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Abstract: Chitosan—copper oxide (CHT-CuO) nanocomposite was made by an in-situ method utiliz-
ing olive leaf extract (OLE) as reductant. The OLE mediated CHT-CuO nanocomposite containing
varying amount of chitosan (0.5, 1.0 and 2.0 g) was evaluated as corrosion inhibitor for X60 carbon
steel in 5 wt% hydrochloric acid solution. The corrosion inhibitive performance was assessed uti-
lizing weight loss and electrochemical impedance spectroscopy, linear polarization resistance and
potentiodynamic polarization techniques complemented with surface assessment of the corroded X60
carbon steel without and with the additives using scanning electron microscopy/energy dispersive
X-ray spectroscopy and 3D optical profilometer. The effect of KI addition on the corrosion protec-
tion capacity of the nanocomposites was also examined. Corrosion inhibitive effect was observed
to increase with increase in the nanocomposites dosage with the highest inhibition efficiency (IE)
achieved at the optimum dosage of 0.5%. The order of corrosion inhibition performance followed
the trend CHT} g—CuO (90.35%) > CHT( 5—CuO (90.16%) > CHT ¢—CuO (89.52%) nanocomposite
from impedance measurements. Also, IE was found to increase as the temperature was raised from
25 to 40 °C and afterwards a decline in IE was observed with further increase in temperature to 50
and 60 °C. The potentiodynamic polarization results suggest that the nanocomposites alone and in
combination with KI inhibited the corrosion of X60 carbon steel by an active site blocking mechanism.
Addition of KI upgrades the IE of the nanocomposites but is not attributable to synergistic influence.
The lack of synergistic influence was confirmed from the computed synergism parameter (S;) which
was found to be less than unity with values of 0.89, 0.74 and 0.75 for CHT( 5-CuO, CHT; (—CuO and
CHTj,p—CuO nanocomposites, respectively, at 60 °C. Furthermore, KI addition improved the IE with
rise in temperature from 25 to 60 °C. Surface analysis results confirm the formation of a protective
film which could be attributed to the adsorption of the nanocomposites on the carbon steel surface.

Keywords: chitosan; nanocomposite; olive leaf extract; acid corrosion; corrosion inhibition

1. Introduction

Carbon steel finds widespread usage in many industrial sectors, including oil and
gas, nuclear power, construction, energy, desalination, and metal processing [1,2]. Its
widespread use is due to its appealing characteristics, which include rigidity, resilience,
malleability, cost-effective, and portability. Nevertheless, carbon steel is prone to corrosion
when exposed to assiduous and unfavourable environmental conditions, causing it to
deteriorate and lose its useful properties [3]. Corrosion is a big issue that many sectors
face. It poses both safety and economic risks [1,4]. Industries have incurred significant
economic losses directly or indirectly due to corrosion and therefore require methods for
its control. Shutdowns leading to loss of revenue and expenditure incurred in maintenance
of equipment due to damage constitute indirect and direct costs respectively. Utilization of
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corrosion inhibitors is the most feasible means of reducing corrosion of equipment made
of metallic substrate. Most inhibitors work by adsorbing molecules onto metal surfaces,
increasing or decreasing the anodic and/or cathodic reaction, slowing the pace at which
reactants diffuse to the metal’s surface, increasing the electrical resistance of the metal’s
surface, or a combination of these methods [5].

Multi-component inhibitor systems containing nitrogen, phosphorous, and sulphur
moieties are among the commercially available corrosion inhibitors used in industry. De-
spite the fact that these inhibitors are reliable and work well in corrosive environments [6,7],
they are difficult to synthesize and, due to their toxic nature, are not ecologically benign.
The majority of them persist in the environment and require costly clean-up procedures [8].
Because of the concerns with commercial corrosion inhibitors, scientists are increasingly
focusing on producing ecologically acceptable corrosion inhibitors from natural sources.
Natural polymers have been considered as an excellent alternative to the current toxic
inhibitors. Many of these have been reported as corrosion inhibitors, as can been seen
in the detailed comprehensive review work by Umoren and Solomon [9]. Interest in nat-
ural polymers as green corrosion inhibitors stem from the fact that they are renewable,
nontoxic, environmentally friendly, possess multiple adsorption centres, are available in
abundance, are relatively inexpensive and can be produced using simple procedures at
minimal cost [10].

The inability of some polymers to dissolve readily in aqueous solution, as well as
their sensitivity to degradation at elevated temperatures, are two reported limitations.
As a result, some of these have limited or moderate protection capabilities. For instance,
Solomon et al. [11] observed that 0.5 g of carboxymethyl cellulose in 0.5 M H>SO4 solu-
tion could only provide 64.8% IE on a mild steel surface. Rajeswari et al. [12] found that
500 mg L~ of glucose, when used as a corrosion inhibitor for cast iron in hydrochloric acid
as corrodent at 28 °C, had a protective power of 69.5%. As a result, several initiatives have
been undertaken to improve natural polymer stability and inhibitive properties. Incorpora-
tion of substances which exert synergistic effect, cross-linking, blending, copolymerization,
and nano compositing (the incorporation of a minute amount of metal-based material into
the polymer matrix) are among them [13-18].

It appears that, among all the steps taken, compositing has proved successful. In
recent times, there have been reports on the preparation, characterization, and corrosion
protection potential of chitosan—metal nanocomposites. Solomon et al. [19] reported the
synthesis, characterization, and use of chitosan—silver nanoparticles (AgNPs—chitosan) to
protect St37 steel in a 15 wt% hydrochloric acid medium. Utilizing gravimetric method,
it was observed that AgNPs—chitosan nanocomposite exhibited the highest IE of 97.09%
at 1000 ppm dosage. The adsorption of AgNPs—chitosan nanocomposite on the surface
of steel obeyed the Temkin adsorption isotherm model. PDP evaluation indicated that
AgNPs—chitosan nanocomposite behaves as a mixed-type inhibitor for St37 steel in 15%
HCI corrosive environment. The corrosion inhibitive effect of the nanocomposite for
St37 steel corrosion in 15% sulphuric acid corrodent was also investigated by Solomon
et al. [20]. Srivastava and co-workers [21] reported the preparation, characterization and
anticorrosion potential of chitosan and its cobalt (chitosan—-Co) and SnS; (chitosan-5SnS5)
nanocomposites for mild steel in 1 M HCI. It was found that chitosan in its neat form offered
77% protection efficiency, but this value was increased to more than 95% and 80% in the
presence of chitosan-Co and chitosan-5nS, nanocomposites respectively. Fetouh et al. [22]
examined the corrosion inhibitive potential of chitosan-AgNPs for mild steel in cooling
water employing gravimetric and electrochemical techniques. Data obtained showed that
the IE of 97-98% was achieved at the dosage of 150 ppm from the gravimetric method.
Solomon and co-workers [23] reported the synthesis, characterization and assessment of the
corrosion inhibition performance of carboxymethyl cellulose-silver nanoparticles (CMC-
AgNPs) for St37 steel in 15% H;SOy corrosive environment. The CMC-AgNPs exhibited
the optimum IE of 93.94% at 1000 ppm concentration at 25 °C. However, using a weight loss
method, the optimum IE of 96.37% was derived at 60 °C. In another recent study [24], the
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preparation, characterization and corrosion protection potential of carboxymethyl cellulose
and three metal nanocomposites, namely, nickel (CMC-Ni nanocomposite), copper (CMC—
Cu nanocomposite) and iron (CMC-Fe nanocomposite), was reported for carbon steel in 2
N HCl solution. It was observed that the optimum IE for the CMC as well as CMC-Fe NP,
CMC—Cu NP and CMC-Ni NP composites at 400 mg L1 were 76.6,94.9, 96.2 and 98.4%,
respectively. In addition, John et al. [25] discovered that a chitosan-ZnO nanocomposite
could provide 73.80% protection to mild steel surfaces in 0.1 N HCl solution in comparison
to 32.47% protection by chitosan alone.

