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ARTICLE INFO ABSTRACT

Keywords: Seven natural polymers namely, chitosan (CHI), dextran (Dex), carboxymethyl cellulose (CMC), sodium alginate
Magnesium alloy (ALG), pectin (PEC), hydroxylethyl cellulose (HEC), and Gum Arabic (GA) were screened for anticorrosion
Corrosion

property towards AZ31 Mg alloy in 3.5 wt.% NaCl solution. CHI, Dex, CMC, PEC, and GA accelerated the cor-
rosion while ALG and HEC moderately inhibited the corrosion of the alloy. HEC and ALG (1 g/L) protected the
alloy by 64.13 % and 58.27 %, respectively. Two inhibitor cocktails consisting of either HEC or ALG, KI, and
Date palm seed oil have been formulated. HEC- and ALG-formulations inhibited the alloy corrosion by 80.56 %
and 77.43 %, respectively from EIS technique. Surface observation studies using SECM, AFM, SEM, and EDX
agreed with other experimental results revealing effective corrosion inhibition by the formulations. X-ray
photoelectron spectroscopy, FTIR, and UV-vis results disclose that Mg(OH), co-existed with adsorbed inhibitor

Corrosion inhibition

Corrosion inhibitor formulation
Natural polymer

Saline medium

complexes.

1. Introduction

Magnesium and its alloys hold significant potential for becoming
the default alternative to aluminium as structural or engineering ma-
terials due to their low density (65 % of that of aluminium), high
strength, ductility, and ease of machinability. In addition, magnesium is
versatile (the eighth most abundant element in the earth’s crust) and
non-toxic to the natural environment and human body (Esmaily et al.,
2017). These endearing properties also make them materials of choice
in transportation, electronics, bio-medical, and battery applications.
However, the main disadvantage of magnesium and its alloys is their
low corrosion resistance occasioned by their high chemical reactivity
and high electron negative potential (Esmaily et al., 2017; Saji, 2019).
Aqueous corrosion of Mg and its alloys with the production of hydrogen
(H,) gas occurs rapidly when exposed to salt water, moisture, or acidic
environment (Saji, 2019). To ensure a profitable service life of these
artefacts, their rate of corrosion has to be appreciably decreased and
surface modification (coatings or inhibitors) has been proposed
(Frignani, Grassi, Zanotto, & Zucchi, 2012; Saji, 2019).

There are many research papers claiming the successful mitigation
of magnesium corrosion using coatings (Chen, Birbilis, & Abbott, 2011;
Gray & Luan, 2002; Saji, 2019; Sviatlana, Daniel, Carsten, & Mikhail,
2017; Zhang & Wu, 2010), but such claim on the use of corrosion in-
hibitors particularly in chloride-rich environment is limited (Chirkunov
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& Zheludkevich, 2018; Lu et al., 2019). In fact, it is found that, most
effective corrosion inhibitors for other metals do not work for Mg and
its alloys. For example, Chirkunov and Zheludkevich (2018) tested
1,2,3-benzotriazole, 5-chloro-1,2,3-benzotriazole, and sodium dioctyl
phosphate on the corrosion of Elektron WE43 Mg alloy in 0.05 M NaCl
solution and found that the azoles did not inhibit the WE43 alloy cor-
rosion. Lamaka et al. (2017) screened 151 individual compounds (or-
ganic and inorganic) for corrosion inhibition effect towards six alloys
(AZ31, AZ91, AM50, WE43, ZE41 and Elektron 21) and three grades of
pure magnesium and found that, only 15 exhibited inhibitive property.
Of these fifteen, more than 60 % were compounds marked as toxic,
carcinogenic, and harmful to the natural environment. Mei, Lamaka,
Feiler, and Zheludkevich (2019) examined the influence of 53 organic
bio-compounds (amino acids, antibiotics, vitamins, and saccharides) on
the corrosion of CP Mg and Mg-0.8Ca alloys in chloride containing
medium. It was found that 80 % of the tested compounds accelerated or
minimally inhibited the degradation of the alloys. In fact, only uric acid
and ascorbic acid were found to exhibit inhibition protection up to 50 %
for Mg-0.8Ca alloy.

The legislation imposed by the Registration, Evaluation,
Authorization, and Restriction of Chemicals (REACH) and the Paris
Commission (PARCOM) on new chemicals is simple and clear: chemi-
cals must be green compliance (Singl & Bockris, 1996; Umoren &
Solomon, 2019). Greenness is defined in terms of non-bioaccumulation,
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biodegradation, and zero or very low marine toxicity level (Singl &
Bockris, 1996; Umoren & Solomon, 2019). The natural polymers are
among the few compounds that meet the requirements of REACH and
PARCOM. Besides the environmental compatibility, natural polymers
are readily available hence cost-effective; possess inherent stability and
multiple adsorption centers thus fulfilling one of the essential require-
ments for an inhibitor (Umoren & Solomon, 2019).

