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The study was aimed at establishing the possibility of using eco-friendly natural polymers to formulate corrosion
inhibitors for sweet oil field environment. Against this background, the performance of two natural polymers;
chitosan and carboxymethyl cellulose (CMC) as single component corrosion inhibitors in comparison with a
commercial inhibitor formulations, on API 5L X60 pipeline steel in CO, saturated 3.5% NaCl solution were inves-
tigated using electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) tech-
niques; complemented with surface morphology characterization of the corroded steel samples without and
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Polymers with inhibitors using scanning electron microscope (SEM). The results indicate that there is a remarkable differ-
Corrosion inhibitors ence in inhibition efficiency of each inhibitor on the API 5L X60 steel and the commercial inhibitor formulations.
Chitosan Inhibition efficiency increased with the increase of inhibitors' concentrations. Immersion time was found to have

Carboxymethyl cellulose
Sweet corrosion

a profound effect on the corrosion inhibition performance of all the inhibitors. Also the inhibition efficiency was
found to decrease with the increase in temperature. Potentiodynamic polarization results reveal a mixed-type in-

Carbon steel

hibition for all inhibitors. The adsorption of each inhibitor on the steel surface obeys Langmuir's isotherm.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Carbon steel is widely used in the oil and gas industry for different
purposes. Its huge usage can be attributed to its endearing properties
which include hardness, durability, ductility, low cost and handiness.
However, they are highly susceptible to corrosion in the service envi-
ronment to which they are deployed thereby limiting their end-use.
The most frequent aggressive environments found in the petroleum in-
dustry are those of fluids with high concentrations of chlorides contain-
ing carbon dioxide (CO,) [1]. CO, gas dissolves in the associated salt
water and forms a weak carbonic acid which leads to severe corrosion
attack which may be general or localized in nature.

One of the cost-effective methods for controlling carbon steel corro-
sion caused by CO, in the oil and gas production is the use of chemical
corrosion inhibitors [2]. Literature reports have shown that nitrogen
based organic inhibitors, such as amines and imidazolines or their
salts, have been the most profitably used to inhibit CO, corrosion occur-
ring in internal pipelines [3-14]. Although these inhibitors are stable
and provide adequate protection in corrosive environments [15, 16],
they can be very costly to formulate and are not environmentally
friendly due to their toxic nature. Most of them do persist in the
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environment and require expensive processes for their removal [17].
Due to problems associated with commercial corrosion inhibitors, re-
search interest is now geared towards developing environmentally
friendly corrosion inhibitors from natural sources by reformulating the
existing products or by identifying new chemistries for developing
safer products [18]. Natural polymers could serve as good alternative
for toxic organic corrosion inhibitors. Natural polymers are compatible
with the natural ecosystem; occur in large amount and their prices are
affordable. Also, they possess multiple adsorption sites which should
make them easily adsorbable. The use of natural polymers as corrosion
inhibitors for carbon steel in acid media could be found in the literature
[19-24]. We have also documented a comprehensive review on the use
of biopolymers as corrosion inhibitors for metals in different corrosive
media [28]. However, the use of natural polymers to mitigate sweet
(CO,) corrosion for steel in saline media is scanty [25].

The present work was undertaken to evaluate the corrosion protec-
tive abilities of two single component and green inhibitor compounds,
chitosan and carboxymethyl cellulose (CMC) compared with a
multiple-component and commercially available corrosion inhibitor
(NALCO Product, US) with the intent that if these simple and green
single-component compounds could show remarkably high corrosion
protection in CO, saturated saline solution for API 5L X60 pipeline
steel compared to commercial inhibitor, they could serve as active com-
ponents in corrosion inhibitor formulations for practical industrial
applications.
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2. Experimental
2.1. Materials and materials preparation

Two natural polymers namely chitosan and carboxyl methylcellu-
lose (CMC) with chemical structure of their repeat unit shown in
Fig. 1 and commercial inhibitor formulation were employed as test in-
hibitors. Chitosan with >75.0% as the degree of deacetylation and CMC
were obtained from Sigma-Aldrich and they have molecular weight of
50,000-190,000 Da (based on viscosity) and ~90,000 g/mol respec-
tively. The commercial inhibitor was supplied by NALCO holding com-
pany, USA. The metal substrate was low carbon (API 5L X60 grade)
steel substrate typically used as oil pipeline material with chemical
composition as earlier reported [26]. A deoxygenated and CO, saturated
3.5 wt% NaCl solution was employed as the corrosive medium.

