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Abstract

In this study, the extraction yield of carrageenan from the algae Chondracanthus Chamissoi and
its efficiency as an ecological corrosion inhibitor for P22 steel in 1 M HCI at 65°C were
evaluated. The extraction of carrageenan from the algae Chondracanthus chamissoi was carried
out in cold water at 25°C (CC) and hot water at 80°C (HC), with different degreasing stages
prior to the extraction (0, 1 and 2 stages). The codes of the six samples of carrageenan obtained
were selected in terms of the production temperature and degreasing stages as: CC-0, CC-1,
CC-2, HC-0, HC-1 and HC-2. All the carrageenan samples were characterized using: Fourier
transform infrared spectroscopy, X-ray diffraction, scanning electron microscopy and energy
dispersive spectrum. The CC shows crystallinity and is mainly composed of k-carrageenan in
the presence of KCI, NaCl and KsNa(SOa4)2; while the degreasing stages reduce the content of
KCI and NaCl. The HC presents an amorphous structure composed of «/i carrageenans. The
highest carrageenan extraction yielded in cold water was 21.43%, without the degreasing stage
(CC-0); while, the highest carrageenan extraction yielded in hot water was 28.96% with
2 degreasing stages (HC-2). The inhibition performance was investigated using gravimetric
analysis, potentiodynamic polarization, linear polarization resistance, electrochemical
impedance spectroscopy and electrochemical frequency modulation. The experimental results
demonstrated that all six carrageenan inhibitors act as good corrosion inhibitors for P22 steel in
1 M HCI at 65°C. However, the CC-0 presented the maximum corrosion inhibition efficiency
(IEc) of 85.53% (EIS technique). In the HC, the degrease does not significantly affect I1Ec, allows
to obtain 82.56% without degrease (EIS technique). Based on the results obtained, the extraction
CC-0 and HC-0 in the same extraction process, allows to obtain a semi-refined, economical
carrageenan, with a total carrageenan yield of 45.91%, and with a high IEc.


mailto:nzavaleta@unitru.edu.pe
https://orcid.org/0000-0002-9459-5986
https://orcid.org/0000-0002-5688-6731
https://orcid.org/0000-0002-0989-9249
https://orcid.org/0000-0002-4666-2195
https://orcid.org/0000-0001-5138-0347

Int. J. Corros. Scale Inhib., 2022, 11, no. 3, 1001-1025 1002

Received: June 12, 2022. Published: July 23, 2022 doi: 10.17675/2305-6894-2022-11-3-7

Keywords: ecological corrosion inhibitor, carrageenan, Chondracanthus chamissoi.

1. Introduction

Corrosion is a spontaneous process that is generated through the chemical or electrochemical
interaction of metallic materials with their environment, transforming them into their most
stable forms such as oxides, sulfides, sulfates, etc. Economic losses as a consequence of
corrosion range between 2.4 and 4.5% of the GNP (Gross National Product) of industrialized
countries such as the USA, China, India, etc. [1]. Low alloy Cr—Mo steels are widely used
in tubular components in thermoelectric and petrochemical plants, due to their good
resistance to creep. During the operation of these plants, there is a progressive growth of
corrosion products inside the tubes, that often have to be cleaned for normal operation.
Chemical cleaning, especially with HCI, is the most used technique in these tubular
components [2]. However, HCI is very corrosive so it must be used with additions of
corrosion inhibitor (Cl) to avoid the corrosive attack of the acid on the steel. The corrosion
inhibitors (Cls) are considered to function by adsorption on the surface of steel, resulting in
a protective layer on the surface [3, 4]. The adsorption is achieved by chemical interactions
between the unshared electrons of the S, O, P and N atoms, present in the CI, with the empty
iron orbitals on the surface of the steel [5, 6]. Various inorganic and synthetic organic
compounds are used commercially as CI [7]. These inhibitors are effective, but also
expensive and toxic in nature. The demand for low-cost, non-toxic and biodegradable
corrosion inhibitors has shifted the focus of some researchers towards natural plant extracts,
also known as “green corrosion inhibitors” [8, 9].

In the last decade there have been many studies on the use of natural gums as eco-
friendly Cls for metals and alloys. Almond gum (AG) was evaluated as a green corrosion
inhibitor in 1 M HCI on mild steel (MS), using the gravimetric technique in the temperature
range of 30 to 60°C [10]. It was reported that its IE. increased with increasing concentration
and temperature, giving an IEc of 96.37% at 60°C with a dosage of 300 ppm of AG. The
adsorption of AG on MS followed Langmuir adsorption isotherm [10]. Locust bean gum
(LBG) was found to be a good CI of Q235 steel in 0.5M H>SO4. The results of
potentiodynamic polarization test showed that, when the concentration of LBG is 5 mM at
25°C, the IE¢ is 89.8%. The adsorption of LBG on Q235 steel was consistent with Langmuir
adsorption isotherm [11]. Shamsheera et al. investigated the anticorrosive effect of guar gum
(GG) on MS in 0.5 N HCI by weight loss and electrochemical methods in the range of 30 to
50°C. The maximum IE of 92.74% at 25°C was obtained with 800 ppm of GG (EIS
technique). Adsorption studies revealed that GG adsorbed on the MS surface in accordance
with Langmuir adsorption isotherm [12]. Mobin et al. [13], reported that Boswellia serrata
gum (BSG) exhibits an 1E¢ of 95.49% on MS in 1 M HCI at 30°C at 500 ppm concentration
using potentiodynamic polarization technique. The process of adsorption of BSG
constituents on MS followed Langmuir adsorption isotherm and the thermodynamic and
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activation parameters determined that the BSG constituents interact with the surface of MS
via a mechanism of physisorption and chemisorption [13]. In another study conducted by
Mobin et al. [14], they tested tragacanth gum as a Cl on MS in 1 M HCI, using weight loss,
electrochemical impedance and potentiodynamic polarization techniques, in the temperature
range from 30°C to 60°C. The gum was reported to have an IE. 0of 96.3% for a concentration
of 500 ppm at 60°C. The IE: increases with gum concentration and temperature. The
adsorption mechanism was of the physisorption type [14]. Biswas et al. [15], studied xanthan
gum (XG) as a Cl on MS in 15% HCI using gravimetric technique. The experimental results
show an IE: of 90.8% for a concentration of 500 ppm at 25°C [15]. However, studies
conducted by Mobin and Rizvi [16], with the XG on MS in 1 M HCI, reported only a
maximum IE; of 74.24% at 30°C at a comparatively higher concentration of 1000 ppm. In
both cases the XG was purchased in pure form, but from different manufacturers. The
anticorrosive properties of gum arabic for steel and aluminum in 2 M H>SO4, were
determined by weight loss and thermometric techniques, in the temperature range from 30°C
to 60°C [17]. With a dosage of 500 ppm of gum arabic, an IE. of 79.69% was observed at
30°C for aluminum; while for steel the IEc was 37.88% at 60°C. The adsorption of gum
arabic on steel and aluminum obeyed the Temkin adsorption isotherm and chemical
adsorption for steel and physical adsorption for aluminum were reported [17]. These gums
are natural polymers made up of polysaccharides enriched with O and N atoms that serve as
adsorption sites, forming a film that isolates the metal surface from the corrosive
environment. Efforts are ongoing to increase information on environmentally friendly
polymeric corrosion inhibitors.