There are reports on starch (Bello et al., 2010), carboxymethyl
cellulose (Bayol, Giirten, Dursun, & Kayakirilmaz, 2008; Umoren,
Solomon, Udosoro, & Udoh, 2010), chitosan (Umoren, Banera, Alonso-
Garcia, Gervasi, & Mirifico, 2013), pectin (Umoren, Obot,
Madhankumar, & Gasem, 2015), Gum Arabic (Bentrah, Rahali, & Chala,
2014; Umoren, Ogbobe, Igwe, & Ebenso, 2008), Gellan gum (Rajeswari,
Kesavan, Gopiraman, & Viswanathamurth, 2013), hydroxypropyl cel-
lulose (Mobin & Rizvi, 2016), xanthan gum (Biswas, Pal, &
Udayabhanu, 2015), and dextran (Solomon, Umoren, Obot, Sorour, &
Gerengi, 2018) as corrosion inhibitor for low carbon steel in acidic
environment. Pectin (Fares, Maayta, & Al-Qudah, 2012) and iota car-
rageenan (Fares, Maayta, & Al-Mustafa, 2012) have been reported as
inhibitor for aluminium in acidic environment. There is also a report on
the inhibition of copper corrosion in acidic environment using chitosan
(El-Haddad, 2013). Recently, we carried out a comprehensive review
on the use of polymers (modified and unmodified) for the corrosion
protection of industrial metals substrates (Umoren & Solomon, 2019).
To the best of our knowledge, there is no information on the use of
natural polymers for the corrosion protection of magnesium and its
alloys. In order to fill this gap and to provide information on the an-
ticorrosion property of natural polymers toward magnesium and its
alloys, seven natural polymers namely, carboxymethyl cellulose (CMC),
chitosan (CHI), pectin (PEC), Gum Arabic (GA), hydroxyethyl cellulose
(HEQC), alginate (ALG), and dextran (Dex) were screened for inhibition
property for AZ31 Mg alloy in 3.5 wt.% NacCl solution. Their molecular
structure is given in Fig. 1(a). Mass loss, gasometric, electrochemical
impedance spectroscopy, and potentiodynamic polarization techniques
were employed for the study. A state-of-the-art scanning electro-
chemical workstation utilizing localized electrochemical technique
such as scanning electrochemical microscopy (SECM) was also used to
probe the corrosion behavior of the Mg alloy in the absence and pre-
sence of the inhibitors. The surface of the corroded Mg alloy was ex-
amined using atomic force microscope (AFM), scanning electron mi-
croscope (SEM), Fourier-transform infrared spectroscopy (FTIR),
Ultraviolet-visible spectroscopy (UV-vis), and X-ray photoelectron
spectroscopy (XPS).

2. Experimental part
2.1. Materials and reagents

The metal substrate used for all experimental studies was AZ31 Mg
alloy with chemical composition (wt. %) as follows: 2.5-3.5 Al, 0.6-1.4
Zn, 0.2-1.0 Mn, 0.1 Si, 0.05 Cu, and Mg as the balance (Kumar et al.,
2014).

The natural polymers screened for anticorrosion property were
carboxymethyl cellulose (CAS number: 9004 — 32 - 4, mol. wt.: ~
90,000 g/mol, pH: 6.5-8.5), poly-p-galacturonic acid methyl ester from
Apple (pectin) (CAS number: 9000 — 69 — 5, mol. wt.: 75,000 g/mol,
degree of esterification: 65-70%), dextran from Leuconostoc mesenter-
oides (CAS number: 9004 — 54 — 0, mol. wt.: 100,000-200, 000), chit-
osan (CAS number: 9012 - 76 — 4, mol. wt.: 50,000-190,000 Da, visc-
osity: 20-30 cP, degree of deactylation: 75-85%), sodium alginate (CAS
number: 9005 — 38 - 3, viscosity: 12-25 cP), hydroxyethyl cellulose
(CAS number: 9004 — 62 — 0, mol. wt.: ~ 90,000 g/mol, viscosity: 75
—150 cP), and Gum Arabic from Acacia tree (CAS number: 9000 — 01 —
5, pH 4.1-4.8). They were procured from Sigma-Aldrich (Merck) and
were used without further purification. All the listed natural polymers
were water soluble except chitosan in which small amount of 1 % acetic
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acid was used for complete dissolution. Sodium chloride salt and po-
tassium iodide also used in the investigation were equally purchased
from Sigma-Aldrich. Date palm seeds were removed from edible date
palm fruit obtained from the King Fahd University campus shopping
mall, dried, powdered and the oil extracted using Soxhlet extractor with
n-hexane.

2.2. Solution and sample preparation

A sheet of AZ31 Mg alloy was machined into experimental samples
of 2.022cm X 2.089 cm X 0.395cm as dimension. The samples were
mechanically wet abraded with emery paper of #600, #800, and
#1000 grits. They were washed in distilled water, rinsed in acetone,
and dried using a Buchler Torramet specimen dryer.