2.2. Electrochemical tests

All electrochemical measurements were performed using Gamry
potentiostat/galvanostat/ZRA (Reference 3000) in a glass cell with a
three electrode set-up, with platinum and saturated calomel electrode
used as the counter and reference electrodes respectively. In order to
simulate the de-aerated oilfield environment, the solution was first
purged with N3 (99.99%) for 30 min. This ensured low concentration
of dissolved oxygen to mimic the produced oilfield fluid [27]. This was
followed by purging with CO, gas to saturate the environment for 2 h
before the insertion of the working electrode into the test solution.
The pH was about 3.8 when the solution was saturated with CO, and
was adjusted to the working pH of 5.0 by addition of sodium bicarbon-
ate (NaHCOs). The CO, gas was bubbled continuously throughout the
experiment. Prior to each measurement, a stable Open Circuit Potential
(OCP) was reached within 1 h after the sample was immersed in the test
solution. Electrochemical Impedance Spectroscopy (EIS) experiments
were performed under potentiostatic condition between 100000 Hz to
0.1 Hz with a small amplitude perturbation 10 mV (peak-to-peak) for
an AC signal at E,. Potentiodynamic polarization measurement was
carried out from cathodic potential of —250 mV to anodic potential of
+250 mV with respect to the corrosion potential at a sweep rate of
1 mV/s.

Inhibition efficiency (IE%) from the electrochemical measurements
was computed using Egs. (1) and (2) for electrochemical impedance
spectroscopy and potentiodynamic polarization measurements respec-
tively:
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where R%, and i°,, are the polarization resistance and corrosion cur-
rent density in the absence of additives, R, and ico, the polarization re-
sistance and corrosion current density in the presence of additives
respectively [28, 29].

2.3. Surface characterization

The API 5L X60 steel specimen abraded up to 1000 grit size SiC paper
were immersed for 24 h at 25 °C in 3.5% NaCl saturated with CO, with
and without the test inhibitors. After 24 h immersion time, the samples
were removed from the solution, rinsed with distilled water and dried
at room temperature and submitted for the surface analysis using Scan-
ning Electron Microscopy (JOEL JSM-6610LV) operated at accelerating
voltage of 20 kV.

3. Results and discussion
3.1. Effect of inhibitor concentration

The effect of increment in the amount of each inhibitor against the
corrosion of API 5L X60 steel in 3.5% NaCl solution saturated with CO,
was investigated using EIS technique at 25 °C. Fig. 2 present the imped-
ance plots for API 5L X60 steel in CO,-saturated 3.5% NaCl solution in the
absence and presence of varying concentrations of chitosan, CMC and
commercial inhibitor in (a-c) Nyquist, (d-f) Bode and (g-i) phase
angle representations. The shape of the Nyquist plots for the three
tested inhibitors are similar indicative of an unchanged mechanism of
protection as their concentrations increased. Larger diameters of
Nyquist semi-circles are attributes of higher corrosion resistance sys-
tems of inhibitors compared to the blank solution, and in this study,
higher concentrations of these inhibitors possess wider Nyquist curve
widths showing dependence of concentration on the corrosion process.
This electrochemical change is indicative of inhibition of corrosion pro-
cess at increased concentration of the inhibitors by adsorbing on the
surface of the metal thereby reducing the active surface area exposed
to the aggressive corrosive electrolyte medium [28]. The reason for
the relative distortions of the semi-circles could be attributed to the un-
evenness of the metal surface, and this phenomenon has been elabo-
rately explained elsewhere [30]. Moreover, higher impedance values
for the Nyquist curves obtained were recorded for the commercial corro-
sion inhibitor (Fig. 2(c)) to two folds of a thousand compared to chitosan
and CMC. The reason for this varying superior resistance and protective
performance in the presence of corrosive chloride ions and CO, could be
due to the fact that Chitosan and CMC are single component substances
which are relatively small water-soluble and linear polysaccharide com-
pounds bearing simple amino and carboxymethyl groups, respectively,
for less stronger metal surface interactions, while commercial inhibitor
is an oil-based hybrid composite formulations consisting of active inhibi-
tors, surfactant, enhancers, wetting agents and modifiers in methanol.
The commercial inhibitor is a highly viscous suspension widely used in

Fig. 1. Chemical structure of (a) CMC and (b) Chitosan repeat unit.
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Fig. 2. Impedance plots for API 5L X60 steel in CO,-saturated 3.5% NaCl solution in the absence and presence of varying concentrations of Chitosan, CMC and commercial inhibitor in

(a) Nyquist, (b) Bode and (c) phase angle representations at 25 °C.

many complex oil-field based corrosion control and thus, remains a base-
line protective pigment for the design and development of other field and
lab-based inhibitor formulation. Chitosan and CMC were chosen to study
comparatively with commercial inhibitor because of their unique elec-
tronic and molecular structures since their anticorrosive properties as
compounds are largely linked with their chemical makeup (Fig. 1). Dis-
tinctly, the 3-(1-4)-linked p-glucosamine/N-acetyl-p-glucosamine and
carboxymethyl-bound glucopyranyl moieties on chitosan and CMC, re-
spectively, bear some O and N heteroatoms capable of adsorption at the
surface of API 5L X60 steel thereby forming a mass/charge barrier against
further corrosive attack, hence inhibition. Apart from being multifunc-
tional group compounds, Chitosan and CMC are green, stable, benign
and biodegradable inhibitors.