Extensive research has been undertaken to find the synergistic effect of various ad-
ditives to improve the efficacy of metal corrosion inhibitors. Synergism, according to Li
et al. [26], is a means of increasing the inhibitor’s inhibitive capacity, reducing the dosage of
inhibitor used, and diversifying the inhibitor’s deployment in a corrosive environment. The
synergistic influence of metal cations (Ba%*, Sr**, Ca®*, and Zn?*) and anions on corrosion
inhibitors has been reported in the literature [27,28]. The halides are the most investigated
anions. The halide ions are thought to be preferentially adsorbed on the metal surface,
enhancing the inhibitor’s potency through intermediate bridge formation between the
positive end of the inhibitor and the metal surface [29,30].

Although there are some publications on the corrosion inhibition of chitosan-metal /
metal oxide nanocomposites for mild steel in acidic media in the literature, there is none on
chitosan—CuO nanocomposite. In the present work, we therefore report for the first time
the corrosion protection capacity of chitosan—-CuO nanocomposite prepared using olive
leaf extract and the influence of KI addition on the corrosion inhibitive performance of the
nanocomposites for carbon steel in 5% HCI corrosive medium. The novelty of the work lies
in using a facile approach to synthesize the CHT-CuO nanocomposite in comparison to
previously reported approaches found in the literature. We use olive leaf extract as reducing
agent and the synthesis was achieved using water as a solvent. The advantage of this is
that among all the several green syntheses processes, plant extract mediated synthesis is
the fastest, cheapest, and most sustainable.

2. Materials and Methods
2.1. Materials

The materials utilized include chitosan with degrees of deacetylation of 75-85% and
molecular weights of 50,000-190,000 Da, copper sulphate pentahydrate (CuSO4-5H,0)
(Merck, Darmstadt, Germany) and acetic acid (CH3COOH) (Merck). These were used as
procured without further purification. Fresh olive leaf was harvested near the Haspolat
campus of Cyprus International University (CIU). The metal substrate used was X60 carbon
steel with chemical composition as earlier reported [31].

2.2. Preparation and Characterization of CHT-CuO Nanocomposites

Chitosan-CuO nanocomposite was made utilizing an in-situ approach. Aqueous
Olive leaf extract (OLE) was used as the reductant while CuSOy4-5H,0 served as the
CuO nanoparticles precursor. Details of preparation and characterization of chitosan-CuO
nanocomposite are documented in our earlier publication [32]. Briefly, chitosan with masses
of 0.5, 1.0, and 2.0 g was weighed into a conical flask (250 mL capacity) and 100 mL distilled
water containing 1 mL of acetic acid was added. At room temperature, the mixture was
stirred using a magnetic stirrer until the chitosan was completely dissolved. An appropriate
amount of copper sulphate pentahydrate (0.2497 g, 1 mM equivalent) was added to the
chitosan solution and stirred. This was followed by the addition of 5 mL of olive leaf extract
(OLE) that had already been prepared. The mixture was heated on a magnetic hot plate to
a constant temperature of 90 °C for 96 h while being constantly stirred. A gradual change
in colour indicated the formation of chitosan—-CuO nanocomposite, which was confirmed
by UV-vis measurement [32].
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2.3. Corrosion Inhibition Studies

The metal sample was cut into coupons of 1.20 x 1.20 x 1.10 cm size (total exposed
surface area of 8.16 cm?) for the weight loss measurements and 1.0 x 1.0 x 0.5 cm size for
electrochemical measurements. The sample surface treatment was undertaken according to the
ASTM G1-90 standard [33]. Silicon carbide papers of various grit sizes (# 120-1000) were used
to grind the metal sample mechanically. The corrosive medium was a 5 wt.% hydrochloric
acid solution made by diluting adequate analar grade hydrochloric acid (37%, Merck) with
double distilled H,O. Corrosion inhibition performance of CHT-CuO nanocomposites for
X60 carbon steel corrosion in the acid medium was examined using electrochemical and
weight loss techniques. We added 3 mM KI to the CHT-CuO nanocomposite to assess the
effect of KI addition on the corrosion inhibitive performance of the nanocomposites.

2.3.1. Electrochemical Measurements

VERSASTAT 3 (Princeton Applied Research, Oak Ridge, TN, USA) was used to per-
form electrochemical experiments. An electrochemical system with three electrodes was
used. The working, reference, and counter-electrodes were X-60 carbon steel (surface area
of 0.7855 cm?), silver/silver chloride (Ag/AgCl, 3 M K(l), and a platinum wire mesh,
respectively. Before commencement of each measurement, a one-hour stabilization interval
was allowed to produce a steady-state open-circuit potential (Eocp). 0.5 mV /s was the
potential sweep rate for PDP measurements. The potentials were first scanned cathodically,
starting at the corrosion potential, and then anodically from —250 to +250 mV. Using a scan
rate of 0.125 mV /s, LPR assessment was performed by polarizing the working electrode
£10 mV around the Egcp. The EIS assessment was performed using a 10 mV sinewave
alternating-current (AC) voltage at Eqcp in the frequency range of 100,000 Hz to 0.01 Hz.
For consistency, the impedance measurement experiments were done twice. Zsimpwin
software was used to analyse the data.

2.3.2. Weight Loss Measurements

To determine the influence of temperature on the corrosion protection efficacy of CHT-
CuO nanocomposite and CHT-CuO + 3 mM KI, a weight loss experiment was undertaken
in a reaction vessel made of a glass containing 250 mL of test solution maintained at
25, 40, 50, and 60 °C with thermostated water bath. The cleaned and weighed steel
samples were suspended loosely in the various test solutions in each experiment. The
metal samples were totally immersed in the test solutions without and with the inhibitors.
After 24 h of immersion, the test coupons were removed, thoroughly cleaned following
previously documented procedures [33], rinsed first with distilled water and then acetone,
air dried, and reweighed. The weight loss was calculated using the variation in pre and
post immersion weight. The results demonstrated good repeatability and the mean values
of the duplicate determinations are reported. Based on the weight loss results, corrosion
rates (mm y~!) were estimated using the formula [19]:

876 x AW

OAT )

Cr(mmy )
where Cg, W, p, A and T represents the corrosion rate, mean weight loss (mg), density
(g cm~3), surface area (cm?) and exposure duration (h) respectively.