The corrodent (3.5 wt% NaCl) was prepared by dissolving an ap-
propriate amount of NaCl salt in distilled water. For anticorrosion
property screening, 1 g each of the natural polymers was added to 1000
cm?® of the corrodent. Where the effect of concentration was considered,
0.5, 1.0, and 2.0g/L were chosen. The inhibitor cocktail was for-
mulated from either HEC or ALG (1 g/L), potassium iodide (0.25 g/L),
and Date palm seeds oil (0.5 g/L).

2.3. Mass loss experiments

Five 150 mL capacity bottles labeled blank, HEC, ALG, HEC-for-
mulation, and ALG-formulation were filled with 100 mL of the re-
spective solutions. Two prepared samples whose initial weight have be
measured were freely suspended with the aid of a thread in each of the
bottles. The reaction bottles were allowed to stand at room temperature
for 24 h. Thereafter, the specimens were retrieved, cleaned following
the ASTM-G1-03 (2017) procedure, dried using specimen dryer, and
reweighed. The mean mass loss (m) was calculated and used in the
computation of the corrosion rate (v) according to the following
equation (ASTM-G1-03, 2017):

8.76 X 10* X m

v (mm/yn) = = < d &)

where t is the immersion time (h), d is the density (g/cms) and A is the
surface area (cm?) calculated using the equation (NACE Standard Test
Method TMO0193, 2016):

A =2l + dl + dw) (2)

where w = width (cm); d = thickness (cm); and [ = length (cm). The
inhibition efficiency (ywi, %) of the inhibitors from the mass loss
technique was calculated using Eq. (3).

_Wo-w

Dor, = X 100

W (3
where W, and W are the mean mass losses of the samples in the unin-
hibited and inhibited systems respectively.

2.4. Gasometric experiments

Magnesium is a very reactive metal, degrading in an unprecedented
rate in acidic and halide containing media (Saji, 2019). The overall
degradation reaction can be represented as (Saji, 2019):

Mg (s) + 2H,0 (1) = Mg(OH), (aq) + H: (g) C)

The hydrogen gas liberated can be used as an indicator of the rate of
degradation (Saji, 2019). In addition, oxygen reduction reaction can
occur as a secondary cathodic reaction (Lamaka et al., 2017); because
our experimental set-up (the schematic diagram can be found in our
previous publication (Kumar, Hassan, Sorour, Paramsothy, & Gupta,
2019) cannot impede oxygen access, we have adopted the name ‘ga-
sometric’ instead of hydrogen evolution. The rate of degradation of
AZ31 Mg alloy exposed to 3.5wt% NaCl solution without and with
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Fig. 1. (a) Chemical structure of natural polymers studied; (b) electrochemical impedance spectra, and (c) potentiodynamic polarization graphs of AZ31 Mg alloy in

3.5 wt.% NaCl solution without and with the various natural polymers.

additives was studied by monitoring the volume of gas liberated at 2h
interval for 24 h. The degradation rate (vq4, ecm®h™!) was computed
using the equation (Umoren, Solomon, Udosoro, & Udoh, 2010):

i-%"

vy =
4Ty 5)

where V; and V; are the volumes of gas liberated at time t; and t;, re-
spectively.

2.5. Electrochemical experiments

A Gamry Potentiostat/Galvanostat/ZRA Reference 600 instrument
was employed for the electrochemical impedance spectroscopy (EIS)
and the potentiodynamic polarization (PDP) experiments. The electro-
chemical set-up comprised of the prepared AZ31 Mg alloy sample as the
working electrode, a graphite rod as the counter electrode, and a silver/
silver chloride (Ag/AgCl) as the reference electrode. To establish at
least a pseudo steady state condition, OCP measurement was performed
for 1800s before commencing EIS experiments. The EIS tests were
conducted between the initial frequency of 100,000 Hz and final fre-
quency of 0.01 Hz, with acquirement of 10 points/decade and a signal
amplitude of 10mV at open circuit potential (E,cp). The PDP experi-
ments were carried out at the potential of + 0.25V versus E,, using a
scan rate of 0.2 mVs™'. The analysis of EIS and PDP data was done
using Echem analyst and EC-lab software, respectively.

2.6. SEM, EDX, AFM, XPS, FTIR, UV-vis, and SECM experiments

The morphologies of the surfaces of AZ31 Mg alloy specimens be-
fore and after immersion in 3.5 wt.% NaCl solutions without and with

the additives for 24 h and the elemental composition of the products on
the surfaces were determined using a Scanning Electron Microscope
(SEM) JEOL JSM-6610 LV coupled with an energy dispersive X-ray
spectroscopy. The roughness characteristics of the exposed surfaces
were studied utilizing a 5420 atomic force microscope (N9498S, Agilent
Technologies, UK) operated in the contact mode under ambient con-
ditions. Xray photoelectron spectroscopy (XPS) studies were performed
utilizing ESCALAB 250Xi XPS spectrometer with a monochromatic Al
Ko Xray source. The XPS data were analyzed using Avantage
v5,51,0,5371 software.