Equivalent circuit models provide an insight into the significance of
the variation of impedance parameters from each response derived
from the EIS spectra. The circuit model employed in fitting experimental
data for the inhibiting system (Fig. 3b) consists of Rrand CPEr in parallel
representing the adsorbed species forming films on the surface of API 5L
X60 steel in the solution of the electrolyte with resistance (R;); the charge

transfer resistance (R.) and its double layer constant phase element com-
ponent (CPEy;) in parallel to the first set of components. For the equiva-
lent circuit of this nature, the polarization resistance (R,) is given as [31]:
Ry =Ry + R (3)

The simple Randel circuit (Fig. 3a) was employed in fitting the im-
pedance data without the inhibitors (blank solutions). The CPE is used
in place of a capacitor to account for the deviations from ideal dielectric
behavior due to heterogeneous nature of the working electrode surface.
The impedance of the CPE is given as follows [32]:
Zae =Y, ' (jo) ™" (4)
where Y, is the CPE constant and n the CPE exponent; j = (—1)"2 which is
an imaginary number and o is the angular frequency in rad/s (o = 2muf),
where f is the frequency in Hz. The CPE can be a resistance, capacitance,
Warburg impedance or inductance if n is equaled to 0, 1, 0.5 or —1
respectively.
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Fig. 3. Equivalent circuit models used in fitting EIS experimental data for (a) blank and
(b) inhibiting systems.

The derived electrochemical parameters from Nyquist plots are
listed in Table 1. From the enlisted electrochemical data, the increase
in the values of R, at the electrode/electrolyte interface is found to in-
crease with the concentration of each inhibitor up to 100 ppm, except
for commercial inhibitor which is 75 ppm and then drops for the highest
concentration. However, decrease in R, values for 100 ppm commercial
inhibitor indicates a saturation of the adsorbed film at the electrode sur-
face. At this concentration, the adsorbed species must have saturated
the electrode surface and thus, become porous due to constant corrosive
attack in the presence of the CO, gas. Again, the increase in the values of
R, with concentration of the inhibitors confirms corrosion inhibition.
Values of R, for the three tested inhibitors are in this order: Commercial
inhibitor > Chitosan > CMC; showing that the commercial inhibitor for-
mulations used in oilfields protects API 5L X60 pipeline steel better from
sweet corrosion. Nevertheless, the natural polymers, chitosan and CMC
are promising corrosion inhibitors for API 5L X60 pipeline steel since as
single component could afford R, of 337 Q cm? and 304 Q cm? relative
to 1610 Q cm? for the commercial inhibitor. Most commercial inhibitors
are multi-component formulations.

Phase angle plots are used to show the frequency-independent
phase shift between the applied potential and its corresponding current
response in EIS spectra; when the phase angle ~ 90°, the current passes
through a capacitor, and the metal/electrolyte interface could be
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(Fig. 2(g-i)) that the inhibitor systems under study showed wide capac-
itive behavior, with phase angle close to 90° for every concentration.
This behavior is related to the extent of the replacement of water mole-
cules at the metal surface (Eq. 5) which could be done by any of these
two ways or both. First, the heteroatoms (O in CMC; O and N in chito-
san) could adsorb onto the sample surface by donating pi-electron
(s) to Fe atoms and accepting electrons from 3d orbits of the Fe atoms
[3]. Second, in the test solution, the inhibitor molecules through their
heteroatoms could combine with hydrogen ions to exist in cationic
form. As explained by Pojtanabuntoeng and Salasi [34], the initial step
of CO, corrosion involves the dissolution of CO, into the liquid phase
followed by hydration to form carbonic acid (H,COs). The H,COj3 disso-
ciates to give HCO3, CO3~, and H™. The protonated inhibitor molecules
could also adsorb onto negatively charged steel surface [22]. At lower
frequencies for each system, phase angle gradually drops, reaching 0°
for all the inhibitors, except for chitosan. At lower frequencies, the
most inhibiting concentrations of each system should have the lowest
phase angle compared to the blank, hence reduced corrosion phenom-
ena at the metal/solution interface [33, 35]. The trend in phase angle
has shown that the performance of chitosan and CMC is similar on the
API 5L X60 pipeline steel in CO,-saturated saline solution.

The potentiodynamic polarization curves for API 5L X60 steel in CO--
saturated 3.5% NaCl solution in the absence and presence of varying
concentrations of (a) chitosan, (b) CMC and (c) commercial inhibitor
is displayed in Fig. 4. The curves show active anodic behavior, with the
current density increasing as the potential is applied, without a distinc-
tive transition to passivation within the potential range studied. The hy-
dration of CO, to provide carbonic acid in the solution of the electrolyte
follows Eq. (5), and the cathodic reaction is the H* reduction enhanced
by the carbonic acid dissociation in de-aerated electrolytes (Eqs. (5)-
(8)) [36].

CO, + H,0—H,CO;5 (5)
H,CO3—~H" 4+ HCO3 (6)
HCO3 —H* + 03~ 7
H" +e ='/,H, ®)

However, the cathodic curves do not exhibit well defined Tafel re-
gions as such only the linear parts of the anodic branches were used
to evaluate the potentiodynamic characteristics [37]. From the corro-
sion current (I.,.) obtained from the analysis, the corrosion current
density (ic,r) Was calculated using the following equation [37]:

icomr = — 9
considered to be capacitive [33]. We can see in the phase diagrams o ®)
Table 1
EIS parameters for API 5L X60 steel corrosion in CO»-saturated 3.5% NaCl solution without and with different concentrations of chitosan, CMC and commercial inhibitor at 25 °C.

