potentiodynamic polarization curves for X70 pipeline steel after
2 h immersion in seawater in the absence and presence of the
investigated inhibitors.
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Fig. 2 Nyquist plots for X70 pipeline steel after 2 h immersion in
seawater in the absence and presence of the investigated inhibitors.

TE% = <o fnh o 100% )
lCOlT
where i, and i;,, are the corrosion current densities of X70
pipeline steel in the absence and presence of inhibitors in the
seawater, respectively.

The curves of the potentiodynamic polarization measure-
ments for samples in the presence and absence of various
concentrations of CMCS, Na,WO, and CMCS + Na,WO, in test
solutions are shown in Fig. 2. The anodic and cathodic polari-
zation curves exhibit well-defined Tafel regions. As seen in
Fig. 2, the anodic current decreases in the presence of CMCS,
and then decreases again when Na,WO, is added into the test
solution. This shows that the addition of CMCS reduces the
anodic dissolution of X70 pipeline steel and also retards the
oxygen-consuming reaction. Adding only Na,WO, into the test
solution can also decrease the anodic current. This behavior is
attributed to the adsorption of the inhibitor on the active sites
of the metal surface. In addition, a better protective effect can
also be seen when Na,WOQ, is added into the test solution. Table
2 represents all the corrosion parameters, including the
cathodic (6.) and anodic (8,) Tafel slopes, corrosion potential
(Ecorr), corrosion current density (i.orr), and percentage inhibi-
tion efficiency. The anodic curves give rise to parallel lines,
indicating that the addition of CMCS to the test solution does
not modify the oxygen-consuming mechanism or the reduction
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of oxygen at the pipeline steel surface, which occurs mainly
through a charge transfer mechanism. From Table 2, it is also
clear that the corrosion current density (i.o;) decreases and the
inhibition efficiency increases as the concentration of inhibi-
tors increases. At a concentration of 0.25 g L' CMCS, the
inhibition efficiency exhibits its highest value, and this
increases when Na,WO, is also added into the test solution.
These results may be attributed to the increase in the number of
active sites, electron densities and molecular size. The increase
in inhibitor efficiency as the concentration increases can be
interpreted on the basis of the adsorption amount, and the
coverage of inhibitor molecules increases as the concentration
increases. The E., values shift slightly toward anodic direc-
tions, which may be due to the blocking effect of the active sites
when an inhibitor is added.

3.3. Electrochemical impedance spectroscopy
measurements

Fig. 2 shows Nyquist plots for the X70 pipeline steel in seawater
with and without various concentrations of CMCS, Na,WO, and
CMCS + Na,WO,. It is clear that the impedance response of the
X70 pipeline steel has changed after immersion in test solution
for 2 h. We can see that the size of the semicircles increases with
increasing concentration of CMCS and reaches a maximum at
a concentration of 0.25 g L™ ". This increases again when Na,WO,
is added into the test solution and the effect is better than adding
CMCS or Na,WO, separately. The impedance spectra of the
Nyquist plots for the X70 pipeline steel measured in seawater
were analyzed by fitting them to the equivalent circuit model
shown in Fig. 3. As an example, the Nyquist and Bode plots are
presented in Fig. 4. The equivalent circuit consists of a constant
phase element (CPE) in parallel with the charge-transfer resis-
tance, R, which is in series with the solution resistance R..
Considering that the impedance of a double layer does not
behave as an ideal capacitor in the presence of dispersing effects,
a CPE is used as a substitute for a capacitor to more accurately fit
the impedance behavior of the electric double layer.*® The
impedance parameters derived from this investigation have been
obtained by fitting the Nyquist plots with the equivalent circuit
and the calculated inhibition efficiencies are also mentioned in
Table 3. The most widely used parameter is the CPE, which has
a non-integer power dependence on the frequency. At most
times, the CPE is required for modeling the frequency dispersion
behavior corresponding to different physical phenomena such as

Table 2 Potentiodynamic polarization parameters for X70 pipeline steel in seawater in the absence and presence of the investigated inhibitors at