The ATR-FTIR analysis was performed for pure HEC or ALG and the
films extracted from the Mg alloy surface immersed in 3.5 wt.% NaCl
solution containing HEC or ALG for 24 h at 25 °C. The ATR-FTIR spectra
were recorded in the range of 500-4000 cm ' utilizing a FTIR spec-
trophotometer (TA instrument with universal ATR attachment, Nicolet
iS5, Thermo Scientific). A JASCO770 UV-Vis spectrophotometer was
used to record the UV-vis spectra of 3.5 wt.% NaCl solution devoid of
and containing HEC or ALG after 24 h of immersing a AZ31 Mg alloy
sample. The UV-vis scanning was performed in the range of
200-800 nm using a dual beam operated at a resolution of 1 nm with a
scan rate of 200 nm/min.

The SECM measurements were performed using M370 scanning
electrochemical workstation. An SECM ultra-microelectrode (UME)
with a platinum tip of 10 um as the diameter was used as working
electrode. The counter and reference electrodes used were as mentioned
in Section 2.5. An area of 500 X 500 ym was examined and the scan
rate was 25 um/s. The substrate-UME tip distance was first fixed at a
constant distance with the aid of a digital microscope and then adjusted
to 50 um. Substrate generation/Tip collection at SECM mode was uti-
lized in analyzing the gas evolution at the Mg alloy surface by applying
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Table 1
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The individual influence of some natural polymers on the corrosion of AZ31 Mg alloy in 3.5 wt.% NaCl solution at ordinary temperature. (Red background color
means the compound accelerates corrosion, n < 0 %; Green color means moderate inhibition effect, n > 40 %).

S/N  System/polymer studied Derived parameters

EIS technique PDP technique Mass loss technique
Rp]z[s Mg1s (%) Rppnp Mppp Mass loss (g) wi (%)
(Qcm’) Q . (%)
cm?)x1073
1 Blank 3.5wt% NaCl)  53.01+0.13 - 45.52 - 0.0046+0.01 -
2 Dextran 31.61+0.45  [HGHGH 28.75 BB 0.0069+0.01 £50.00
3 Gum Arabic 36.28+1.32  EEGHOR 30.79 B 0.0066+0.00 [43.48
4 Carboxymethyl cellulose  43.10+0.79 - 36.26 - 0.0056+0.01 -
5 Hydroxylethyl cellulose  147.80+2.35 [ 124.06 B3B8  0.0017+0.00 63.04
6  Pectin 38.25+021  [HEEESH 33.28 Bl  0.0062+0.00 34.78
7 Sodium alginate 127.04+1.13  5SIH 103.39 B89  0.0020+0.01 56.52
8  Chitosan 26.53+0.16 NSNS 22.78 BB 0.4632:0.01 £99.70
the UME tip potential of 0.0 V vs Ref. At this tip potential, the gas re- A_1r .1
leased at the cathodic sites is rapidly oxidized at a UME tip (H, — 2H" R, Rq Ry 8)
+ 2e7) (Salleh, Thomas, Yuwono, Venkatesan, & Birbilis, 2015). Since 1 1 1
this reaction is diffusion controlled, the current measured at the UME — =+ —
Rp Rct + Rf RL (9)

tip is a direct measure of the local gaseous concentration. Based on
previous report (Salleh et al., 2015), 1 cm? was selected as the exposure
area to avoid excessive signal noise due to vigorous gas bubbles and the
accumulation of protons rising from the gas oxidation at the UME.

3. Results and discussion
3.1. Anticorrosion property screening

Seven natural polymers (HEC, ALG, CMC, Dex, GA, CHI, and PEC)
were screened for anticorrosion property towards AZ31 Mg alloy in
3.5 wt.% NacCl solution using EIS, PDP, and weight loss techniques. The
results obtained are given in Fig. 1(b & ¢) and in Table 1. Generally, the
EIS spectra in Fig. 1(b) exhibit two capacitive loops at high and medium
frequencies and an inductive loop at low frequencies. The capacitive
loops at high frequencies are associated with the charge transfer and
corrosion products/adsorbed inhibitor films resistances while the
middle capacitive loop is due to the diffusion processes through the
layer (Frignani et al., 2012). The inductive loop is linked to the re-
laxation of the adsorbed corrosion products/inhibitor films (Solmaz,
Kardas, ulha, Yazici, & Erbil, 2008). Two branches denoting the
cathodic and the anodic half reactions characterize the PDP graph in
Fig. 1(c). The EIS spectra for CMC, Dex, GA, CHI, and PEC were mod-
eled using the equivalent circuit (EC) inserted in Fig. S1(a) of the
supplementary information which had been recently used by
Nabizadeh, Sarabi, and Eivaz Mohammadloo, (2019)) for the same
purpose. Similarly, the impedance spectra for the blank, HEC and ALG
were fitted using the EC inserted in Fig. S1(b). King, Birbilis, & Scully
(2014) had used it for the analysis of pure Mg impedance spectra re-
corded in NaCl solution. For the EC in Fig. S1(a), the charge transfer
resistance (R.) and the inductive resistance (R;) are in parallel ar-
rangement. The R and the film resistance (Ry) are in series connection
but in parallel connection to the Ry in the EC in Fig. S1(b). The fre-
quency dependent impedance response of the entire EC in Fig. S1(a)
and (b) can be described by simple circuit analysis given in Egs. 6 & 7,
respectively. This allows the simplification of the polarization re-
sistance (R;,) using Egs. (8) and (9).