Chondracanthus chamissoi is a red benthic marine alga that is distributed from Paita,
Peru to Ancud, Chile. This alga contains two types of carrageenan, k-carrageenan and
1-carrageenan, which are extracted through different processes [18]. Carrageenans are
sulfated polysaccharide that contains many electron — rich heteroatoms (O and S) and
hydroxyl functional groups. This composition shows the potential of this molecule as an
efficient inhibitor in aggressive acidic media. In addition, carrageenan is easily obtained with
inexpensive processes and with excellent yield. These properties indicate the economic
potential of carrageenan in industry for its use as a corrosion inhibitor to protect metals from
acid corrosion. P22 is a low-alloy steel, standardized 2.25% Cr—1% Mo and widely used as
a tubular component in conventional thermoelectric plants. [19]. The present study shows
the form of extraction and the anticorrosive property of the carrageenan obtained from
Chondracanthus chamissoi for use on P22 steel in 1 M HCI at 65°C. The relevance of this
study was to obtain an inexpensive semi-refined carrageenan with high extraction yield and
high corrosion inhibition efficiency. For this purpose, only the degreasing stage of the algae
prior to the extraction of the carrageenans at 25°C and 80°C is considered. The carrageenans
obtained were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD) and scanning electron microscopy — Energy Dispersive Spectroscopy
(SEM-EDS). The inhibition properties of carrageenans were evaluated, using five
techniques: gravimetric (Weight loss, WL), potentiodynamic polarization (PDP), linear
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polarization resistance (LPR), electrochemical impedance spectroscopy (EIS) and
electrochemical frequency modulation (EFM).

2. Materials and Methods

2.1. Materials

The Chondracanthus chamissoi algae was collected in the coastal area of the city of Truijillo,
Peru. The corrosion tests were carried out with working electrodes manufactured from a
seamless tube of P22 steel used in the pipelines of conventional thermoelectric plants. The
composition of the P22 steel in % weight was 0.115% C; 0.46% Mn; 0.23% Si; 0.005% S;
0.009% P; 1.96% Cr; 0.85% Mo, and Fe balance, obtained by the optical emission
spectrometry (OES) method.

2.2. Extraction of carrageenan

Carrageenans were obtained from the alga Chondracanthus chamissoi by the method
proposed by Yu et al. [20], with certain modifications to obtain a low-cost carrageenan for
use as a corrosion inhibitor. The algae were washed and dried in the environment for 15 days.
Subsequently the algae were degreased with 96% ethanol for 3 h at 80°C, in several stages.
In this part of the study, the effect of degreasing was evaluated and up to two degreasing
stages were considered. With the algae without and with the degreasing process, the first
extraction was carried out, in double distilled water at 25+2°C in two stages of 3 h each one.
The solution containing the carrageenan from this stage was obtained by vacuum filtration,
subsequently evaporated in an oven at 100°C and the cold carrageenan (CC) obtained was
pulverized. With the residue from the cold extraction, the extraction was carried out hot
condition, in double distilled water at 80+2°C, in two stages of 3 h each them. The procedure
was similar to that carried out with CC, that is, the solution containing carrageenan was
filtered, evaporated in an oven at 100°C, pulverized and named as hot carrageenan (HC). As
the process was continuous, CC and HC were obtained without degreasing (CC-0, HC-0),
CC and HC with 1 degreasing process (CC-1, HC-1), and CC and HC with 2 degreasing
process (CC-2, HC-2). The extraction procedure is shown in detail in Figure 1.

2.3. Characterization of carrageenans

All carrageenans were characterized by FTIR (Thermo Scientific Nicolet iS50), XRD
(Bruker D8 Advance Eco) and SEM-EDS (Tescan Vega 3 LMU).

2.4. Gravimetric analysis

Thin sheet samples of P22 steel with exposed area between 14 to 15 cm? were used. The
samples were polished to 1000 grit, washed in distilled water, acetone and dried with warm
air. The area was calculated and the weight of each sample was recorded using an analytical
balance (+0.1 mg). Subsequently, the samples were immersed in 350 ml of the 1 M HCI
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solution with 1.5 g-L! carrageenan (concentration determined in preliminary tests) for 3 h
at 65°C. After exposure, the samples were rinsed with water and cleaned with a bristle brush;
followed by a rinse with distilled water and acetone. The samples were dried in warm air
and the weight was recorded. All tests were carried out in at least by triplicate. To calculate
the corrosion rate (VQ{,‘#), In mm/year, equation (1) was used, which corresponds to uniform

corrosion.
wi| MM | g o g0 MM, |11
Vo {year} 8.76 10{ A }L}} (1)

where, m; and m; are the masses (g) of the steel sample before and after immersion in the
test solution, respectively; A is the exposed area of the sample (cm?); t is the immersion time
(h); and p is the density of the steel (7.86 g-cm3). The percentage of inhibition efficiencies
(%IEwL) was calculated using the equation (2):

VWL -V WL

%IEWL — corr,i)/ V\/Lcorr,inh 100 (2)

corr,0

where, VY- and VW= are the VY- of steel in the absence and presence of carrageenan,

corr,0 corr,inh

respectively.
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l

Degreasing (0.75 L. 96% EtOH, 80 °C, 3h)

Extracted with water and filtrated
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Figure 1. Chart of carrageenan extraction from the alga Chondracanthus chamissoi.