Specimen Concentration (ppm) R, (Q cm?)  CPE; Rf(Qcm?) CPEy Re(Qem?) x*x 1072 R,(Qcm?) IE (%)

Yol (W2s"em™2) nf Yo2 (L2 s"cm™2) ng

Blank - 1.5 - - - 521 0.85 186.9 2.74 187 -

Chitosan 25 0.7 224 095 154 747 0.70 2255 16.30 241 22
50 1.9 589 0.80 50.7 864 099 2333 234 284 34
75 1.9 406 1.00 76.6 707 0.74 2409 18.24 318 41
100 1.0 103 1.00 5.2 723 0.67 331.7 8.59 337 45

CMC 25 1.0 228 093 404 363 0.79 2268 544 267 28
50 0.3 180 1.00 545 442 0.83 219.1 6.21 274 32
75 0.5 190 1.00 91.6 573 0.84 186.8 6.41 278 33
100 1.6 266 089 322 322 0.74 2720 4.01 304 39

Commercial inhibitor 25 5.9 155 064 124 118 0.82 1404.0 1.24 1416 87
50 2.6 355 062 13.1 37 099 1494.0 1.04 1507 87
75 32 23 080 19.7 169 0.78 2833.0 3.20 2853 93
100 2.0 4 1.00 93 281 0.76 1601.0 2.76 1610 88
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Fig. 4. Potentiodynamic polarization curves for API 5L X60 steel in CO,-saturated 3.5% NaCl
solution without and with varying concentrations of (a) Chitosan, (b) CMC and
(¢) commerecial inhibitor at 25 °C.

where p is the surface area of the metal sample. Table 2 shows the
values of corrosion current density (ico), corrosion potential (Eqopr),
and the anodic (3,) Tafel slopes constants derived from the polarization
curves. Compared to the blank solution, the values of i, decreased
with the concentration of the three inhibitors; the commercial inhibitor
had the least values (meaning it was the most protective) for API 5L X60
pipeline steel in CO,-saturated saline solution followed by chitosan. The
optimum concentration of the commercial inhibitor for steel protection

Table 2

Potentiodynamic polarization parameters for API 5L X60 steel corrosion in CO,-saturated
3.5% NaCl solution without and with different concentrations of chitosan, CMC and com-
mercial inhibitors at 25 °C.

Specimen Concentration —Eq+ icorr Ba IE
(ppm) (mV/SCE) (pA/cm?) (mV/decade) (%)
Blank - 729 85.30 49 -
Chitosan 25 686 72.70 34 15
50 687 63.70 36 25
75 687 40.80 33 52
100 683 38.20 25 55
cMC 25 707 64.70 46 24
50 699 58.30 35 32
75 693 43.80 36 49
100 692 39.00 28 54
Commercial inhibitor 25 644 9.68 74 89
50 631 8.38 86 90
75 629 6.51 68 92
100 627 5.62 82 93

in this medium seems to be 75 ppm, above which point the protective
film breaks (also called “steady state concentration” [38]) and inhibition
drops. This assertion is also reflected in the inhibition efficiency (IE%)
values. Higher concentrations of chitosan have better inhibition perfor-
mance; this could be attributed to the abundance of the amino-bearing
glucosamine group in chitosan, which is capable of stable adsorption at
the surface of API 5L X60 steel via its lone pairs of electrons. The current
density values (37.2 and 39.8 pA/cm?) were recorded for 100 and
75 ppm chitosan, respectively, against 37.9 and 41.0 uA/cm? for the
same concentration range for CMC.

The values of IE for this technique were calculated in the absence and
presence of inhibitors using the magnitudes of corrosion current density
(Eq. (2)). The highest values of corrosion inhibition efficiency were re-
corded for 75 ppm commercial inhibitor (95%), 100 ppm chitosan
(51%),and CMC (50%). The trend in IE% values follows that of i, except
that higher values are recorded for chitosan compared to CMC at 75 and
100 ppm; beyond this, IE values are comparable to commercial inhibi-
tor. The values of E.,- do not change significantly in the presence of
these inhibitors, conferring the status of a mixed-type inhibitor system
with E,- approaching nobler values; this is also reflected in the redox
Tafel slopes, measured in mV/decade. Mixed-type inhibition systems
are widely reported as possessing geometric blocking mechanisms on
metal surfaces [38].