The IE of the nanocomposites was computed utilizing the formula [16]:

CR(blank) — CR(inh)

1IE% =
CR(blank)

x 100 )

where Crplank) stands for the corrosion rate without the additive and Cg(inpy stands for the
corrosion rate with the additives.
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2.3.3. Surface Analysis

A scanning electron microscope (SEM; JEOL JSM 66100 LV, Japan) was used to charac-
terize the metal surface following exposure to the corrosive environment with and without
the inhibitors. A 3D optical profilometer (Contour GT-K, Bruker Nano GmBH, Berlin, Ger-
many) was utilized to assess the surface roughness of the exposed area of the X60 carbon
steel specimens submerged in the corrosive medium without and with 0.5% CHT-CuO
nanocomposite alone and in combination with KL

3. Results and Discussion
3.1. Open Circuit Potential

Open circuit potential (Eocp) is defined as the free corrosion potential when the
system attains an equilibrium and zero net electrical current flows through the metal
surface. Its measurement gives insight into the inhibitory process. When the corrosion
reaction approaches equilibrium, Eop reaches a steady-state value equal to the corrosion
potential (Ecorr). Plotting Ecorr against time is required to understand the reactivity of a
metal surface in contact with its environment [34]. Figure la—c show the Eqcp curves of X60
carbon steel in 5% HCl solution without and with CHT-CuO nanocomposites containing
0.5, 1.0, and 2.0 g of chitosan, respectively. The potential shifted to less noble values in
the steady-state portion of the figure, signifying the occurrence of corrosion on the metal
surface exposed to the corrodent. Because of the nanocomposite adsorption on the carbon
steel surface, the Eocp value of the steady-state region shifts to positive values when CHT-
CuO nanocomposite is added. The movement in corrosion potential towards noble values
is nanocomposite concentration dependent, as shown by the OCP vs time curve. The
optimum investigated nanocomposite concentration (0.5%) resulted in more noble Eocp
displacement than other dosages.

-0.40
(a) CHT 0.5 - CuO Nanocomposite -0.40
(b) CHT 1.0 - CuO Nanocomposite
~-041 G i
Q ~-0.41 - -
O
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Figure 1. Cont.
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Figure 1. OCP-time plot for X60 steel in 5% HCl without and with different concentration of
(a) CHT5—CuO, (b) CHT; y—CuO and (c) CHT, ¢—CuO nanocomposites.

3.2. PDP and LPR Measurements

The corrosion protection of X60 carbon steel in 5% HCl was studied utilizing elec-
trochemical methods at 25 °C with and without varying concentrations of CHT-CuO
nanocomposite (0.1, 0.3, and 0.5%) containing varying amounts of chitosan (0.5, 1.0, and
2.0 g). Figure 2 depicts the usual potentiondynamic polarization curves for X60 carbon steel
in 5% HCl acid medium without and with various dosages of (a) CHT( 5—CuO, (b) CHT; o—
CuO, and (c) CHT7,y—CuO nanocomposites. Listed in Table 1 are the major corrosion
kinetic parameters determined from these curves, including Ecorr, corrosion current den-
sity (icorr), and anodic and cathodic Tafel slopes (. and .). From Figure 2, it is seen
that the X60 carbon steel undergo active dissolution in the corrosive medium, with no
discernible transition to passivation within the applied potential range in the absence
and presence of the nanocomposites. In the presence of the additives, the polarization
curves shift to lower current density regions in comparison with the corrodent with no
additive. From Table 1, it is noted that there is a displacement of the Ecor towards noble
values in the presence of CHT-CuO nanocomposite when compared with the uninhib-
ited solution. For example, the Eco;y moved to a positive value of —409.1 mV/Ag/AgCl,
—400.1 mV/Ag/AgCl and —409.1 mV/Ag/AgCl for 0.5% of CHT(5-CuO, CHT; y—CuO,
and CHT, (—CuO nanocomposites respectively from —443.9 mV/Ag/AgCl of the unin-
hibited acid (5% HCI). Examination of Table 1 also reveals that the ic value is reduced
from 73.20 pA cm2 to 14.91, 13.19 and 14.99 pA cm™2 in the inhibited solution of 0.1%
nanocomposite containing 0.5, 1.0 and 2.0 g chitosan respectively. Further increase in
concentration of the nanocomposite to 0.5% results in further reduction in icerr to 11.73,
9.75 and 11.80 pA cm™2 for CHT( 5-CuO, CHT; g—CuO, and CHT, ;—CuO nanocomposites,
respectively, indicating that the icorr reduction is impacted by the dosage of the additives.
With increasing nanocomposite concentration, there is no substantial alteration in the
numerical values of 3, and ., according to Table 1. Kousar et al. [35] made a similar
observation, which suggests that the anodic and cathodic corrosion reactions inhibition
mechanism has not changed. This suggests that the nanocomposites inhibit X60 carbon
steel corrosion in 5% HCI corrodent by blocking anodic and cathodic active sites. As is
well known, interface inhibitors can suppress corrosion by one of three mechanisms [36]:
(i) geometric blockage [37], (ii) active site blockage, or (iii) electro-catalytic effect. Esti-
mation of the coefficients of anodic (fy) and cathodic (f.) reactions can be used to derive
the predominant mechanism [38]. If geometrical blocking is used to inhibit corrosion,
fa =f. [36], and the variation in Ecorr between inhibited and uninhibited systems is zero. f,
and f is <1 for corrosion retardation by active site blocking, but f, or f. is >1 for inhibition
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by electro-catalytic action [36], and Ecorr shows a significant difference [37]. Displayed in
Table 1 are the computed values of f, and f.. for the present work using previously published
equations [36]. The values in the table clearly show that f, and f. are less than 1, indicating
that anodic and cathodic corrosion active sites are inhibited by nanocomposites adsorp-
tion. The difference in corrosion potential between inhibited and uninhibited systems
also supports inhibition via active site blocking. Arellanes-Lozada et al. [36] found that
1-butyl-2,3-dimethyl-imidazolium iodide and 1-propyl-2,3-dimethyl-imidazolium iodide
inhibited X52 steel corrosion in acid medium through an active site blocking mechanism.

Table 1. PDP and LPR parameters obtained during acid corrosion of X60 carbon steel in 5 wt.% HCI
solution without and with different concentrations of CHT-CuO nanocomposite at 25 °C.