2.5. Electrochemical analysis

To perform the electrochemical test, a standard three-electrode cell was employed with a
cylindrical P22 steel working electrode (3 to 3.5cm?), a saturated calomel reference
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electrode and a graphite rod as counter electrode. The 1 M HCI solution was prepared by
dissolving the 36% HCI with double distilled water, to which 1.5 g-L™* of carrageenan was
added. All tests were performed at least by triplicate using a Gamry Reference 3000
potentiostat. Prior to the tests, the working electrode was kept for 30 min in the acid solutions
before the start of the measurements to achieve a quasi-stationary open circuit potential
(Eocp). The potentiodynamic polarization (PDP) curves were obtained in the range of
+250 mV vs. Eoce, at a scanning rate of 0.5 mV-s 1. Using the Tafel method, the corrosion
current density (ifo?fg and the anodic and cathodic Tafel slopes (Ba and Bc) of each test were
obtained from the PDP curves. The inhibition efficiency (%IlEppp) of carrageenan was
calculated from equation (3):
iPDP _ :PDP

i .
%IEPDP — corr,0 corr,inh 100 (3)

:PDP
corr,0

where, i>" and il are the corrosion current densities without and in the presence of
carrageenan, respectively. The linear polarization resistance (LPR) experiments were carried
out in the range of £20 mV vs. Eocp, at a scanning rate of 0.1 mV/s, and the value of R, was
obtained from the slope of the curve E vs. i, in the vicinity of the Eocp, using a Gamry’s
DC105 software. The inhibition efficiency (%IELrr) of carrageenan was calculated from

equation (4):

%IE, on =@-100 (4)
p,inh

where, Rpoand Rp,inn are the polarization resistance values in the absence and presence of
carrageenan, respectively. The electrochemical frequency modulation (EFM) measurements
were performed applying a potential perturbation signal with an amplitude of 10 mV with
two sine waves of 2 and 5 Hz. With the intermodulation spectra and using the EFM
140 software, the corrosion current density (iCEOF”M), the Tafel slopes (Bc and Ba) and the
causality factors (CF2 and CF3) [21] were obtained. The inhibition efficiency (%IEgrm) of
carragenan was calculated according to equation (5):

jEFM _{EFM
0 _ corr,0  “corrjinh

corr,0

where, i 6 and ig i, are the values of iz in the absence and presence of carrageenan,
respectively. Electrochemical impedance spectroscopy (EIS) tests were carried out using an
AC signals of amplitude 10 mV with respect to Eoce in the frequency range 10 kHz to
0.10 Hz. Using Gamry’s EIS3000 software, the impedance data obtained was fitted to a

modified Randles circuit with a constant phase element, obtaining the solution resistance
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(Rs), charge transfer resistance (Rct) and the capacitance of the electrical double layer (Cai).
The inhibition efficiency (%IEes) of carrageenan was calculated according to equation (6):

R... —R
%IEL, =—=_9.100 (6)
Rct,inh
where, Reto and Retinn are the charge transfer resistances without and in the presence of
carrageenan, respectively.

3. Results and Discussion

3.1. Carrageenan obtained at 25°C with different degrease stages
3.1.1. Cold carrageenan yield

The extraction yield (EY) of the carrageenan, is the percentage of the weight of the
carrageenan obtained with respect to the weight of the dried Chondracanthus chamissoi
algae. Table 1 shows the statistical results of the analysis of variance (ANOVA) and the
results of Dunnett’s multiple comparison test of the cold carrageenan extraction yield (EYcc),
obtained as a function of the degreasing stages applied in the extraction tests. As observed,
the 95% confidence interval (Clgsy) for each mean EYcc as a function of the degrease stages
do not overlap, which indicates that they are significantly different. Likewise, Dunnett’s
method generates Closy for the differences between the yield means obtained with the
degreasing stages (1 and 2) and the yield mean without degrease (control group, 0). These
Clgsy determine two significant aspects, first they do not contain zero, which indicates a
significant difference between the yield obtained by applying 1 and 2 degreasing stages;
second, the Clgsy contains only negative numbers; inferring that degrease generates a lower
EYcc. The p-values of the t-Student test are less than 0.05, establishing a statistically
significant difference between the means of the EYcc without and with degrease stages, with
a confidence level of 97.31%.

Table 1. Statistical results of the ANOVA and Dunnett’s multiple comparison tests for the extraction yield
of CC with different degreasing stages.

Degreasing stages N Mean Std Deviation Closoe
0 12 21.434 0.792 (20.986-21.882)
1 9 19.704 0.790 (19.187-20.222)
2 10 17.691 0.681 (17.200-18.182)
_ Level _Mean Stq Error of Clesos t-value p-value
difference difference difference
1-0 -1.730 0.334 (-2.510; —0.949) -5.18 0.000

2-0 -3.743 0.324 (—4.501; —2.985) -11.54 0.000
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3.1.2. Cold carrageenan characterization

The X-ray diffraction pattern of the CC, obtained with different degreasing stages are shown
in Figure 2. The characteristic peaks in the diffraction pattern correspond to KCI, NaCl and
K3Na(SOa4)2. In the CC obtained without degrease, the content KCI and NaCl is higher;
while, in the CC obtained with one and two degreasing, KsNa(SO4). predominates. During
degreasing, a large part of the KCI and NaCl are removed, which probably influenced the
lower EY of the CC obtained with degrease, see Table 1.

] v
0964 V K;Na(SO,), Cold carrageenan (CC)
1 % KCl No degrease
—~ 08097 QNacl —— 1 degrease
= ] — 2 degrease
< g
— 0.64 -
> ]
'z 048
8 4
S 0324
0.16
0.00 =
10 15 20 25 30 35 40 45 50 55 60 65 70
20
Figure 2. X-ray diffraction pattern of carrageenans obtained at 25°C with different degreasing
stage.