-1
1Z]=Zg, + (L+ ;+ ! )

Zq  Zput L Zpy (6)
-1
1 1 1
/Z/=ZRS + — + 1 + 7 T 7
I 1 R L
ZRct + (Zcz+ ZRf) @

The representative fitted graphs are shown in Fig. S1(a—c). The in-
hibition efficiency (7(%)) was calculated following Eq. (10). The cal-
culated values of R;, and 7 are listed in Table 1. The PDP curves were
extrapolated using an EC-lab software (Fig. S1(b)). The Stern-Geary
equation (Eq. (11)) was used for the computation of the polarization
resistance for this technique. The values of the Ryppp and 7y, are also
presented in Table 1.

Ry — R
(%) = (M) x 100

Rpy (10)
i = 6aﬁc
T 7 2303R, (8, + B.) an

where R,y and Ry,q) are the polarization resistances in the absence and
presence of the additives, respectively; i.o is the corrosion current
density, 3, and f3. are the anodic and cathodic slopes, respectively.

The inspection of Fig. 1(b & c¢) and Table 1 reveal that, exception of
HEC and ALG, the other natural polymers accelerated the corrosion of
the Mg alloy in the studied corrosive medium. Chitosan has the highest
corrosion accelerating effect (almost 100 %). The reason for the ac-
celerating effect of these polymers is not fully understood. However,
natural polymers have been reported as chelating agents for di- and tri-
valent cations and chitosan is claimed to have the highest chelating
ability in comparison with other natural polymers (Crini, Morin-Crini,
Fatin-Rouge, De on, & Fievet, 2017; Zalloum & Mubarak, 2013). It
could be that, in the studied medium, the polymers formed chelates
with Mg2+ ions. In the case of CMC, Dex, GA, CHI, and PEC, the Mg-
polymer chelates may have formed in the electrolyte rather than on the
Mg surface and this accelerated the corrosion of the alloy. Similar ex-
planation was given by Lamaka et al. (2017) on the corrosion accel-
erating effect of 8-hydroxyquinoline towards Al-containing Mg alloy in
0.5 wt.% NacCl solution. Additionally, the acetic acid used in dissolving
chitosan may have also contributed to the observed high corrosion
accelerating effect.

Based on the results of the screening experiments (Fig. 1(b & c),
Table 1), HEC and ALG were selected for elaborate studies. The results
in Table 1 show that, HEC and ALG inhibited the AZ31 Mg alloy cor-
rosion in 3.5 wt.% NaCl solution by 64.13 % and 58.27 % (from EIS
technique), respectively. It was necessary to investigate the influence of
concentration on the performance of HEC and ALG. The concentrations
of the polymers considered in this set of experiments were 0.5 g/L, 1 g/
L and 2g/L. Fig. 2 shows the electrochemical characteristics of
AZ31 Mg alloy in 3.5wt.% NaCl solution without and with different
concentrations of (a, ¢) ALG and (b, d) HEC at ordinary temperature.
The corresponding electrochemical parameters derived from the ana-
lysis of the electrochemical data are presented in Tables 2 and 3. The
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Fig. 2. Electrochemical characteristics of AZ31 Mg alloy in 3.5 wt.% NaCl solution without and with various concentrations of (a, ¢) ALG and (b, d) HEC at ordinary

temperature.

two natural polymers behaved alike although HEC demonstrated better
corrosion inhibition performance than ALG. It is observed that, the
polarization resistance (Tables 2 and 3) increased as the concentration
of the polymer was raised from 0.5 g to 1.0 g but declined with further
increment. The inhibition efficiency behaves in similar manner. That is,
the best inhibition performance was achieved with the 1.0g of the
polymers. It could be argued that, in 3.5 wt.% NaCl solution containing
0.5 g of the polymers, the concentration of the inhibitors was not suf-
ficient for significant adsorption. As the concentration was increased to
1.0 g, more inhibitor molecules were available for adsorption and this
resulted in larger surface coverage and better corrosion inhibition
(Tables 2 and 3). The solution may have been saturated when 2.0 g of
the polymers was added such that, the distance between individual
molecules became too close resulting in molecules aggregation. Again,
the adsorbed molecules could interact with the un-adsorbed molecules
and cause the detachment of the adsorbed species from the substrate
surface. This exposed some areas on the surface to fresh corrosive attack
and caused the observed decline in inhibition performance. Similar
argument can be found in the corrosion literature (Pavithra,
Venkatesha, Vathsals, & Nayana, 2010; Umoren, Solomon, Ali, &
Dafalla, 2019).