PDP LPR
Method Method
System/ —Ecorr icorr Ba —Be f f IE (%) RP IE
Concentration (mV/Ag/AgCl) (uA cm™2) (mVdec?) (mVdec™?) a ¢ (Q cm?) (%)
Blank 443.9 73.20 83.48 80.25 - - - 247.73 -
CHTO‘5—CUO
0.1% 418.0 1491 56.54 86.09 0.32 0.27 79.63 880.38 71.86
0.3% 415.1 14.56 54.81 89.79 0.34 0.27 80.11 899.36 72.45
0.5% 409.1 11.73 4941 90.86 0.32 0.23 83.98 931.79 7341
CHTl.O—CuO
0.1% 418.4 13.19 55.95 81.75 0.28 0.25 81.98 915.88 73.05
0.3% 409.6 11.24 50.61 86.34 0.30 0.23 84.64 955.61 74.07
0.5% 400.1 9.75 48.88 101.61 0.33 0.20 86.68 1174.00 78.89
CHTZ_O—CUO
0.1% 419.2 14.99 55.20 90.41 0.32 0.27 79.52 795.92 68.87
0.3% 4123 14.25 51.90 93.58 0.36 0.27 80.53 865.96 71.39
0.5% 409.1 11.80 49.87 92.55 0.32 0.23 83.88 934.43 73.49
-0.1
Blank (a) CHT , 5 - CuO Nanocomposite 01

——0.1%

Blank| (b) CHT,,- CuO Nanocomposite

~-0.2

o
w

Potential (V vs Ag/AgCI)
o
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o o
» w

0.5
= -0.5
-0.6
-0.6
0.7
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Figure 2. Cont.
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Figure 2. Potentiodynamic polarization plots for X60 steel in 5% HCI without and with different
concentrations of (a) CHT( 5-CuO, (b) CHT; y—CuO and (c) CHT, g—CuO nanocomposites.

IE was obtained from the PDP method employing the formula in Equation (3) [19,20].

IE(%) = (1 - l:f)"”) x 100 3)

lCOV}’

where i,,, represents the corrosion current density without the additives and i,y represents
the corrosion current density in the inhibited acid solution. The values of IE are presented
in Table 1. Inspection of the table reveals that IE increased with an increase in the additives
dose reaching the values of 83.98, 86.68 and 83.88% at the optimum concentration of 0.5%
of the nanocomposites containing 0.5, 1.0 and 2.0 g chitosan respectively. The order of
corrosion inhibition performance was found to follow the trend CHT; (—~CuO > CHT5—
CuO > CHTZ.O—CUO.

LPR measurement was conducted to evaluate the IE of CHT-CuO nanocomposite on
X60 carbon steel corrosion in 5% hydrochloric acid corrodent. The fundamental benefit of
this electrochemical method is that it is the only corrosion measurement technique that
can directly assess the rates of corrosion in real time as well as being non-destructive [39].
The polarizing voltage of 10 mV was chosen because it falls well within the bounds of
the direct connection between icorr and E/I. Furthermore, the value is modest enough
to prevent any remarkable or irreversible disruption of the corrosion process, ensuring
that succeeding assessments are accurate. The polarization resistance (Rp) and IE values
obtained using this technique in the uninhibited and inhibited acid solutions containing
various nanocomposite dosages are listed in Table 2. The following formula was used to

compute the IE [31]:
R}
IE = 1——R x 100 4)

p

where Rg stands for the polarization resistance without the additives and R, stands for the
polarization resistance in the presence of the additives.

Results in Table 1 show that R}, is improved in the presence of the nanocomposites in
comparison to the absence of nanocomposites, indicating that the nanocomposites function
as an excellent inhibitor for X60 steel corrosion in the acid corrodent. The R}, appears to rise
as the concentration of nanocomposites increases. At the optimum CHT-CuO nanocom-
posite concentration (0.5%) containing 0.5, 1.0, and 2.0 g chitosan, maximum polarization
resistance values of 931.79, 1174.00, and 934.43 Q) cm? were achieved, respectively. The
inhibition efficiency corresponding to these polarization resistances is 73.42, 78.89, and
73.49%, respectively. The results of the PDP and LPR measurements are in good accord,
confirming that the order of corrosion inhibitive performance of the nanocomposites is
CHTLQ—CUO > CHTO.5—CUO > CHTon—CuO.
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Table 2. Impedance parameters obtained during acid corrosion of X60 carbon steel in 5 wt.% HCl
solution without and with different concentrations of CHT-CuO nanocomposite at 25 °C.

CPE;¢ CPEq
Conc. R R¢ Rt (Rp =R¢ + Rep) Cal 22 IE
(ppm) (©Q cm?) Yt (©Q cm?) Yar (©Q cm?) (Q cm?) (mFcm™2) (x1073) (%)
(chm‘Z sn1) n¢ (uF em2 s™1) ng;

Blank 1.81 64.5 1.00 7.15 552.0 0.61 74.8 81.95 450 543 -
CHTU,5—CUO

0.1% 1.54 541.0 0.99 191 157.0 0.87 277.9 279.81 0.36 10.64 70.71

0.3% 1.65 192.0 0.93 14.76 105.0 0.91 733.7 748.46 0.17 9.65 89.05

0.5% 1.57 175.0 0.94 15.17 105.0 0.93 766.8 781.97 0.15 10.05 89.52
CHT]{()—CUO

0.1% 1.56 174.0 0.95 11.36 106.0 0.87 778.2 789.56 0.23 9.78 89.62

0.3% 1.49 177.0 0.95 10.73 106.0 0.88 832.3 849.13 0.21 11.85 90.34

0.5% 1.52 201.0 0.93 11.19 100.0 0.88 838.4 849.59 0.19 9.89 90.35
CHTz_o—CuO

0.1% 1.57 158.0 0.93 17.18 105.0 0.87 733.3 750.48 0.22 9.20 89.08

0.3% 1.57 175.0 0.94 15.17 100.0 0.88 806.6 821.77 0.19 10.01 90.03

0.5% 1.55 169.0 0.94 16.90 94.0 0.88 815.7 832.60 0.18 9.59 90.16

3.3. EIS Measurements

Figure 3 depicts the impedance diagrams for X60 steel in the uninhibited and in-
hibited 5% HCI containing varying dosages of (a) CHT( 5—CuO, (b) CHT; (—CuO, and (c)
CHT3,0—CuO nanocomposite in both Nyquist and Bode representations. The impedance
spectra revealed two capacitive loops that are difficult to distinguish, corresponding to
two-time constants in the Bode representation both in the absence and presence of the
inhibitory molecules. The high frequency time constant indicates the presence of a cor-
rosion product/inhibitor film in contact with the corrosive medium, whereas the middle
and low frequency time constants are related to corrosion activity at the unprotected sites
of the metal surface [39]. The semicircles in the Nyquist diagrams with the additives are
comparable to the one without the additives, showing that the corrosion mechanism was
unaffected by the additives [40]. With increasing additive concentrations, the diameters
of the semicircles in the Nyquist diagrams and the Bode modulus magnitude at low fre-
quency domain become bigger in each scenario. The semicircles are not perfect but sunken,
which could be due to the X60 steel surface’s heterogeneity or roughness [41]. It is also
ascribed to active site dispersion, inhibitor molecule adsorption, and the creation of porous
layers [42,43].