Figure 3 shows the SEM image of the CC without degreasing together with the EDS
spectra corresponding to the total mapping of the CC analyzed. Semi-quantitative analysis
confirmed the presence of Cl, K, Na, S and O; which are the main elements in the phases
identified by XRD. The spot EDS spectra carried out on the CC sample showed semi-
quantitative compositions very similar to those carry out on the total sample. The presence
of Mg and P were in smaller quantities.

Figure 4 shows the FTIR spectrums obtained from the CC with different degreasing
stages. A broad band is observed at 1230 cm™ that is characteristic of the S=0O bonds of the
sulfate esters of the carrageenans [22]. The bands at 1072 cm™ and 930 cm™, both
correspond to the C-O bond of 3,6-anhydrogalactose [22]. The region around
800850 cm™ was used to identify the position of the sulfate group in carrageenan. The
broad bands at 845 and 805 cm suggested the presence of C—O—SO. bonds on C4 of
galactose and of C—O-S0O4 bonds on C> of 3,6-anhydrogalactose, respectively [22, 23].
Therefore, the structural character of CC is a mixture of k-carrageenan, with a low content
of 1-carrageenan [22, 23]. The characteristic bands at 614 cm™, 1100 cm™ and 1191 cm
correspond to KsNa(SOa)2 [24]; which, as can be seen, the peaks are greater with the
degreasing applied, probably due to its greater presence of this phase in carrageenan.
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Spectrum: Carragenina frio

Element Series unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.%] [wt.%]
Sodium K-series 4.74 5.72 5.95 0.35
Magnesium K-series 0.69 0.83 0.82 0.07
Potassium K-series 18.69 22.53 13.79 0.60
Phosphorus K-series 0.79 0.95 0.73 0.06
4 Oxygen K-series 31.23 37.65 56.31 4.18
» 2
s o iy Sulfur K-series 6.72 8.10 6.05 0.28
| SEMHV:300kv | wo:tsoomm | 1|1y (] VEGASTESCAN Deepe P P 0.72
View field: 208 ym Det: SE 50 ym

SEM MAG: 1.00 kx _ Date(midly): 01/15/18 LABINM Total: 82.94 100.00 100.00

Figure 3. SEM image and total EDS spectrum of carrageenan obtained at 25°C without
degrease (CC-0).
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Figure 4. FTIR spectrums of carrageenan obtained 25°C with different degreasing stages.

3.1.3. Corrosion inhibition efficiency of cold carrageenan

The CC with different degreasing stages were evaluated for their corrosion inhibiting effect
on P22 steel in 1 M HCl at 65°C, using five techniques: gravimetric (WL), potentiodynamic
polarization (PDP), linear polarization resistance (LPR), electrochemical frequency
modulation (EFM) and electrochemical impedance spectroscopy (EIS).

Gravimetric measurements

In these tests, the mass loss of the metal of known area, exposed to the corrosive medium
for a predetermined period of time, is measured. Table 2 shows the corrosion rate (VQ{}#) of
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P22 steel in 1 M HCI at 65°C, without and with 1.5 g-L of CC obtained with different
degreasing stages, after 3 hours of immersion. It is evident that the three types of CC have a
good inhibition efficiency (%IEw.). The presence of oxygen and sulfur heteroatoms in
carrageenan can be responsible for the adsorption of the inhibitor on the steel surface.
However, CC-0 presented better inhibition efficiency than CC-1 and CC-2, which was
confirmed by the Clgsy of the inhibition efficiency means (IEw.) of the three HC, obtained
with the ANOVA, Table 2. This can be attributed to the enhanced adsorption of carrageenan
in the presence of KCI and NaCl because of the synergistic effect of chloride ions. Several
works have reported the synergistic effect between halide ions and Cls, due to the fact that
the halide anion enhances the corrosion inhibition mechanism carried out by an organic
compound [25].

Table 2. Weight loss results of P22 steel in 1 M HCI at 65°C, in the absence and presence of 1.5 g-L ! of
CC with different degreasing stages.

Inhibitor V't (mm-year?) %IEwL Clos
Blank 26.97+0.43 Blank Blank
CC-0 3.20+0.13 88.15+0.49 (87.61; 88.69)
ccC-1 3.56+0.10 86.79+0.37 (86.25; 87.33)
CC-2 3.63+0.06 86.55+0.24 (86.01; 87.09)

Potentiodynamic polarization measurements

PDP measurements were used to distinguish the effects of different carrageenan inhibitors
(CC-0, CC-1 and CC-2), on the anodic and cathodic corrosion reactions. Figure 5 shows
PDP curves for P22 steel in 1.0 M HCI at 65°C, in the absence and presence of CC at the
concentration of 1.5 g-L™1. The PDP parameters of the test performed are shown in Table 3.
It is clear that the addition of carrageenan molecules into the acid media promotes the
remarkable lowering in both anodic and cathodic current densities over the entire potential
range, which should be owing to the formation of protective films of inhibitors on steel
surface. According to Table 3, the three CC show good IEppe for P22 steel in 1 M HCI at
65°C; with 1.5 g-L™t of CC-0, the it value decreased drastically from 2.058 mA-cm= to
0.182 mA-cm~2, with an inhibition efficiency to about 91%. This clearly shows that CC-0 is
a high-efficiency corrosion inhibitor for P22 steel at 65°C, which was statistically confirmed
in the ANOVA analysis.

The change of the values of Ecorr exceeding 85 mV is usually considered to correspond
to a cathodic type or otherwise an anodic type corrosion inhibitor. The maximum change of
Ecorr Was about 14 mV, showing that all CC inhibitors tested are in the category of the mixed
type inhibitors. In addition, the values of Ecorr in the presence of the CC were shifted toward
a more positive direction. The results suggest that carrageenan is preferentially adsorbed on
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the anodic sites and mainly prevents the dissolution of P22 steel. In Table 3, It can be seen
that the inhibitor efficiencies of three CCs are in the order CC-0>CC-1~CC-2, which is
consistent with the results obtained from gravimetric measurements.

Table 3. Potentiodynamic polarization parameters for corrosion of P22 steel in 1 M HCI at 65°C without
and with 1.5 g- L of CC with different degreasing stages.