It is worthy to point out the remarkably low values of the anodic
slope (f3,) relative to those of the cathodic slope (B.). For instance, the f3,
value for the blank is 14.00mV dec™! whereas the f. value is
149.40 mV dec ™! (Table 3). This is due to the fact that, magnesium is
non-polarizable anodically (King et al., 2014). Normally, the value of ,
should be <150 mV dec™! while the value of . should be in the vi-
cinity of ~200—300mV dec™?! (Cao et al., 2013; King et al., 2014;
Qiao, Shi, Hort, Abidin, & Atrens, 2012). The R, is therefore an

important parameter that must be considered during magnesium cor-
rosion and inhibition studies. In this work, the inhibition performance
was determined using this very important parameter and its determi-
nation was done using the Stern-Geary equation given herein as Eq.
(11). The values of the instantaneous corrosion rate (v) also given in
Table 3 was calculated using Eq. (12) (Cao et al., 2013). As could be
seen in the table, the degradation rate of the alloy was slower in the salt
solution containing the natural polymers than in their absence.

v =2285 X iconr 12)

The corrosion inhibition afforded by the optimum concentration of
the polymers (1 g/L) is moderate (Tables 2 and 3). For ALG, the in-
hibition efficiency is in the range of 56-58% while that of HEC is be-
tween 63-64%. KI and Date palm seeds oil studied independently in-
hibited AZ31 Mg alloy in 3.5 wt.% NaCl solution by 31.70 % and 10.70
% (Table 2). In real application, a single compound can rarely provide
the desire corrosion protection, as such commercial inhibitor is usually
a cocktail (also called formulation or package) of several components
(Finsgar & Jackson, 2014). A formulation consisting of HEC or ALG, KI,
and Date palm seeds oil was developed and tested against the corrosion
of AZ31 Mg alloy in 3.5 wt.% NaCl solution. Fig. 3(a) & (b) show the
comparative electrochemical impedance spectra of the formulations
with the polymers (HEC and ALG), KI, and Date palm seed oil. Clearly,
the semicircles at higher frequencies for the polymer-formulations are
remarkably larger compared to that of independent components. This
infers better retardation of the alloy degradation in the corrosive so-
lutions containing the formulations than in the solutions containing the
individual components. It suggests a co-adsorption in the systems
containing the formulations. A substantial amount of the inhibitor
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Table 2

Results of fitting analysis from electrochemical impedance measurements of AZ31 Mg alloy in 3.5 wt.% NaCl solution without and with various additives at ordinary temperature.

Calculated parameters

Derived parameters

System

C; (WF em™?) R (Q cm®) R¢ (Q cm?) L(Qscm? Ry (Q cm?) Cs (WF em™?) x2 x 1073 Rygrs (Q cm?) Nrs (%)

R, (Q cm?)