Figure 4c,d depict representative simulated and empirically obtained impedance plots
for X60 carbon steel in 5% hydrochloric acid without and with nanocomposite additive,
respectively. For all experimental data, this model provided an excellent fit. It is obvious
from the figure that the measured impedance plot matches the one simulated by the
equivalent circuits given in Figure 4a,b, respectively. The solution and charge transfer
resistances are represented in the equivalent circuits by Rs and R, respectively, R¢ stands
for film resistance. CPE stands for constant phase element, which was employed in place
of a pure capacitor to recompense for deviations from ideal dielectric behaviour. CPE’s
impedance is defined as follows [44]:

Zepe =Y (jw) ™" ®)

where Y and 1 are the magnitude and exponent of the CPE respectively; j = (—1)1/ %isan
unreal number and w is the angular frequency in rad/s. The exponent, 1, can be utilized to
determine the surface heterogeneity or coarseness of the carbon steel electrode.
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Figure 3. Impedance plots for X60 steel in 5% HCl without and with different concentration of
(A(a-a)) CHT(5-CuO, (B(b-b)) CHT (—CuO and (C(c-c)) CHT, (—CuO nanocomposites in Nyquist
and Bode representations.
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Figure 4. Equivalent circuit used to fit the experimental data for (a) blank and (b) CHT-CuO
nanocomposite and in combination with KI as well as representative of the fitted impedance for
(c) blank and (d) 0.5% CHTj 5~CuO nanocomposite.

Presented in Table 2 are the electrochemical parameters derived from the fittings. The
addition of the additives to the corrodent raised the magnitude of the R, as evidenced
by the increase in the Nyquist semicircles diameter in comparison to the uninhibited
solution, as shown in Figure 3. This is due to the protective film that forms at the steel-
electrolyte interface [39]. The table also shows that Rt values increase as the concentration
of nanocomposites increased. The goodness of fit (x?) values are low, and the range of values
provided indicates that the equivalent circuit accurately matched the experimental data. IE
was obtained from the EIS method by comparing the polarization resistance (Rp) values in
the uninhibited and inhibited solutions using the formula given in Equation (5) [19]:

RO
IE = (1 — P) x 100 (6)
RP

where Rg stands for the polarization resistance without the additives and R, stands for
the polarization resistance in the presence of the additives. The derived values are also
presented in Table 2. The corrosion inhibition efficiency increases with increase in inhibitor
dosage, reaching the peak values of 89.52, 90.35, and 90.16% at the optimum studied
concentration (0.5%) of CHT(5-CuO, CHT; (—~CuO and CHT;(—CuO nanocomposites,
respectively. The values of the double-layer capacitance (Cq;) determined using Brug’s
formula given in Equation (6) [45-47] are also listed in Table 3, which is acceptable for
this type of nonideally polarized electrode where charge transfer primarily controls the
corrosion phenomenon.

1 1\ (rar=1/na)
) %

Cy = Yy /M (R + r,
S C
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The results in the table show that adding inhibitors to the corrodent lowers Cy; values.
This has been associated with a reduction of dielectric constant and/or an enlargement in
double layer thickness because of inhibitor adsorption onto the steel-solution interface,
thus protecting the metal from corrosion [48].

Table 3. PDP and LPR parameters obtained during acid corrosion of X60 carbon steel in 5 wt.% HCI
solution without and in the presence of 0.5% CHT-CuO nanocomposite and in combination with KI
(3 mM) at 25 °C.

LPR
PDP Method Method
SyS’tem/ —Ecorr icorr Ba —Be f f IE (%) Rp IE
Concentration (mV/Ag/AgCl) (A cm™2) (mVdec!) (mVdec?) a < ? (Q cm?) (%)
Blank 443.9 73.20 83.48 80.25 - - - 247.73 -

CHTj5-CuO 409.1 11.73 49.41 90.86 0.32 0.23 83.98 931.79 73.41
CHTq o-CuO 400.1 9.75 48.88 101.61 0.33 0.20 86.68 1174.00 78.89
CHT;, y-CuO 409.1 11.80 49.87 92.55 0.32 0.23 83.88 934.43 73.74
3 mM KI 417.1 18.67 46.59 101.71 0.45 0.33 74.49 802.38 69.13
CHT{5-CuO + KI 378.3 5.16 29.30 117.38 0.66 0.12 92.95 1519.00 83.69
CHT; 9-CuO + KI 387.8 3.32 32.75 89.59 0.25 0.08 95.46 1950.00 87.29
CHT; -CuO + KI 382.3 4.07 32.29 88.23 0.37 0.11 94.44 1834.00 86.49

The IE values obtained from the PDP and EIS methods differ, with the EIS technique
being more pronounced than the PDP technique. The impact of the applied potential
on the inhibitor action could explain the differences in data obtained from EIS and PDP
measurements. The working electrode in EIS measurements was under OCP, while the
working electrode in PDP assessment was polarized, according to Pereira et al. [49].

3.4. Temperature Effect

Temperature is an essential kinetic element that affects the rate of metal corrosion and
inhibitor adsorption on the surface of the electrode. Gravimetric tests were performed at 25,
40, 50, and 60 °C utilizing the optimal concentration (0.5%) of the nanocomposites studied
to evaluate the impact of temperature on the corrosion inhibitive performance of CHT-CuO
nanocomposite containing varied amounts of chitosan. The acquired findings are shown in
Figure 5. Figure 5 shows that in the presence of the nanocomposites, the rate of corrosion of
X60 steel in 5% HCl decreased as compared with the blank solution at 25 °C. However, as
the temperature rises from 40 to 60 °C, corrosion rate values increase both the absence and
presence of nanocomposites, with the maximum corrosion rates noticed at 60 °C (Figure 6a).
This observation, as described by Mobin et al. [50], is probably ascribed to a stepping up
of thermal agitation of the medium’s molecules, as well as an increase in conductivity
and therefore the medium’s corrosive activity. As the temperature was raised from 25
to 40 °C, inhibition efficiency increased, then decreased as the temperature was elevated
to 50 and 60 °C. At 40 °C, the CHT (—CuO nanocomposite had the maximum inhibitory
efficiency of about 72%. A chemisorption mechanism involving inhibitor and the Fe surface
atoms empty low-energy d-orbitals [50] is primarily accountable for the increased IE as
the temperature goes up. On the other hand, the decreased inhibition performance of the
nanocomposites at elevated temperatures could be attributable to the desorption of the
adsorbed inhibitor on the metal’s surface due to increased thermal agitation.
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Figure 5. Plots of (a) corrosion rate and (b) inhibition efficiency for X60 steel in 5% HCI without and
with (A) 0.5% of CHT( 5—CuO, (B) CHT; ¢—CuO and (C) CHT; y—CuO nanocomposites at different
temperatures.