Inhibitor orr —Ecorr B B |Epop Closs
(pA-cm2)  (mVvs. SCE) (mV-decl) (mV-dec?) (%) 9%
Blank 2058.2+142.2 420.3+0.8 65.2+2.6 127.6+2.3 Blank Blank

cC-0 182.14165 416.9+1.0  285+09 1373469  91.1£0.7  (90.1; 92.0)
cc-1 327.74¢13.1 4157403  32.5+0.8  187.9+42  84.1+0.6  (83.0;85.2)
cC-2 330.1421.2  406.2+0.4  234+12 1813439  84.0+1.0  (82.9;85.0)

104 1.0 M HCI - 65°C
—— Blank
—CC-0
——CC-1
——CC-2

i (A/cm?)

107

Io-(\ ¢ ' ' . . !
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30 -0.25

E (Vgcp)

Figure 5. Effect of the type of CC, with a concentration of 1.5 g-L?, on the potentiodynamic
curves of P22 steel in 1 M HCl at 65°C.

Linear polarization resistance measurements

LPR plots for P22 steel in 1 M HCI without and with 1.5 g-L* of CC obtained with different
degreasing stages are shown in Figure 6. A polarizing voltage of 20 mV was chosen because
it is well within the range where the relationship between icor and E is linear. Polarization
resistance (Rp) values increase with the CC as shown in Table 4. This increase indicates that
the carrageenan molecules are adsorbed on the surface of the P22 steel, which hinders the
charge transfer process in the corrosive process, decreasing Vcc,r and increasing IEg
Moreover, CC-0 had the highest inhibition efficiency (%IE =82. 85 compared to CC-1 and
CC-2.
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Table 4. Results of polarization resistance tests for corrosion of P22 steel in 1 M HCI at 65°C without and
with 1.5 g-L™* of CC with different degreasing stages.

Inhibitor Rp (Q-cm?) vRP  (mm-year?) IErp (%) Closoe
Blank 14.87+0.51 12.87+0.44 Blank Blank
CC-0 86.58+3.05 2.55+0.09 82.8+0.6 (82.1; 83.5)
CC-1 73.96+2.30 3.08+0.10 79.9+0.6 (79.2; 80.6)
CC-2 74.47+4.16 2.80+0.16 80.0+1.1 (79.3; 80.7)
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Figure 6. Effect of the type of CC, with a concentration of 1.5 g-L™, on the linear polarization
resistance curves of P22 steel in 1 M HCIl at 65°C.

Electrochemical frequency modulation measurements

It is a non-destructive technique, which allows obtaining the corrosion current density and
the Tafel slopes in a straightforward manner. The EFM intermodulation spectra for the blank
and CC are found (Figure 7), and the current density peaks in these spectra are utilized to
measure the EFM Kkinetic parameters [21, 26], shown in Table 5. It is evident from the
intermodulation spectra shown in Figure 6, that the corrosion peak current density is lower
in presence of the CC. The results presented in Table 5 indicate that the addition of
1.5 g-L™* of CC to the 1 M HCI solution at 65°C decreases the i§ ™ of the P22 steel, which
suggests that the three types of CC, inhibit the corrosion of P22 steel through its adsorption.
The CC-0 generates the highest inhibition efficiency (%IlEerm =83.0) compared to CC-1 and
CC-2; this is statistically confirmed in the ANOVA analysis realized. The degreasing stage
reduces the anticorrosive power of the CC; and this is probably due to the elimination of KCI
and NaCl. Several works have reported that Cl- ions enhance the adsorption of organic
inhibitor on the metal surface [27, 28]. The obtained causality factors (CF2 and CF3) are
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very closed to the theoretical values (2 and 3) which revealed that the measured data are of
high quality [21, 26].

Table 5. Electrochemical frequency modulation parameters for P22 steel in 1 M HCI in the absence and
presence of 1.5 g- L of CC with different degreasing stages.

+EFM

ihi corr Ba BC IEEFM . CF CF
Inhibitor—  A\Tem?)  (mV-decl) (mV-decl) (%) Close ) 3)
Blank 1211.1+£735 67.4+15 86.7+£2.9 Blank Blank 1.94+0.05 3.12+0.29
CC-0 205.6+6.7 70.3+0.4 116.4+5.3 83.0£0.6 (82.6;83.4) 1.96+0.02 3.23+0.15
CC-1 226.8+4.4 70.0+1.2 127.2+3.1 81.3+0.4 (80.9;81.7) 1.96+0.01 3.10+0.63
CC-2 219.1+5.6 62.9+8.6 120.2+2.9 81.9+0.5 (81.5;82.3) 1.91+0.06 2.90+0.15
. 1.0 M HCI - 65°C
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Figure 7. Effect of the type of CC, with a dosage of 1.5 g-L1, on the intermodulation spectra
of P22 steel in 1.0 M HCl at 65°C.

Electrochemical Impedance Spectroscopy measurements

EIS measurements can been used to study the kinetics of the electrochemical processes and
the effect of Cls on the electric double layer properties of the metal surface in acidic media.
Figure 8 display the Nyquist, Bode phase and Bode modulus plots of the EIS results obtained
during the corrosion of P22 steel in 1 M HCI at 65°C, in the absence and presence of
1.5g9-L* of the CC obtained with the different degreasing stages. Impedance spectra
presents a single capacitive loop: this indicates that the corrosion of P22 steel in HCl at 65°C
mainly involves the single charger transfer process during the corrosion processes.
Analogous shapes of the Nyquist plots without and with CC indicates that inhibitor does not
change the mechanism of acidic corrosion. As can be seen in Figure 8a, the Nyquist plot
diameter considerably increased with CC and is considered as an indicator of the strength of
Cls in inhibiting the corrosion process. Figure 8b shows that the phase angle peaks in the
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presence of CC are broader than in the uninhibited system indicating the adsorption of the
inhibitor on the metal surface [29]. Furthermore, the absolute impedance values at low
frequency in the presence of CC are higher than in the blank system, which confirms the
protection of the steel due to the inhibitor adsorption on the metallic surface. The
electrochemical parameters collected from fitting the impedance data to the modified
Randles equivalent circuit are listed in Table 4. As can be seen from Table 6, the value of
charge transfer resistance (Rct) increases, while the value the double-layer capacitance (Ca)
decreases in the presence of CC inhibitors. These results suggest that carrageenan molecules
have been absorbed onto the steel surface and formed a protective barrier which can hinder
the charge and mass transfer. The decrease in Cq Vvalues can be attributed to the decrease in
local dielectric constant and/or the increase in the thickness of the electrical double layer,
due to the replacement of small water molecules by the large carrageenan molecules.
Moreover, the number of CC-0 molecules absorbed onto steel surface increases in the
presence of KCI and NaCl [27, 28], and the inhibition efficiency increases accordingly. The
CC-0 generates the highest inhibition efficiency (%IEgs=85.5) compared to CC-1 and
CC-2; this is statistically confirmed in the ANOVA analysis realized and corroborate what
was obtained with the other applied techniques.
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Figure 8. Effect of the type of CC, with a dosage of 1.5 g-L%, on the impedance spectra of
P22 steel in 1 M HCl at 65°C.