3.2. Effect of temperature

Besides the concentration of inhibiting species in the corrosive me-
dium, corrosion inhibition process has been found to be dependent
also on temperature. In this study, the effect of varying temperature
was investigated in CO, saturated saline solution for API 5L X60 pipeline
steel using EIS and PDP techniques in the presence of 100 ppm of each
inhibitor conceived to give the highest inhibition efficiency in the previ-
ous test. Fig. 5 presents EIS spectra in the presence and absence of
100 ppm chitosan, CMC and commercial inhibitor at varying tempera-
tures (25-60 °C) in (a-c) Nyquist, (d-f) Bode modulus and (g-i)
phase angle formats. Inspection of the figure, revealed a one-time con-
stant Nyquist curves with full capacitive loops with and without chito-
san and CMC and two time constants for the commercial inhibitor.
Generally, the shapes of the curves are maintained, indicating an un-
changed corrosion mechanism at varying thermal conditions. For
every inhibitor in this study, a reduced corrosion protection was re-
vealed for API 5L X60 pipeline steel in the CO, saturated 3.5% NaCl solu-
tion as the temperature increased, evident in the decrease in the
Nyquist semi-circle diameters.

Smaller semi-circle diameters representing higher corrosion rates
for steel are revealed at 60 °C than the lower temperatures for all the in-
hibitors. The effect of temperature on corrosion inhibition is more
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pronounced in the Bode plots (Fig. 5(d-f)), with a lowering of imped-
ance (Z) of the interface at lower frequencies in the presence of the in-
hibitors compared to the blank solution. In the absence of the inhibitors,
the API 5L X60 pipeline steel dissolved in the solution of the electrolyte
at higher temperatures, as evident in the lowering of the impedance
values, but this was observed to be reduced as the inhibitors were intro-
duced into the corrosive medium.

Appropriate equivalent circuit models were used in fitting the im-
pedance data and to provide an insight into the significance of temper-
ature variation with corrosion inhibition. The derived electrochemical
parameters from Nyquist plots for each inhibitor system after fitting
the EIS data with these models in Fig. 3 between 25 and 60 °C are
displayed in Table 3. From the Table 3, derived values of R, decrease at
the electrode/electrolyte interface as the temperature increases reveal-
ing increased corrosion rate for API 5L X60 pipeline steel in CO, satu-
rated saline solution in the absence and presence of the corrosion
inhibitors. Compared to chitosan, CMC shows slightly higher values of
R, with increase in temperature showing superior protection for API

350 350
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5L X60 steel. The trend of charge transfer resistance values indicates
that chitosan and CMC provided less protection compared to commer-
cial inhibitor a hybrid composite of many anticorrosive additives at
this temperature.

Generally, increase in corrosion rates of metals in the presence of in-
hibitors at higher temperatures can be attributed to desorption of the
inhibitor molecules from the metal surface. This phenomenon is sugges-
tive of physical adsorption being that molecules of the inhibitor
displaced of adsorbed water molecules and attached to the metal sur-
face without chemical bonding (via van der Waal forces) [30, 39]. How-
ever, high temperature favors the formation of layers of FeCO5 on the
electrode surface that further aids the protection of the substrate; this
can be observed in the trend of IE. Adsorption of the molecules of the in-
hibitors tends to reduce the API 5L X60 steel corrosion at 25 °C; but at 40
°C, the IE values drops due to molecular desorption and then rises again,
subsequently, at 60 °C. The percentage increase in the magnitude of IE
between 40 and 60 °C for Chitosan, CMC, and commercial inhibitor
were 89, 68 and 9%, respectively. The observed increment in the values
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Fig. 5. Impedance plots for API 5L X60 steel in CO,-saturated 3.5% NaCl solution in the absence and presence of 100 ppm of Chitosan, CMC and commercial inhibitor in (a) Nyquist, (b) Bode
and (c) phase angle representations at different temperatures.
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Table 3
EIS Parameters for API 5L X60 steel corrosion in CO,-saturated 3.5% NaCl solution in the absence and presence of 100 ppm chitosan, CMC, and commercial inhibitor at different
temperatures.
Specimen Temperature (°C)  R; (2 cm?)  CPE, Rr(Qcm?)  CPEq Re(Qem?) %1072 R, (Qcm?) [E (%)
Yol (us®ecm™2) ny Yo2 (2 s"cm™2) ng
Blank 25 1.5 - - - 521 0.85 186.9 2.74 187 -
40 2.7 - - - 818 0.81 948 0.87 95 -
60 0.2 - - - 623 0.96 46.6 7.79 47 -
Chitosan 25 1.0 103 1.00 5.2 723 0.67 3317 8.59 337 45
40 1.5 98 099 1.6 1282 0.65 96.7 2.79 98 04
60 0.9 164 1.00 24 1322 0.69 703 6.65 73 35
CMC 25 1.6 266 0.89 322 322 0.74 2720 4.01 304 39
40 0.2 439 1.00 3.9 3950 092 111.2 15.5 115 17
60 0.9 178 098 85 1045 0.73  82.0 6.23 90 48
Commercial inhibitor 25 2.0 4 1.00 93 281 0.76 1601.0 2.76 1610 88
40 0.9 455 0.67 10.6 33 0.92 434.1 497 445 79
60 1.9 3 053 23 466 0.71 376.8 0.59 379 87

of the corrosion inhibition efficiency at 60 °C could be due to the forma-
tion of precipitate of corrosion products like FeCO3; as well as Fe-
inhibitor type complex which further protect the metal surface.