53.01 = 0.13
86.51

35.03
126.40
39.31

4.49 = 0.03
4.82 = 0.00

92.87 = 2.21

82.01 + 2.74
40.76 = 1.11

0.90 = 0.08

122.60 = 2.77

12.09 = 0.00
7.58 = 0.00
8.11 = 0.00
9.18 = 0.00

10.21

8.08 = 0.07
6.80 = 0.07
7.98 = 0.07
7.87 = 0.07
7.45 = 0.62
6.26 = 0.53

Blank

38.73
58.27

47.75
31.70

+ 1.32

156.30 = 2.68

18.16 = 2.55
49.18 + 6.10

175.60 = 2.91
201.20 *+ 6.16

0.5g/L ALG
1g/L ALG

127.04 = 3.05

61.24 + 0.00
4.13 = 0.00
1.54 = 0.00

1.91

257.90 * 6.01

133.50 + 5.19

101.46 + 2.46

33.95
80.33
40.20
92.38

134.20 + 4.39 178.60 + 4.78

19.51 = 5.01
1.64 = 0.64

4.51

215.40 = 1.67

2g/L ALG

77.60 = 1.03

120.30 + 2.89

44.19 = 1.17

220.80 = 1.99

+ 0.00

0.25 g/L KI

10.70
77.43
40.37
64.13

59.40 * 1.06

+ 1.51

101.40 + 2.09

17.80 = 6.32
66.90 + 3.10

+ 1.20

144.70 = 1.37
469.60 = 2.95

13.68 = 0.00
19.97 = 0.00
5.85 = 0.00
7.37 = 0.00
3.39 = 0.00
7.32 = 0.00

0.5 g/L Date palm seed oil
ALG-formulations

0.5 g/L HEC

1g/L HEC

23491 * 1.56

99.30 + 0.00

451.30 * 2.33

20.32 * 4.56

18.06 = 0.15

88.89 + 1.32

119.90
37.54

12.03 = 1.84 52.75 + 1.73 163.20 + 4.28 4.53 = 0.00

183.20 = 2.45

6.67 = 0.08
6.92 = 0.06

147.80 = 2.97

25.26 + 4.94 163.80 = 7.19 304.10 = 7.33 341.10 = 0.00

262.30 = 4.58

46.82
80.56

99.68 + 1.14

117.70
78.18

174.30 = 4.85 4.08 = 0.00

10.63 = 1.36 75.56 + 2.33

222.20 = 2.35

10.60 = 0.13

2g/L HEC

272.65 * 2.86

23.82 + 7.56 186.30 + 3.13 529.00 + 4.51 102.40 + 0.06

538.80 + 4.80

33.05 + 0.25

HEC-formulations
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molecules may have been adsorbed on the alloy surface, blocked the
charge transfer path, and prolonged the completion of corrosion reac-
tion cycle resulting in the observed larger impedance (Fig. 3(a & b)).
The analysis of all the impedance data in Fig. 3(a & b) were done with
the EC inserted in Fig. S1(b). The derived and calculated parameters are
presented in Table 2. The polarization resistance of the alloy in the
formulations containing systems was almost double the polarization
resistance in the solutions containing the natural polymers. For in-
stance, the R,gs for the alloy in 1g/L ALG containing solution was
127.04 + 3.05 Q cm? and the corresponding inhibition efficiency was
58.27 %. Similarly, in HEC containing system, the Rpgs was
147.80 = 2.97 Q cm? corresponding to inhibition efficiency of 64.13
%. However, in the systems containing the ALG- and HEC-formulations,
the Rypis was 234.91 + 1.56 Q cm? and 272.65 + 2.86 Q cm? and the
protection efficiency was 77.43 % and 80.56 %, respectively.

Fig. 3(c) displays the potentiodynamic polarization curves for
AZ31 Mg alloy in 3.5wt.% NaCl solution without and with different
additives. The polarization parameters derived from the extrapolation
of the linear segments of the curves as well as the calculated parameters
are given in Table 3. It is clearly seen in Fig. 3(c) that both the anodic
and cathodic polarization curves are displayed toward lower values
when polymer-formulations was present than when the natural poly-
mers alone were added. This point to better corrosion protection of the
alloys by the formulation than the individual natural polymers. It is
deduced from Fig. 3(c) that, the natural polymers and their formula-
tions retarded both the anodic and cathodic corrosion reactions, al-
though the dominant effect seems to be on the anodic part. The in-
hibition efficiency value for ALG and HEC from the PDP technique is
55.97 % and 63.30 %, respectively and that of the ALG- and HEC-for-
mulations is 80.62 % and 85.34 %, respectively and are in good
agreement with the values from EIS experiments (Table 2).

The bar chart showing the corrosion rate (v) of AZ31 Mg alloy in
3.5wt.% solution devoid of and containing either HEC, ALG, HEC-for-
mulation, or ALG-formulation at 25 °C obtained from mass loss tech-
nique is shown in Fig. 3(d). The corrosion rate is higher in the blank
solution than in the inhibited systems. The formulations perform better
than the polymers alone. In this technique, inhibition efficiency up to
80.43 % was achieved for HEC-formulation while that of ALG-for-
mulation is 78.26 %, and compares well with the electrochemical re-
sults.

Fig. 3(e) shows the variation of the volume of H, gas evolved with
time during the corrosion of AZ31 Mg alloy in 3.5 wt.% solution devoid
of and containing inhibitors at normal temperature. A linear relation-
ship between the volume of gas evolved and immersion time is ob-
served in the plot. Similar observation has been reported (Cao et al.,
2013; Umoren et al., 2010a). As should be expected, there was rapid
and abundant gas evolution in the unprotected NaCl solution. The re-
sults reveal that, the rate of gas evolution was 1.06 mL cm ™~ 2h ™! in the
blank solution. The corrosion inhibition property of HEC and ALG is
also obvious in Fig. 3(e). The evolution of gas in the systems inhibited
with the natural polymers was lesser compared to that of the blank. The
presence of HEC and ALG in the corrosive medium decreased the rate of
gas evolution from 1.06mL cm 2h~! to 0.38mL cm 2h~! and
0.65mL cm~2h ™, respectively.

This corresponded to protection efficiency of 63.95 % and 39.18 %,
respectively. Again, a superior suppression of the alloy degradation was
achieved with the formulations. There was a remarkable decline in the
volume of gas liberated from the alloy surface in the NaCl solution
containing the formulations. For the system containing ALG-formula-
tion, the rate of gas evolution was 0.25mL cm™2h™! relative to
0.65mL cm~2?h~! in ALG containing system. The level of protection
achieved with the formulation was 76.18 %. Similarly, the HEC-for-
mulation suppressed the rate of gas liberation and maintained the rate
at 0.20mL cm~?h™?; this corresponded to protection efficiency of
81.19 %. There is agreement between the mass loss (Fig. 3(d), gaso-
metric (Fig. 3(e), and the electrochemical (Tables 2 and 3) results.



S.A. Umoren, et al. Carbohydrate Polymers 230 (2020) 115466

Table 3
Results of fitting analysis from potentiodynamic polarization measurements of AZ31 Mg alloy in 3.5 wt.% NaCl solution without and with various additives at
ordinary temperature.