Table 6. EIS parameters for P22 steel in 1 M HCI at 65°C, in the absence and presence of 1.5 g-L ™ of CC
with different degreasing stages.

Ret Cual VES IEgis

Inhibitors © .F;smz) @-cm)  (uF-em?) (mm -c%ar—l) (%) Closo n
Blank 0.24+0.02 14.2+04  5253+64 13.47+0.39 Blank Blank 0.952
CC-0 0.22+0.03 98.2+3.1 90.9+6.3 2.25+0.07 85.5+0.4 (85.0; 86.1) 0.861
CC-1 0.24+0.09 91.7+2.8 96.9+7.0 2.49+0.08 84.5+0.5 (83.9;85.1) 0.856
CC-2 0.26+0.05 88.7+4.6 105.0+7.8 2.35+0.12 83.9+0.8 (83.4;84.5) 0.855




Int. J. Corros. Scale Inhib., 2022, 11, no. 3, 1001-1025 1015

3.2. Carrageenan obtained at 80°C with different degrease stages
3.2.1. Hot carrageenan Yield

Table 7 shows the statistical results of the ANOVA and the results of Dunnett’s multiple
comparison test of the hot carrageenan extraction yield (EYwc), obtained as a function of the
degreasing stages applied in the extraction tests. As can be seen from Table 7, the Closy Of
the extraction yield mean of HC-0 does not overlap with the Clgsg of the HC-1 and HC-2,
which indicate that is significantly different. In the case of HC-1 and HC-2, their Clgso
overlap, indicating that there is no significant difference between the yields results obtained.
Dunnett’s method of multiple comparisons determined that degreasing generates a higher
EYnc, being only necessary one degrease. The p-values of the t-Student test are less than
0.05, establishing a statistically significant difference between the means of the EYwnc without
and with degrease stages, with a confidence level of 97.32%.

Table 7. Statistical results of the ANOVA and Dunnett’s multiple comparison tests for the extraction yield
of HC with different degreasing stages.

Degreasing stages N Mean Std Deviation Clos

0 10 24.477 0.830 (23.691-25.263)
1 7 28.704 1.046 (27.764-29.644)
2 7 28.959 1.696 (28.019-29.899)

Level Mean Std Error of Closs t-value _value

difference difference difference 95% P
1-0 4.227 0.589 (2.824; 5.631) 7.17 0.000
2-0 4,482 0.589 (3.078; 5.885) 7.60 0.000

3.2.2. Hot carrageenan characterization

The X-ray diffraction patterns of the HC, obtained with different degreasing stages are
shown in Figure 9. XRD patterns analysis of the HC showed no characteristic sharp peaks,
indicated that the HC is amorphous in nature. Similar patterns were observed in other types
of polysaccharides [30]. Temperature probably affects the crystalline ordering of sulfates in
carrageenan and the presence of the characteristic peaks of KsNa(SO.)2 is not observed.

Figure 10 shows the SEM image of the HC without degreasing (HC-0) together with
the EDS spectrum corresponding to the total mapping of the HC-0 analyzed in said image.
Comparing the EDS spectrums of the CC-0 and HC-0 (Figure 10 and 3), it is observed that
HC-0 has a lower concentration of CI, which agrees with the XRD analysis that did not detect
the KCI and NaCl phases. A higher content of S and O is also observed in HC-0, which is
probably due to a higher content of carrageenan in the sample.

Figure 11 shows the FTIR spectrums of the HC obtained without and with 1 and 2
degreasing stages. The three spectrums are very similar and show intense bands at
1230-1260 cm~1, indicative of the existence of a sulphate ester and corresponding to S=0
bonds [22]. Bands at 1072 cm~! and 930 cm~%, both corresponding to the C—O bond of
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3,6-anhydrogalactose [22]. The peaks at 845 and 805 cm~! suggested the presence the
C—-0-S04 on C4 of galactose and C—O—-SO40n C> of 3,6-anhydrogalactose, respectively
[22, 23]. Therefore, the structural character of HC is a mixture of k/i-carrageenan. The
comparison of the FTIR spectrum of the carrageenans obtained at 25°C (Figure 4) and 80°C
(Figure 11), shows that the main difference observed concerns the characteristic bands at
614 cm~1, 1100 cm~! and 1191 cm~? corresponding to KsNa(SO4)2, which are not observed
in HC. Also, the content of k-carrageenan and i-carrageenan is higher in HC, which is

visualized by the greater intensity of the 930 cm~?, 845 cm~! and 805 cm~* bands.
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Figure 9. X-ray diffraction pattern of carrageenans obtained at 80°C with different degreasing

stage.
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Figure 10. SEM image and total EDS spectrum of carrageenan obtained at 80°C without

degrease (HC-0).
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Figure 11. FTIR spectrums of carrageenan obtained at 80°C with different degreasing stages.

3.2.3. Corrosion inhibition efficiency of hot carrageenan

To evaluate the inhibitory effect of the corrosion of the HC, the same techniques used in the
CC were used.

Gravimetric measurements

Table 8 shows the results of the weight loss tests of P22 steel in 1 M HCI at 65°C, without
and with 1.5 g-L of HC obtained with different degreasing stages. It is observed that the
IE. of the three hot carrageenans are relatively high. This finding can be explained by the
adsorption of carrageenan molecules on the surface of P22 steel. This occurs via a partial
sharing of the electrons from the unprotonated oxygen atoms and —OSO?*- atoms with the
anodic sites of the metal surface. The vacant d orbitals of Fe?* ions receive the shared
electrons and anodic metal dissolution will be inhibited [31]. The ANOVA reported an
overlap of the Clgsy oOf the corrosion inhibition efficiency means (IEw.) of the three HC,
which indicates that they are not significantly different.