3.5. Effect of KI on CHT-CuO Nanocomposites Performance

The corrosion inhibition efficiency of CHT-CuO nanocomposites has previously been
demonstrated to rise with increasing concentration, with the maximum IE attained at the
optimum CHT-CuO dosage (0.5%) assessed in this study. As a result, the concentration of
3 mM KI was chosen to evaluate corrosion inhibitive effectiveness. The effect of adding
KI on the corrosion inhibitive performance of the nanocomposites was evaluated using
weight loss at 25 and 60 °C and electrochemical methods at 25 °C. Figure 6 depicts PDP
curves for X60 steel in 5% HCl without, 0.5% CHT-CuO nanocomposite with different
amounts of chitosan, 3 mM KI, and the nanocomposites in combination with 3 mM KI
at 25 °C. Presented in Table 3 are the corrosion kinetic parameters derived from the PDP
curves. The addition of KI to the nanocomposites shifts the corrosion potentials to noble
values (Figure 6 and Table 3). From Table 3, the I is noted to decrease from 11.73, 9.75
and 11.80 pA cm™ to 5.16, 3.32 and 4.07 uA cm ™ by adding 3 mM KI to 0.5% CHT-CuO
nanocomposite containing 0.5, 1.0 and 2.0 g chitosan, respectively. This corresponds to
inhibition efficiency increases from 83.98, 86.68 and 83.88% to 92.95, 95.46 and 94.44%,
respectively. The computed values of f; and f. displayed in Table 3 also indicate that in the
presence of KI, the mechanism of inhibition of corrosion by the nanocomposites is by active
site blocking since the values are smaller than 1.

Using EIS technique, the effect of adding KI on the corrosion inhibition performance
of nanocomposites was also examined. In both Nyquist and Bode formats, the impedance
of X60 steel in uninhibited and inhibited 5% HCl containing 0.5% nanocomposite, 3 mM
KI, and nanocomposite in combination with 3 mM KI is shown in Figure 7. A single
capacitive loop characterized the Nyquist curves, corresponding to a one time constant
in the Bode modulus representation, as seen in the presence of nanocomposites having
varying concentrations of chitosan alone. The form of the curves in the Nyquist plots
for the inhibited solutions containing nanocomposites and nanocomposite + KI blends
remained invariable, showing that KI addition to the nanocomposites had no effect on the
corrosion mechanism. The diameter of capacitive loops in the presence of nanocomposites
+ Kl is larger than that of KI and nanocomposites alone (Figure 7), signifying a higher
Rt at the metal—electrolyte interface [51]. Displayed in Table 4 are the electrochemical
parameters that were derived utilizing the equivalent circuit depicted in Figure 4b to fit
the experimental data for the nanocomposites + KI mixtures. Table 4 shows that the Ry is
higher in the presence of nanocomposites alone than in the lack of nanocomposites, and
even higher in the presence of nanocomposites in conjunction with KI. Table 4 shows that
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the IE values rise in the combined nanocomposites + KI inhibited systems compared with
the systems inhibited by nanocomposites alone, following the trend reported for PDP and
LPR tests. Again, with varying amount of chitosan in the nanocomposites, the order of
corrosion prevention performance is observed as follows: CHT; (-—CuO > CHT(5-CuO >

CHTZ,O—CUO.
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Figure 6. Potentiodynamic polarization plots for X60 carbon steel in 5 wt.% HCI solution without
and in the presence of 0.5% (a) CHT( 5—CuO, (b) CHT; ¢—CuO and (c¢) CHT; ;—CuO nanocomposites
and in combination with KI (3 mM) at 25 °C.
Table 4. Impedance parameters obtained during acid corrosion of X60 carbon steel in 5 wt.% HCI
solution without and in the presence of 0.5% CHT-CuO nanocomposite and in combination with KI
(3 mM) at 25 °C.
CPE; CPEq
Conc. Rs R¢ Rt (Rp = R¢ + Rey) Car x2 1E
2 2 2 -2 — o,
pprm) (0 em) (chn?‘f2 s™1) n¢ (0 em?) (uF c;‘ilz g1y  Mal (@ cm?) (Q cm?) (mFem™)  (x107) (%)
Blank 1.81 64.5 1.00 7.15 552.0 0.61 74.8 81.95 4.50 5.43 -
CHT(5-CuO 1.57 175.0 0.94 15.17 105.0 0.93 766.8 781.97 0.15 10.05 89.52
CHTy,0-CuO 1.52 201.0 0.93 11.19 100.0 0.88 838.4 849.59 0.19 9.89 90.35
CHT;,0-CuO 1.55 169.0 0.94 16.90 94.0 0.88 815.7 832.60 0.18 9.59 90.16
3mMKI 1.59 58.0 093 2816 104.0 095 8746 902.76 0.14 1234 90.92
CHTy5-CuO + KI 1.55 614 092 1038 74.6 094  1346.0 1449.80 0.10 1220 9435
CHT1,0-CuO + KI 1.55 67.8 091 88.91 88.6 094 14770 1565.91 0.12 1215 9476
CHT2,-CuO + KI 1.54 63.7 0.92 107.6 68.3 0.95 1329.0 1436.60 0.09 12.42 94.29
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Figure 7. Impedance plots for X60 carbon steel in 5 wt.% HCI solution without and in the presence of
0.5% for (A(a-a)) CHT( 5—CuO, (B(b-b)) CHT; (—CuO and (C(c-c)) CHT; g—CuO nanocomposites and
in combination with 3 mM KI at 25 °C in Nyquist and Bode representations.
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The effect of KI addition on the corrosion inhibitive capacity of the nanocomposites
was evaluated using a gravimetric technique at 25 and 60 °C. The results acquired are
displayed in Table 5. The data in the table reveal that the corrosion rate was diminished
in the inhibited acid containing the nanocomposites in comparison with the uninhibited
solution and further reduction occurs upon addition of KI to the nanocomposites. As
expected, corrosion rates increased with temperature rise from 25 to 60 °C both in the
uninhibited and inhibited acid containing the nanocomposites alone and nanocomposites +
KI mixtures. Also, a corresponding increase in IE was observed with the addition of KI with
a profound effect noticed at 60 °C. For instance, at 60 °C the IE of CHT-CuO nanocomposite
containing 0.5, 1.0 and 2.0 g chitosan is 28.50, 46.99 and 39.42%, respectively, and, with
addition of 3 mM KI to the nanocomposites, the IE surged to 72.49, 74.76 and 71.71%,
respectively. It is visible from the table that IE declined with increase in temperature for
the nanocomposites alone. Interestingly, addition of KI to the nanocomposites caused an
increase in IE as the temperature was raised from 25 to 60 °C. As an example, at 25 °C
the IE upon addition of KI to the nanocomposites containing 0.5, 1.0 and 2.0 g of chitosan
is 68.00, 72.80 and 62.40%, respectively, and at 60 °C the IE increases to 72.49, 74.76 and
71.71%, respectively. This suggests that the KI addition alters the inhibition mechanism
from physisorption to chemisorption.

Table 5. Calculated values of corrosion rate and inhibition efficiency for X60 steel in 5% HCI without
and with 0.5% CHT-CuO nanocomposite and in combination with KI (3 mM) at 25 and 60 °C.