303 K

Inhibitor concentration E (mV) icorr (107 A cm™?) B. (mV dec™) Ba (mV dec™) EI (%)
Blank solution —733.907 19.63 484.37 88.44 —
11¢g L' cMCS —721.304 5.869 324.55 80.83 70.10
0.1g Lt Na,WO, —748.526 3.037 339.37 97.65 84.52
0.25¢g L~ cMCS —736.48 3.619 289.37 78.92 81.56
0.5¢g L~' CMCS —744.311 4.768 171.923 83.086 75.71
0.25¢g L™ ' CMCS + 0.1 g Lt Na,WO, —752.685 2.080 359.841 101.616 89.40

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Equivalent circuits used to fit EIS data after 2 h immersion at 303 K in seawater in the absence (a) and presence (b) of inhibitors.

surface heterogeneity, which results from surface roughness,
impurities, dislocations, distribution of the active sites, adsorp-
tion of inhibitors and formation of porous layers.”

Table 3 shows that the charge transfer resistance increases
from 997.10 Q cm 2 in the blank solution to 5247.89 Q cm™ 2 in
the 0.25 g L™' CMCS solution, and to 14 244.28 Q cm™ > upon
addition of 0.1 g L™ " Na,WO,. Also, the double layer capacitance
decreases from 909.3 pF cm™? in the blank solution to 568.9 pF
em % in 0.25 g L' CMCS, to 214.7 uF cm™ 2 upon addition of
0.1 g L' Na,WO,. The inhibition efficiency increases from
80.76% in the presence of CMCS to 92.88% upon addition of
Na,WO, into the CMCS solution, which agrees well with the
polarization results. The enhanced inhibition efficiency noted
for CMCS upon the addition of WO,>~ is due to a synergistic

effect. The results of solely using Na,WO, also verify the
synergistic effect. In competitive adsorption, the anion and
cations are adsorbed at different sites on the metal surface. The
adsorption of anions may enhance the adsorption of cations
and vice versa. In co-operative adsorption, anions are chem-
isorbed on the surface and cations are adsorbed on a layer of
anions. Co-operative and competitive adsorption mechanisms
may occur simultaneously.”®*

3.4. Surface analysis

Fig. 5 compares the FTIR spectra for different concentrations of
CMCS. Corrosion products were obtained from samples that
had been immersed in seawater with and without inhibitors.
The FTIR spectrum of CMCS (Fig. 5, curve c¢) shows basic
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Fig. 4 EIS Nyquist and Bode plots for X70 pipe steel in seawater after 2 h immersion at 303 K. Plots: experiment data, lines: fitted data.
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Table 3 EIS parameters for X70 pipeline steel after 2 h immersion in
seawater in the absence and presence of the investigated inhibitors at
303K

CPE

Rs Cdl Rt n
Solution (Qecm™2) (WFem™?) n (Qem™2) (%)
Blank solution 1.274 909.3 0.8712 997.10 —
0.1g L' cMCS 1.827 599.3 0.8207 3561.07 72.21
0.1¢g L' Na,WO, 1.635 587.4 0.8329 5073.21 80.34
0.25¢g L' cMCS  2.461 568.9 0.8602 5247.89 80.99
0.5¢g L' cMCS 1.755 606.1 0.9013 3835.01 74.47
0.25¢g Lt 1.047 214.7 0.8902 14 244.28 92.88
CMCS+0.1gL ™"
Na,WO,

characteristic adsorption bands around 3423 cm ™' (O-H and
N-H stretching vibrations), 1599 cm ™" corresponding to the
-NH, group, and 1070 cm ' (skeletal vibration involving the
C-O stretch).**3*32

These characteristic adsorption bands of CMCS appear in
curve b, indicating the existence of CMCS on the carbon steel
surface, while they are not observed in the FTIR spectrum of the
corrosion product obtained from the sample immersed in blank
seawater (Fig. 5a). This illustrates that CMCS can be adsorbed
on the surface.