Table 8. Weight loss results of P22 steel in 1 M HCI at 65°C, in the absence and presence of 1.5 g-L ! of
HC with different degreasing stages.

Inhibitor V. (mm-year-1) %IEwL Closoe
Blank 26.97+0.43 Blank Blank
HC-0 3.36+0.34 87.56+1.26 (86.37; 88.74)
HC-1 3.68+0.23 86.35+0.86 (84.98: 87.72)

HC-2 3.41+0.23 87.35+0.87 (86.16; 88.54)




Int. J. Corros. Scale Inhib., 2022, 11, no. 3, 1001-1025 1018

Potentiodynamic polarization measurements

The polarization curves of the P22 steel in 1 M HCI at 65°C without and with 1.5 g-L* HC
obtained with different degreasing stages are shown in Figure 12. The Table 9 lists the
relevant electrochemical parameters, including corrosion potential (Ecorr), COrrosion current
density (if-" ), anodic and cathodic Tafel slope (Ba, Pc), and inhibition efficiency (IEpop),
which were obtained from the polarization curves. As can be seen in Figure 12, both anodic
and cathodic curves move to the direction of low current density after adding HC. This
consequence is consistent with the decreasing of the if— Vvalues and the increasing of the
IEppp values (Table 9). The phenomenon suggested that both anodic steel dissolution and
cathodic hydrogen evolution were retarded by HC. Besides, the little change in Ecor indicated
that HC can be considered a mixed-type inhibitor with a predominant control of the anodic
reaction [29]. The ANOVA test performed shows an overlap of the Clgsy Of the inhibition
efficiency means (IEppp) oObtained with the three HC, so they are not significantly different.
This confirms the results obtained in the gravimetric tests.
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Figure 12. Effect of the type of HC, with a concentration of 1.5 g-L ™%, on the
potentiodynamic curves of P22 steel in 1 M HCl at 65°C.

Table 9. Polarization curve parameters of P22 steel in 1 M HCl at 65°C without and with 1.5 g-L ™! of HC
with different degreasing stages.

Inhibitor i;?f —Ecorr Ba B: IEpDP Clos
(RA-cm) (mVvs.SCE) (mV-dec?) (mV-dec?) (%)
Blank 2058.2+142.2 420.3+0.8 65.2+2.6 127.6+2.3 Blank Blank

HC-0 361.6+61.8 409.5+1.7 26.4+0.8 171.7+4.7 82.4+3.0 (78.31; 86.54)
HC-1 334.3+71.4 410.3+1.1 29.6+1.3 174.7+8.3 83.8+£3.5 (79.64; 87.88)
HC-2 342.0+43.2 404.7+0.6 27.4+3.5 174.7+11.3 83.4+2.1 (79.26; 87.50)
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Linear polarization resistance measurements

LPR plots for P22 steel in 1 M HCI without and with 1.5 g- L of HC obtained with different
degreasing stages are shown in Figure 13. The values of the polarization resistance (Rp)
obtained from linear polarization resistance (LPR) tests are listed in Table 10. It is observed
that R, increases with the hot carrageenan and reaches a maximum of about 70 Q-cm? with
the addition of 1.5 g-L™* of HC, compared as the 14.8 Q-cm? for the blank solution. The
increase in polarization resistance in the presence of HC suggests that a non-conducting
physical barrier is formed at metal/electrolyte interface. The ANOVA reported an overlap
of the Clese Of the inhibition efficiency means (IErp) of the three HC, which indicates that
they are not significantly different. This confirms the results obtained with the other
techniques.

Table 10. Results of polarization resistance tests for corrosion of P22 steel in 1 M HCI at 65°C without and
with 1.5 g-L™* of HC with different degreasing stages.

Inhibitor Rp (Q-cm?) VE® (mm-year?) IErp (%) Closo
Blank 14.87+0.51 12.87+0.44 Blank Blank
HC-0 69.56+2.72 3.22+0.13 78.6+0.8 (77.82; 79.38)
HC-1 69.47+2.66 3.21+0.12 78.6+0.8 (77.80; 79.36)
HC-2 71.38+3.77 3.10+0.16 79.13+1.1 (78.27; 79.98)
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Figure 13. Effect of the type of HC, with a concentration of 1.5 g-L2, on the linear
polarization resistance curves of P22 steel in 1 M HCl at 65°C.

Electrochemical frequency modulation measurements

The EFM technique was used to calculate the corrosion current densities as well as the
anodic and cathodic Tafel slopes for the P22 steel in a 1 M HCI solution at 65°C, without
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and with a concentration of 1.5g-L* of the three types of HC. Figure 12 shows a
representative intermodulation spectrum of each evaluated HC. The calculated
electrochemical parameters (i5 , Ba, Be, CF(2), CF(3) and %IEgrm) are given in Table 11.
Inspections of these data infer that the values of causality factors obtained are approximately
equal the theoretical values 2 and 3, indicating that the measured data are of high quality
[21, 26]. In agreement with the other techniques used, the EFM tests show that the IE. of the
three carrageenans are statistically similar: about 79%. This is concluded due to the
superposition of the Clgsy Of the inhibition efficiency means. The degrease stage does not
produce a change in the anticorrosive strength of the HC.

Table 11. Electrochemical frequency modulation parameters for P22 steel in 1 M HCI in the absence and
presence of 1.5 g- Lt HC with different degreasing stages.

EFM
Inhibitor A'ﬁﬂérm_z) (mVPgec—l) (mv?éec_l) %IEgem  Classs CF(2) CF(@3)

Blank  1211.1+735 67.4+15 86.7+2.9 Blank Blank 1.94+0.05 3.12+0.29
HC-0 251.8+10.1 69.0+1.0 124.8+2.3 79.2+0.8 (78.4;80.0) 1.96+0.01 3.05+0.24
HC-1 250.5+14.7 69.2+1.0 121.8+19 79.3+1.2 (78.5;80.1) 1.94+0.02 3.07+0.09
HC-2 238.7+8.3 68.4+15 121.7+3.6 80.3+0.7 (79.5;81.1) 1.95+0.04 3.12+0.21
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Figure 14. Effect of the type of HC, with a concentration of 1.5 g- L2, on the intermodulation
spectra of P22 steel in 1 M HCI at 65°C.