System/Concentration Corrosion Rate (mm/yr) Inhibition Efficiency (%)

25°C 60 °C 25°C 60 °C

Blank 0.44 4.02 - -
CHT(5-CuO 0.24 2.86 44.80 28.50
CHT; o-CuO 0.19 2.13 57.60 46.99
CHT3,-CuO 0.21 2.43 51.20 39.42
3mMKI 0.19 1.41 56.80 65.01
CHT(5-CuO + KI 0.14 1.11 68.00 72.49
CHT 9-CuO + KI 0.12 1.01 72.80 74.76
CHT;-CuO +KI 0.16 1.14 62.40 71.71

Many parameters, including inhibitor dosage, immersion duration, temperature,
corrosive environment, and the state of the metal’s surface, are identified as influencing the
corrosion inhibition performance of corrosion inhibitors. The findings of this study reveal
that immersion duration and temperature are important factors influencing the inhibitive
properties of the nanocomposites when used in combination with KI. In the electrochemical
tests, the samples were submerged for a short duration (60 min) and at 25 °C. The duration
is short and corrosion rates obtained are instantaneous values. On the other hand, the
weight loss measurements samples were immersed for 24 h and the values of corrosion
rates obtained from such prolonged exposure are average values. Also, it is seen that IE
of the nanocomposites in combination with KI increased with an increase in temperature.
The two parameters established to influence the IE of the nanocomposites + KI mixes are
increased immersion duration and temperature.

The synergistic parameter (51) was computed based on the degree of surface coverage
() utilizing the formula given in Equation (7); first used by Aramaki and Hackerman [52]
and afterwards by various investigators [50,51,53] to assess the kind of effect existing
between CHT-CuO nanocomposites and KI utilized as inhibitors for X60 steel in 5%
hydrochloric acid as corrodent:

5 = 1—6112 (®)

1 _6£+2

where 01, = (01 + 62) — (6162), 01 stands for the surface coverage of CHT-CuO, 6, stands
for the surface coverage of KI and 9/1+2 stands for the overall surface coverage of CHT-CuO
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+ KI. 51 greater than 1 show that the selected inhibitors” combination has a synergistic
impact, whilst Sy less than 1 indicates and antagonistic effect and S; equal to 1 indicates a
lack of interaction between the two additives. Table 6 presents the determined synergistic
parameter values using various experimental approaches and reveals that, while the KI
addition improves the corrosion inhibition efficacy of the nanocomposites, its effect is not
synergistic, as the values of S; from all the experimental techniques (PDP, LPR, EIS, and
weight loss) are less than unity. The values are greater for weight loss method particularly
at 60 °C in comparison with other experimental methods. Temperature and immersion
time have a significant impact on the effect of adding KI to CHT-CuO nanocomposite. The
prolonged immersion duration in the weight loss measurements assure that the inhibitors’
molecules adsorb more effectively on the metal surface, resulting in a larger surface area
covered and hence greater IE.

Table 6. Synergism Parameter (S;) for CHT-CuO nanocomposite containing varying amount of
chitosan from EIS, LPR and PDP measurements at 25 °C and Weight loss (WL) measurements at
25 °Cand 60 °C.

System Synergism Parameter (S1)
PDP LPR EIS WL 25°C WL 60 °C
CHT5—CuO 0.59 0.50 0.17 0.74 0.89
CHT; (—CuO 0.68 0.54 0.20 0.67 0.74
CHT;,,—CuO 0.69 0.58 0.17 0.66 0.75

The co-adsorption of the two additives, which can be competitive or cooperative,
is commonly linked to synergistic corrosion inhibition behaviour between mixture for-
mulations [54]. Competitive adsorption occurs when the anion and cation are adsorbed
at different sites on the metal surface, whereas co-operative adsorption occurs when the
anion is chemisorbed first, and the cation is adsorbed on the anion’s layer. Simultaneous
competitive and cooperative adsorption may occur in some instances [55]. The mechanism
of non-synergistic behaviour seen in this study between the nanocomposites and KI is
unknown, and a more detailed investigation may be required to fully understand this
phenomenon. The CuO nanoparticles having high surface area to volume ratio is expected
to be chemisorbed and decrease the hydrophilicity of the metal surface [54], with the
consequence of promoting the adsorption of the nanocomposites. However, KI presence
may hinder the chemisorption of CuO and increase the hydrophilicity of the metal due to
competitive adsorption of the CuO nanoparticles and KI on the metal surface. This results
in the incremental adsorption of the nanocomposites, hence the antagonistic behaviour of
KI addition.

3.6. Surface Assessments

Figure 8a—f show the surface morphology of X60 carbon steel specimens in the follow-
ing states: (a) abraded condition, (b) in uninhibited acid solution (5% HCl), (c) inhibited
acid solution containing 0.5% CHTj 5—CuO nanocomposite, (d) in acid solution containing
0.5% CHT; ¢—CuO nanocomposite, (e) in acid solution containing 0.5% CHTy5—CuO +
3 mM KI and (f) in acid solution containing 0.5% CHT; ¢—CuO + 3 mM KI. The X60 carbon
steel surface appeared very smooth in the polished state (Figure 8a). However, the surface
changed dramatically when exposed to the corrodent (Figure 8b). As a consequence of the
acid’s intense attack, the surface seems rough. The acid attack appears to be rather uniform
with no evidence of localized corrosion. The surfaces in Figure 8c—f show a reasonably
smooth surface with evidence of adsorbate on the surface in comparison with Figure 8b.
The additives diminished the active surface area of the steel exposed to the corrodent due
to it being adsorbed on the metal surface.
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Figure 8. SEM micrographs of (a) polished X60 carbon steel, (b) X60 steel immersed in 5% HCl solu-
tion, (c) X60 steel immersed in 5% HCl solution in the presence of 0.5% CHTj 5—CuO nanocomposite,
(d) X60 steel immersed in 5% HCI solution in the presence of 0.5% CHTj (—~CuO nanocomposite,
(e) X60 steel immersed in 5% HCI solution in the presence of 0.5% CHTj5-CuO nanocomposite
+ 3 mM KI and (f) X60 steel immersed in 5% HCI solution in the presence of 0.5% CHT; (—CuO
nanocomposite + 3 mM KI at 25 “o. for 24 h.