The effect of temperature was also studied for the corrosion of API 5L
X60 pipeline steel in CO,-saturated saline solution using the potentio-
dynamic polarization technique in the absence and presence of
100 ppm chitosan, CMC, and commercial inhibitor between 25 and 60
°C. The respective potentiodynamic polarization curves are shown in
Fig. 6(a), (b) and (c) respectively, while the derived electrochemical pa-
rameters are listed in Table 4. The Tafel curves presented for the API 5L
X60 pipeline steel in the solution of the test electrolyte (and within the
thermal condition in this study) exhibit active dissolution without a dis-
tinctive transition to passivation within the potential range studied.

Since the values of i, can invariably give an idea of the corrosion
rate for API 5L X60 pipeline steel in CO,-saturated saline solution, the ef-
fect of temperature as it affects the corrosion rate of the substrate was
evaluated from its magnitude. From the table, the values of i, were
found to increase with temperature in the presence and absence of
the corrosion inhibitors, with higher values recorded at 60 °C. The
values of i, may be observed to gradually increase with temperature,
with higher magnitudes recorded in the absence of the inhibitors at 60
°C. The shift in values of E,,, for the inhibitors relative to the blank
seems more pronounced as the temperature rises, showing great influ-
ence of temperature variation on corrosion potential. From the results in
Table 4, the minimum difference in these values is 46 mV for chitosan at
25 °C, confirming the mixed-type inhibitor earlier proposed. Some re-
searchers [40, 41] have argued that differences in E.,, to a magnitude
>85 mV for an inhibiting system relative to the blank solution implies
a cathodic- or anodic-type system; otherwise, a mixed-type system is
proposed. The increase in corrosion rate with increased temperature
in the presence of the inhibitors in the CO,-saturated saline electrolyte
can be attributed to the desorption of the inhibitor molecules from the
API 5L X60 pipeline steel surface at elevated temperatures. Since the for-
mation of layers of FeCO3 on the electrode surface is highly favored at
higher temperatures, this surface phenomenon shifts the anodic and ca-
thodic branches (mixed inhibitor systems) and further reduces the
value of the corrosion current density. Reductions in the magnitude of
current density are normally ascribed to the presence of more compact
films on the surface of the electrode. Again, molecular adsorption
inhibited the API 5L X60 steel dissolution at 25 °C; as the temperature
increased to 40 °C, the IE% values dropped due to desorption of the ad-
hered film. IE% values were found to increase again at 60 °C for the
single- and multi-component inhibitor systems.

3.3. Effect of immersion time
In order to determine the effect of immersion time on the inhibitive

action of the inhibitors for API 5L X60 pipeline steel in the CO,-saturated
saline solution, EIS measurements were performed between 1 and 24 h

at 25 °C. Fig. 7 displays the changes in the electrochemical characteris-
tics of the studied metal substrate in the considered corrosive medium
with and without the addition of 100 ppm corrosion inhibitors (chito-
san, CMC, and commercial inhibitor). From the similar nature of the
Nyquist plots, we can determine that the mechanism of protection of
the test metal did not change in the prolonged exposure period to the
CO,-saturated saline electrolyte. The gradual increase in the diameter
of the Nyquist curve after 12 and 24-h exposure periods for chitosan in-
dicates further protection of the steel substrate (Fig. 7(a-c)). Similar
curves were recorded for CMC and commercial inhibitor between 1
and 24 h.

The calculated electrochemical impedance parameters derived after
fitting with appropriate equivalent circuit models are shown in Table 5.
The diameter of the Nyquist plots for commercial inhibitor is wider
compared to chitosan and CMC. For this experiment, it is noted that
CMC outperformed chitosan in showing better protection of the steel
substrate upon prolonged immersion in the corrodent. This is evident
in the improved R, values at prolonged exposure times; 282 and 341
Q cm? were recorded after 1 and 24-h exposure periods of API 5L X60
pipeline steel in the CO,-saturated saline solution containing CMC. Sim-
ilar exposure periods for chitosan recorded less R, magnitude (175 and
254 ) cm?) for 100 ppm chitosan. The magnitude of API 5L X60 pipeline
steel corrosion inhibition efficiency increased from 50% to 62% for CMC,
which is greater than chitosan (19% to 34%), but much less than that ob-
tained for commercial inhibitor (88% to 94%). The increased corrosion
protection for the API 5L X60 pipeline steel surface in the presence of
the inhibitors in the CO,-saturated saline electrolyte can be attributed
to the increased adsorption of the inhibitor molecules on the steel sur-
face during prolonged exposure periods. The inhibition efficiency of
the inhibitors is thus dependent upon the exposure periods of the API
5L X60 pipeline steel in the CO,-saturated saline solution containing
the inhibitors. The increased inhibition efficiency with longer exposure
durations also reflects a strong molecular adsorption, and more protec-
tive film on the steel/electrolyte interface.