Electrochemical impedance spectroscopy measurements

The EIS data for P22 steel in 1 M HCI at 65°C, without and with a concentration of
1.5 g-Lt of the three types of HC are presented as Nyquist, Bode phase angle, and Bode
modulus plots in Figure 15. The Nyquist plots, have depressed capacitive semicircles,
indicating that the corrosion and corrosion inhibition processes are under charge transfer
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control. As seen in Figure 15a, the Nyquist plots with HC in solution have a large diameter
with respect to the blank. This can be related to the anticorrosive action of HC, which
enhances the resistance of the P22 steel surface to corrosion. Figure 15b elucidated broader
peaks in the presence of HC indicating a relaxation effect due to the formation of a barrier
layer on the steel surface [29]. Moreover, the values of log|Z| improved considerably at low
frequencies in the presence of HC. The parameters obtained in the EIS tests are shown in
Table 12. The presence of HC in the corrosive medium produces an increase in Re and a
decrease in Cqi. This suggests that the adsorption of carrageenan molecules on the surface of
the steel hinders the charge transfer process due to the increase in the thickness of the
electrical double layer. In addition, the adsorbed molecules decrease the dielectric constant
of the electrical double layer and therefore its capacitance. The ANOVA confirms what was
obtained with the other applied techniques; that is, degrease does not statistically modify the
IE. of the HC, being its inhibition efficiency of about 83%.
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Figure 15. Effect of the type of HC, with a dosage of 1.5 g-L 2, on the Nyquist diagrams of
P22 steel in 1 M HCl at 65°C.

Table 12. EIS parameters for P22 steel in 1 M HCl at 65°C, in the absence and presence of 1.5 g-L ™t of HC
with different degreasing stages.

EIS
Inhibitors @ -?:sz) © {?(:C;nz) (}LF?:I[Y’I_Z) (mm\{;garl) I(E/(E)')S Closo n
Blank 0.24+0.02 142404 525.3+64 13.47+0.39 Blank Blank 0.952
HC-0 0.28+0.04 81.5+2.4 106.9+4.6 2.75+0.08 82.6+0.5 (81.8;83.3) 0.857
HC-1 0.24+0.04 832+5.6 101.5+4.3 2.68+0.18 829+1.2 (82.1;83.6) 0.861
HC-2 0.25+0.05 85.8+4.5 103.2+3.9 2.58+0.13 83.4+0.8 (82.6;84.2) 0.871

3.3 Analysis of the corrosion inhibition efficiency with the carrageenans obtained

Table 13 summarizes the inhibition efficiency values obtained with the five techniques used
in the evaluation of the corrosion of P22 steel in 1 M HCI at 65°C, in the presence of
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1.5g-L* of carrageenan. The six carrageenans obtained with the different extraction
processes showed good corrosion inhibition efficiency. Cold carrageenan without the
degreasing stage (CC-0) has a relatively higher inhibition efficiency. This is probably due to
the synergistic effect of chloride ions, which enhance the adsorption capacity of organic
inhibitor on the metal surface [27, 28]. The degreasing stage reduces the inhibition efficiency
of the CC, but does not affect the inhibition efficiency of the HC. Corrosion inhibition
efficiency results obtained with each of the five techniques used for each evaluated
carrageenan showed excellent agreement. Based in the results obtained in this study, the
recommended extraction process would be the extraction of CC and HC without degrease in
the same extraction process, which allows to obtain an extraction yield of around the 45.9%
(CC: 21.4+0.8; HC: 24.5+0.8), and with a high inhibition efficiency. This extraction yield
agrees with what was reported in the reference [32].

Table 13. Corrosion inhibition efficiency of P22 steel in 1 M HCI at 65°C, obtained with a concentration
of 1.5 g-L* of each of the evaluated carrageenans.

Inhibition efficiency (%)

Carrageenan
WL PDP EFM EIS LPR
CF-0 88.2+0.5 91.1+0.7 83.0+0.6 85.5+0.4 82.6+0.6
CF-1 86.8+0.4 84.1+0.6 81.3+0.4 84.5+0.5 79.6+0.6
CF-2 86.5+0.2 84.0+1.0 81.9+0.5 83.9+0.8 79.7+1.1
CC-0 87.6+1.2 90.5+0.6 79.2+0.8 82.6+0.5 78.3+0.8
CC-1 86.3+0.9 90.8+1.1 78.8+0.9 81.7+1.2 78.3+0.8
CC-2 87.3+0.9 87.6+1.9 80.1+0.7 83.4+0.8 78.4+1.4

4. Conclusions

This study demonstrates that carrageenan can be extracted with a simple and inexpensive
method and used as a green inhibitor in chemical cleaning processes of steels with HCI. The
main conclusions were drawn as follows:

1. Cold carrageenan (CC) is mainly composed of k-carrageenan in the presence of KCI, NaCl
and KsNa(SOa4).. The degreasing stage reduces the KCI and NaCl content in the CC. Hot
carragenan has an amorphous structure composed of a mixture of k-carrageenan and 1-
carrageenan.

2. The highest extraction yield (EY) of the CC was 21.43% and was obtained without the
degreasing stage (CC-0); while the highest extraction yield of the HC was 28.96% and
was obtained with 2 degreasing stages (HC-2).

3. The six carrageenans obtained with the different extraction processes show good corrosion
inhibition efficiency. However, CC without degreasing (CC-1) presents the highest
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inhibition efficiency, 85.5% (EIS technique). The degreasing process does not

significantly affect the inhibition efficiency of the HC, it was about 82.0 (EIS technique).

. Corrosion inhibition efficiency results obtained with each of the five techniques used for

each evaluated carrageenan showed excellent agreement

. Based in the results obtained in this study, the recommended extraction process would be

the extraction of CC-1 and HC-1 in the same extraction process, obtaining a semi-refined,
economical carrageenan, with an extraction yield of about 45.9% and with a high

inhibition efficiency.
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