EDS composition analysis revealed the formation of a protective film and the presence
of organic compounds on the X60 carbon steel surface. The EDS spectra of the X60 steel
immersed in uninhibited 5% HCI corrodent and inhibited acid containing 0.5% CHT; o—
CuO nanocomposite for 24 h are shown in Figure 9. The distinctive peaks of Fe, C, and
other elements that make up low carbon steel can be seen in the EDS spectrum for the
abraded sample (Figure 9a). In comparison with the abraded specimen, the EDS spectra
of the sample immersed in uninhibited 5% HCI corrodent demonstrated a decrease in
the atomic percentage of the elements, specifically Fe. The breakdown of the Fe due to
corrosion attack by the acid is the root cause. Furthermore, the EDS spectra revealed extra
signal due to O and Cl atoms. The corrosive medium is the source of the Cl atom, and the
O emanates from the oxide layer formed by the corrosion of X60 carbon steel. The EDS
spectra in the presence of CHT; g—CuO nanocomposite and CHT; g—CuO nanocomposite
+ 3 mM KI demonstrates that the atomic percentage of Fe was enhanced in comparison
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with the uninhibited corrodent. There is also an extra element of Cu, which comes from
the nanocomposite’s adsorption. This shows that the nanocomposite was adsorbed on the
metal surface to form a protective film that hinders Fe from further dissolution.
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Figure 9. EDS spectrum of (a) abraded X60 carbon steel, (b) X60 steel immersed in 5% HCl solution
(c), X60 steel immersed in 5% HCl solution in the presence of 0.5% CHT; ;—~CuO nanocomposite,
and (d) X60 steel immersed in 5% HCl solution in the presence of 0.5% CHT g—CuO nanocomposite
+3 mM KI at 25 °C for 24 h.

A 3D optical profilometer was used to assess the surface roughness of the exposed area
of steel specimens immersed in the uninhibited and inhibited solution containing the addi-
tives (CHT-CuO nanocomposite and CHT-CuO nanocomposite + KI). Figure 10 depicts
the 3D profilometer images revealing the surface texture and profile of the exposed areas.
Figure 10b shows that the specimens submerged in the uninhibited corrodent suffered sig-
nificantly more surface damage than the abraded specimen (Figure 10a). In comparison to
the blank (Figure 10b), the specimens immersed in the inhibited acid containing CHT-CuO
nanocomposite and CHT-CuO nanocomposite + KI (Figure 10c—f) showed substantially
less surface damage. Displayed in Table 7 are the mean roughness parameters for the
arithmetic mean (Rp ), root-mean-square (Rryms), and maximum peak-to-minimum valley
(R) values, also known as surface roughness parameters, which are employed to quantify
surface deterioration. Higher surface roughness values indicate more corrosion-related
surface degradation. At 25 °C, the specimens immersed in the uninhibited corrodent had
Ra, Rrms, and Rt values that were roughly five times greater than the polished coupon.
The arithmetic mean (Ry) of CHT-CuO and CHT-CuO nanocomposite + KI drops from
0.384 um (R of uninhibited corrodent at 25 °C) to 0.128 and 0.124 pm for CHT; 5-CuO and
CHT; p—CuO nanocomposites, respectively, and to 0.116 and 0.104 um for the correspond-
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ing nanocomposites in combination with KI. Other surface roughness parameters were also
lowered. In comparison with the CHT-CuO nanocomposite, the CHT-CuO nanocomposite
+ KI can be judged to be more protective and show greater corrosion inhibitive performance
based on Ry, which is a frequently utilized measure for surface roughness determination.
This finding is consistent with the gravimetric and electrochemical measurements, indicat-
ing that the X60 steel corrosion resistance has improved in the inhibited acid containing
CHT-CuO nanocomposite + KI.

N %

Figure 10. Surface profilometer images of (a) polished X60 carbon steel, (b) X60 steel immersed in
5% HCI solution, (c) X60 steel immersed in 5% HCI solution in the presence of 0.5% CHT(5-CuO
nanocomposite, (d) X60 steel immersed in 5% HCI solution in the presence of 0.5% CHT; (—CuO
nanocomposite. (e) X60 steel immersed in 5% HCI solution in the presence of 0.5% CHT(5-CuO
nanocomposite + 3 mM KI and (f) X60 steel immersed in 5% HCI solution in the presence of 0.5%
CHT{ y—CuO nanocomposite + 3 mM Kl at 25 °C for 24 h.

Table 7. Surface parameters derived from profilometer surface analysis of the corroded X60 carbon
steel immersed in 5% HCl without and with 0.5% CHT \—CuO nanocomposite and in combination
with KI (3 mM) at 25 °C.

Systems/Concentration

Surface Roughness

Ra (pm) Rrms (um) Ry (um)
Polished X60 carbon steel 0.071 0.110 1.558
X60 steel in blank at 25 °C 0.384 0.680 9.895
X60 steel inhibited with CHT( 5-CuO 0.128 0.167 3.918
X60 steel inhibited with CHT; (-CuO 0.124 0.161 3.761
X60 steel inhibited with CHT 5-CuO + KI 0.116 0.156 6.638

X60 steel inhibited with CHT; (-CuO + KI 0.104 0.137 4.288
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4. Conclusions

The corrosion inhibition performance of OLE-mediated synthesis of CHT-CuO
nanocomposite containing different amounts of chitosan (0.5, 1.0 and 2.0 g) on X60 carbon
steel in 5% HCl acid corrodent was assessed employing weight loss and electrochemical
techniques. The effect of temperature and KI addition (3 mM) on the corrosion inhibition
efficacy of the nanocomposites was also examined. The conclusions that can be drawn
based on the findings of these studies are as follows.

(@) The OLE-mediated CHT-CuO nanocomposites act as an effective corrosion inhibitor
for X60 carbon steel in 5% HCI solution. IE increases with increase in concentration of
the nanocomposite. The order of corrosion protection performance is found to follow
the order CHT; g—CuO (90.35%) > CHT(5-CuO (90.16%) > CHT7,,—CuO (89.52%)
nanocomposite from impedance measurements.

(b) Increase in IE of the nanocomposites was observed with temperature rise from 25 to
40 °C. Thereafter, further increase in temperature to 50 and 60 °C causes a decrease
in IE.

(c) Addition of KI to the nanocomposites resulted in improved corrosion inhibition
performance which could not be ascribed to synergistic effect. The non-synergistic
inhibition effect was confirmed from the calculated synergism parameter which
was found to be less than unity with values of 0.89, 0.74 and 0.75 for CHT; 5—CuO,
CHT1 p—CuO and CHT; ¢—CuO nanocomposites respectively at 60 °C.

(d) Also, the addition of KI induced a change in corrosion inhibition mechanism from
physisorption to chemisorption based on the increase in IE from 68.0, 72.8 and 62.4% at
25°Cto072.5,74.7 and 71.7% at 60 °C for CHT; 5-CuO, CHT; j—CuO and CHT; (—-CuO
nanocomposites respectively.

(e) The potentiodynamic polarization results suggest that the nanocomposites alone and
in combination with KI inhibited the corrosion of X60 carbon steel by active site
blocking mechanism.

(f)  The results from all the experimental techniques viz weight loss, EIS, LPR and PDP
are in good agreement.

(g) Surface assessments of the corroded X60 carbon steel specimens in the blank corrodent,
in the corrodent containing nanocomposites alone, and in the corrodent with KI
addition, were undertaken using a 3D optical profilometer. These assessments confirm
the additives’ corrosion inhibitive effect based on the reduction in surface roughness
parameters in the additive’s presence in comparison to the blank.

(h) As a future perspective, we propose the evaluation of the prepared nanocomposites
as sweet (CO,) and sour (H,S) corrosion inhibitors as well as biocides for microbial
influenced corrosion (MIC) mitigation.
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