3.4. Surface analysis

Surface morphological examinations of the exposed steel specimens
in uninhibited CO, saturated saline and inhibited solutions containing
pure biopolymers as corrosion inhibitor compounds and commercial
corrosion inhibitor were evaluated using SEM. Fig. 8 shows SEM images
of the exposed API 5L X60 steel in CO, saturated saline solution in the
(a) absence and presence of (b) 100 ppm Chitosan, (c) CMC compared
with and (d) commercial corrosion inhibitor at room temperature
after 24 h immersion. The steel substrate in the uninhibited blank solu-
tion shows severe corrosion on the surface with huge corrosion product
mass due to uncontrolled dissolution as well as the other degradation
episodes caused by the presence of carbonic acid in the solution of the
electrolyte (Fig. 8a). While the steel substrate shows relatively uniform
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Table 4

Potentiodynamic polarization parameters for API 5L X60 steel corrosion in CO,-saturated
3.5% NaCl solution in the absence and presence of 100 ppm chitosan, CMC, and commercial
inhibitor at different temperatures.
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Fig. 6. Potentiodynamic polarization curves for API 5L X60 steel in CO,-saturated 3.5% NaCl
solution without and with 100 ppm of (a) Chitosan, (b) CMC and (c) commercial inhibitor
at different temperatures.

corrosion in the presence of Chitosan, there seems to be evidence of lo-
calized attack for the coupon in 100 ppm CMC in the solution of the elec-
trolyte. Generally, the presence of all the corrosion inhibitors shows
visible reduction in corrosion of API 5L X60 pipeline steel to a great

Specimen Temperature  —Eqor icorr Ba IE
(°0) (mV/SCE)  (uA/cm?®)  (mV/dec.) (%)
Blank 25 729 85.30 49 -
40 709 120.00 25 -
60 717 239.00 19 -
Chitosan 25 683 38.20 25 55
40 699 113.00 29 06
60 710 170.00 32 29
CMC 25 692 39.00 28 54
40 692 95.80 24 20
60 710 134.00 27 44
Commercial inhibitor 25 627 5.62 82 93
40 664 30.10 29 75
60 664 32.50 18 86

extent due to adsorption of molecules and subsequent formation of pro-
tective layers on the metal surface [28, 40]. Commercial inhibitor con-
tinues to show superior corrosion protection. This is evident in the
clear SEM micrograph of the steel coupon in the solution of the electro-
lyte containing this inhibitor formulation — with few mold-like corro-
sion products and scales as continuous surface features.

3.5. Adsorption isotherm

Corrosion inhibition is due to the direct adsorption of molecules of
the inhibitors on the metal surface and/or could also involve the reac-
tion of these compounds with a secondary compound to generate a
film capable of forming a layer of protection at the metal/electrolyte in-
terface. This surface adsorption process can be approximated by iso-
therm models using the magnitude of the surface coverage (6; 6 =
IE/100) for a particular range of inhibitor concentration [42]. Selection
of isotherm that best describe an adsorption process is often done by
fitting 6 values into different adsorption isotherm models and using
the value of the linear regression parameter (R?) as a gauge [22, 43].
This approach was adopted in this work and the best fit was found
with Langmuir adsorption isotherm (R? value is in the range
0.92-0.99 (Table 6)). The Langmuir adsorption isotherm model has
the form:

C 1
9= K

(10)
where inhibitor concentration (C) is measured in ppm; inhibitor's sur-
face coverage is denoted as 6 and the K,qs is the equilibrium constant as-
sociated with interfacial molecular adsorption-desorption process.
Fig. 9 shows the linear graphs obtained for the adsorption of chitosan,
CMC, and the commercial inhibitor on the surface of the API 5L X60
pipeline steel substrate by plotting C/6 against C. The adsorption param-
eters derived from the Langmuir isotherm model are listed in Table 6.
However, the gradients of curves are >1 required by an ideal Langmuir
isotherm model. Non-unity slopes of Langmuir adsorption isotherm
usually express inconsistency of experimental adsorption data with
monolayer adsorption pattern proposed in the model. Langmuir ad-
sorption isotherm also postulates uniequivalence inhibitor adsorption
sites of surfaces as well as the independency in molecular adsorption
with number of available sites [43, 44]. Since these conditions are not
readily accessible in nature due to the heterogeneity of corrosion sys-
tems, adsorption can be addressed by redefining the Langmuir adsorp-
tion isotherm by introducing a dimensionless separation constant (Kj)
(Eq. (11)): [45].

K = 1/(1 + Ku45C) (11)
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Fig. 7. Impedance plots for API 5L X60 steel in CO,-saturated 3.5% NaCl solution in the absence and presence of 100 ppm of Chitosan, CMC and commercial inhibitor in (a) Nyquist, (b) Bode
and (c) phase angle representations at different immersion times.