Fig. 6 compares the morphologies and EDS of X70 pipeline
steel surfaces after 5 days of immersion at 303 K in seawater in
the absence (Fig. 6a) and the presence of 0.25 g L' CMCS
(Fig. 6b), 0.1 g L™ Na,WO, (Fig. 6c) and 0.25 gL' CMCS + 0.1 g
L' Na,WO, (Fig. 6d). The calculation of surface element
content is shown in Table 4. The content of Na and Cl were
measured due to the nature of the seawater. Samples were dried
under cold air flow, and were not washed with distilled water.
Na and Cl are not included in Table 4.

The surface morphology of the sample in seawater in the
absence of inhibitors shows a loose and porous structure. The
EDS pattern in Fig. 6a shows that Fe and O were the main
elements on the surface. The XRD pattern (Fig. 7a) confirms
that the main product is lepidocrocite (Fe + 30(OH)).

Transmittance (%)

204
104

3423

0 T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Fig. 5 FTIR spectra of CMCS and corrosion products after 5 days of
immersion at 303 K in seawater with or without an inhibitor: (a) blank;
(b) 0.25 g L™ CMCS; (c) CMCS.
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Fig. 6 SEM and EDS images of X70 after 5 days of immersion at 303 K
in seawater in the absence (a) and the presence of 0.25 g L™t CMCS (b),
0.1gL 1 Na,WO, (c) and 0.25 g L™ CMCS + 0.1 g L™t Na,WO, (d).

On the contrary, a dense surface structure is observed after
immersion in seawater containing 0.25 g L' CMCS. This can
also be seen in Fig. 6¢ for the samples immersed in the test
solutions in the presence of 0.1 g L™' Na,WO,. The EDS pattern
in Fig. 6b shows that the corrosion product contained large
amounts of C, O, Fe and very small amounts of Mg and Ca.

Table 4 Chemical composition measured using EDS for X70 pipeline
steel after 5 days of immersion in seawater in the absence and pres-
ence of the investigated inhibitors at 303 K

Inhibitor C o Mg Ca Fe w
concentration wt% wt% wt% wt% wt% wt%
Blank solution 2.1 33.6 0.8 0.2 63.4 —
0.25 ¢ L' cMCS 30.5 45.3 1.6 0.8 21.9 —
01gL 'Na,WwO, 239 209 0.9 0.7 27.6

0.25 ¢ L 14.0 36.8 1.2 1.3 29.0 17.7
CMCS +0.1gL™"

Na,WO,

RSC Adv., 2017, 7, 3419-3427 | 3423
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Fig. 7 XRD patterns of X70 after 5 days of immersion at 303 K in
seawater in the absence (a) and the presence of 0.25 g L™ CMCS (b),
0.1g L™t Na;WOy4 (c) and 0.25 g L™ CMCS + 0.1 g L™ Na,WO, (d).
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Fig. 8 SEM and EDS results of X70 after 5 days of immersion at 303 K
in seawater at —0.85 V in the absence (a) and the presence of 0.25 g
L™ CMCS (b), 0.1 g L™ Na,WO, (c) and 025 g L™* CMCS + 0.1 g L™*
Na, WOy, (d).

There is no crystalline corrosion product because only iron was
detected by XRD (Fig. 7b). According to the FTIR spectra, CMCS
was detected in the product (see Fig. 5). These results illustrate
that CMCS was absorbed on the metal surface and effectively
reduced the corrosion rate. The surface is also dense when

Table 5 Chemical composition measured using EDS for X70 pipeline
steel after 5 days of immersion at 303 K in seawater in the absence and
presence of the investigated inhibitors at —0.85 V

Inhibitor C o Mg Ca Fe w
concentration wt% wt% wt% wt% wt% wt%
Blank solution 12.0 46.5 1.2 37.3 3.0 —
0.25 ¢ L' cMcCS 6.9 14.9 6.0 0.1 72.0 —
0.1 g L™ Na,Wwo0, 5.6 89 34 01 786 1.5
0.25 ¢ L 4.3 7.4 2.5 0.1 85.5 0.3

CMCS +0.1gL™"
Na,WO,

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Proposed adsorption model for the synergistic mechanism
between CMCS and tungsten acid radical ions.