Table 5
EIS parameters for API 5L X60 steel corrosion in CO,-saturated 3.5% NaCl solution in the absence and presence of 100 ppm chitosan, CMC, and commercial inhibitor at different immersion
times.
Specimen Time (h) Ry (Qcm?)  CPEs Re(Qem?)  CPEq Re(Qem?)  x*x107% R, (Qcm?)  IE (%)
Yol (us"cm™2) nf Yo2 (uQs"cm™2)  ng
Blank 1 - - - - 1107 0.77 141.0 3.91 141 -
12 - - - - 1349 0.82 1586 115 159 -
24 - - - - 694 0.85 168.4 2.08 168 -
Chitosan 1 1.8 70 069 29 969 063 1723 2.18 175 19
12 2.2 87 1.00 1.9 980 0.67 216.1 1.05 218 27
24 24 82 1.00 24 754 0.71 251.8 1.45 254 34
CcMC 1 4.6 474 079 2178 505 1.00 64.6 1.72 282 50
12 41 436 0.78 3316 946 1.00 90.8 2.18 422 62
24 43 573 0.78 289.9 2221 1.00 515 1.81 341 51
Commercial inhibitor 1 15.2 296 0.77  610.0 2472 0.68 5523 2.66 1162 88
12 3.1 40 082 482 209 0.67 2136.0 0.69 2184 93
24 6.4 18 082 619 154 0.67 2681.0 0.54 2743 94
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Fig. 8. SEM micrographs of corrosion products formed on API 5L X60 pipeline steel exposed to (a) blank (corrodent) CO, saturated 3.5% NaCl solution; and the corrodent containing
(b) 100 ppm Chitosan; (c) 100 ppm CMC; (d) Commercial inhibitor at room temperature after 24 h immersion. [Right and left panels show 50 and 20 um micrographs, respectively].

K. = Separation factor of molecular adsorption

The calculated values of this dimensionless quantity are presented in
Table 7 for the different inhibitor systems. The presented values of K for
the single-component inhibitors and the commercial inhibitor are all
less than unity (K. < 1), thus showing favorable molecular adsorption
and good fitting for the range of concentration of the inhibitors studied
[45].

The magnitude of K,qs is empirically related to standard Gibbs free
energy (AGa.qs) of adsorption by Eq. (12):
AGhge = —RT In(1 % 10° Ko (12)
where the absolute temperature, T is measured in K; the molar gas con-
stant, R, is expressed in J/K/mol and the magnitude of the concentration
of water molecules, 1 x 1078, is expressed in ppm or mg/L. The calcu-
lated values of K,4s (constant of adsorption-desorption process) are
0.0255,0.0109 and 1.53, respectively, for chitosan, CMC and commercial
inhibitor with —25.2, —23.0 and —35.3 kJ/mol being the designated
magnitudes of AG,qs for the inhibitors (Table 6). The range of AGaqs
are suggestive of electrostatic metal-inhibitor interaction for chitosan

Table 6
Langmuir adsorption parameters for API 5L X60 steel corrosion in the presence of the dif-
ferent inhibitor systems in CO,-saturated 3.5% NaCl solution.

and CMC; that is, physisorption and mixed-mode of adsorption for com-
mercial inhibitor, since its value is greater than —20 kJ/mol and less
than —40 kJ/mol. Generally, AG°,4s values up to —20 kJ/mol are consis-
tent with a physical adsorption mechanism, while those lower than
—40 kJ/mol define a chemical adsorption mechanism [46]. The negative
magnitude of AG,q; is indicative of thermodynamic spontaneity associ-
ated with the adsorption process of the inhibitors onto the API 5L X60
pipeline steel surface.
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Fig. 9. Langmuir adsorption isotherm for the test inhibitors on API 5L X60 pipeline steel
immersed in CO, saturated saline solution at 25 °C obtained from the EIS measurements.
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Table 7
Values of dimensionless separation constant (Kj ), derived from the Langmuir adsorption
isotherm for chitosan, CMC, and Commercial inhibitor.

Concentration (ppm) Chitosan CMC Commercial inhibitor
25 0.7850 0.6106 0.0254
50 0.6461 0.4395 0.0129
75 0.5489 0.3433 0.0086
100 0.4772 0.2817 0.0065

4. Conclusions

Two single component compounds, Chitosan and CMC, have been
found to inhibit API 5L X60 pipeline steel corrosion in CO, saturated sa-
line solution to some extent compared to commercial inhibitor, a typical
multi-component inhibitor formulation used in the oil-field. The corro-
sion inhibition efficiency was found to be dependent on the concentra-
tion of the individual inhibitor; the temperature and the immersion
period. Adsorption of molecules of the inhibitor on the surface of the
API 5L X60 pipeline steel substrate has been approximated by Langmuir
adsorption isotherm, and corrosion inhibition has been described in
terms of assumptions of this model. The charge-transfer process and as-
sociated double-layer behavior of the metal/solution interface has been
described to be related to the high-frequency capacitive loop of imped-
ance spectra. SEM studies of the surface of the steel substrate in the so-
lution of the electrolyte containing these inhibitors showed improved
protection due to formation of anticorrosive films. API 5L X60 steel sur-
faces revealed more uniform and smoother surfaces. With a remarkable
protection for steel in CO, saturated saline solution at a concentration as
low as 100 ppm for chitosan and CMC, these single-component inhibi-
tor compounds could under appropriate formulation in the presence of
co-inhibitor(s) serve as anticorrosive additives for low carbon steel cor-
rosion in CO,-saturated NaCl environment as the commercial inhibitor
with practical industrial applications.
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