0.25 g L~' CMCS and 0.1 g L™ ' Na,WO, were added. Compared
to the EDS pattern in Fig. 6b, a large amount of W was detected,
and the XRD pattern (Fig. 7d) shows no iron oxides or hydrox-
ides. CMCS and Na,WO, served well as combined inhibitors for
corrosion. This is consistent with the results of the EIS analysis.

Fig. 8 shows the SEM images and EDS obtained from the
surface of the X70 pipeline steel after 5 days of immersion at 303
K in seawater at —0.85 V in the absence (a) and the presence of
0.5gL ' CMCS (b), 0.1 g L™ Na,WO, (c) and 0.25 g L' CMCS +
0.1 g L™ Na,WO, (d). The calculation of the surface element
content is shown in Table 5. Na and Cl are not shown in Table 5.
Particles are observed in Fig. 8a when a potential of —0.85 V was
applied on the samples in seawater, indicating the formation of
a dense layer. The EDS pattern in Fig. 8a indicates that the main
elements were Ca, C and O. This is consistent with the results of
the XRD in Fig. 9, which indicates that the main component is
CaCO;. The calcareous deposit may promote the formation of
a physical barrier against oxygen and thus decrease the corro-
sion rate.** However, in a circulating cooling water system, the
calcareous deposit will thicken with time, and it may impede
the circulation of water and hinder the dissipation of heat.

After the addition of 0.25 g L™ " CMCS, the Ca and Fe content
is 0.1% and 72%, respectively (Table 5). Compared to the EDS
pattern in Fig. 8a, much fewer products are observed in the EDS
pattern in Fig. 8b. After the addition of 0.25 g L' CMCS and
0.1 g L' Na,WO,, the morphology of the sample surface was
smooth without any sign of corrosion, as seen in the SEM image
in Fig. 8c, and the content of Fe on the surface reached 85.5%
(Table 5). The XRD pattern obtained from the metal surface
after immersion in seawater (Fig. 9d) shows that the main
component is Fe. This indicates that the addition of CMCS
could effectively restrain the deposition progress of calcareous
products under cathodic protection at —0.85 V.

Compared to samples in seawater without inhibitors, the
addition of 0.25 g L' CMCS and 0.1 g L™ " Na,WO, decreased
the corrosion rate by 85.7%. This study shows that the combi-
nation of inhibitors and cathodic protection effectively retard
the corrosion of X70 pipeline steel.

The adsorption mechanism to explain the synergistic
inhibitory effect of CMCS and Na,WO, is shown in Fig. 10.
CMCS contains a large amount of carboxyl groups, which can
form coordination bonds with 3d empty orbitals of Fe on the
surface of the substrate material. When Na,WO, is added into
the solution, it is hydrolyzed to form tungsten acid radical ions.
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Because the electrode surface has extra positive charges in the
blank solution, WO,>~ adsorbs on the metal surface due to the
coulombic force. Thus, the synergistic protective effect of CMCS
and Na,WO, causes the inhibition film to become more
compact and thicker, resulting in an increase of R. and
a decrease of Cgq;.

4. Conclusions

In this study, we showed that CMCS can inhibit the corrosion of
X70 in seawater. The corrosion efficiency reached 80.95% at
a concentration of 0.25 g L™". As corrosion inhibitors, CMCS
and Na,WO, show an excellent synergy for the protection of X70
pipeline steel in seawater. Following the addition of 0.25 g L™*
CMCS and 0.1 g L™ " Na,WOy, the inhibition efficiency reached
90.04%. Finally, the combination of corrosion inhibitors and
cathodic protection shows a good synergistic effect on the
protection of X70 pipeline steel. While a calcareous deposit
forms on the metal surface in blank seawater, it cannot form in
the presence of CMCS and Na,WO,, and there was no sign of
corrosion.
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