System Derived parameters Calculated parameters
Ecorr (mV vs. Ag/AgCl) icorr (A cm™2) B. (mV dec™ ) Be (mV dec™ ) V (mm yr~1) Rpppp (Q ecm?) x107° Nppp (%)
Blank 1551.23 122.09 14.00 149.40 2.79 45.52 -
0.5g/L ALG 1427.50 32.28 5.70 175.50 0.74 74.26 38.69
1g/L ALG 1441.82 30.14 7.50 166.60 0.69 103.39 55.97
2¢g/L ALG 1456.52 38.43 7.60 160.10 0.88 81.98 44.47
ALG-formulation 1393.02 21.69 12.90 130.20 0.50 234.95 80.62
0.5 g/L HEC 1555.83 30.72 5.90 194.90 0.70 80.95 43.76
1g/L HEC 1524.35 75.87 25.30 151.60 1.73 124.06 63.30
2¢g/L HEC 1450.88 27.60 6.50 156.30 0.63 98.18 53.63
HEC-formulation 1473.78 16.37 12.90 126.60 0.37 310.61 85.34
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Fig. 3. (a, b) Electrochemical impedance spectra, (c) potentiodynamic polarization curves, (d) corrosion rate chart, and (e) variation of hydrogen evolution with time
for AZ31 Mg alloy in 3.5 wt.% NaCl solution without and with various additives.
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Fig. 4. SECM mapping images of AZ 31 Mg substrates with and without inhibitor as function of immersion time.

3.2. Surface observation investigations

3.2.1. SECM studies

In comparison with the conventional electrochemical techniques,
SECM has some merits, which includes high spatial resolution, low iR
drop, and multiple modes of operation. In recent years, SECM has been
utilized in evaluating the gas evolution reactions on the surface of Mg
and its alloys through substrate generation/tip collection mode (Jamali,
Moulton, Tallman, Forsyth, Weber, Mirabedini et al., 2015; Jamali,
Moulton, Tallman, Forsyth, Weber, Wallace, 2015; Mena-Morcillo,
Veleva, & Wipf, 2018). The evolution of H, at the substrate surface and
the consumption of H, at the UME tip can be recorded through the
generator—collector mode. The variation in the magnitude of current
measured at UME tip is a sign of different amount of hydrogen evolu-
tion from the substrate surface. However, the SECM mapping images of
bare AZ31 Mg substrates are not indicative of a distinguished localized
behavior due to the vigorous diffusion of more H, gas towards the UME
tip in longer immersion time.

Fig. 4 displays the SECM mapping results in substrate generation/tip
collection mode for sensing the gas released at the surface of AZ31 Mg
alloy substrate in NaCl solutions without and with inhibitors. It is well
established that the main regions of H, evolution are where the dis-
solution/corrosion process of Mg occur vigorously and the local pH is
extremely alkaline (Jamali et al., 2014). As seen in Fig. 4, the AZ31 Mg
alloy in the blank solution exhibited higher level of H, evolution as
reflected by the higher tip current, which is indicative of an intense
corrosion process at the alloy surface. The regions displaying higher tip
current are the regions experiencing larger evolution of H, gas, and
hence there was more severe corrosion taking place in the regions.

Moreover, the value of the tip current was increased with increase in
the immersion time, signifying the severity of corrosion at the Mg
surface. It is clear from Fig. 4 that the tip current on the entire scan
surface of the blank substrate surface showed a large fluctuation and
the maximum value of 300 nA was found after 24h of immersion.
Compared with the blank solution, observable variances as specified by
the magnitude of the tip current are detected with the addition of ALG
and HEC. The SECM maps of these samples seemed to be more homo-
geneous than the blank substrate. Moreover, compared with the AZ31
alloy surface in the uninhibited system, the inhibited surfaces showed
lower values of tip current (0—15nA) even after 24 h of immersion,
demonstrating lower corrosion rate on these surfaces in NaCl solution.
In particular, the tip current for the alloy when exposed to ALG- and
HEC-formulations is found to be much lesser compared to that of ALG
and HEC samples. This again demonstrates the effectiveness of the
formulations in suppression of the degradation of the alloy in the stu-
died medium. It is interesting to note from this technique that HEC and
HEC-formulation were better inhibitors than ALG and ALG-formula-
tions. For instance, the mapped images for HEC and HEC-formulation
show that, even after 24 h, the tip current was still in the blue region
whereas, the mapped image for ALG is more like that of the blank at
24 h.

In order to validate the significant reduction of hydrogen evolution
reaction by the addition of investigated inhibitors, the values of nor-
malized UME tip current was plotted against the function of immersion
period (Fig. S2). A close inspection of the plots disclose that, the tip
current significantly decreased during the first few hours of immersion,
and then increased slightly as immersion period prolonged. This vali-
date the adsorption and formation of thin inhibitor film with respect to
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Fig. 5. AFM images in 2-D and 3-D formats for AZ31 Mg alloy after (a) mechanical abrasion and immersion in 3.5 wt.% NacCl solution (b) without and with (c) HEC,
(d) ALG, (e) HEC-formulation, (f) ALG-formulation for 24 h under normal atmospheric condition.

exposure time. It can be concluded from the SECM results (Fig. 4; Fig.
S2) that the addition of the natural polymers especially their formula-
tions effectively retarded the dissolution of AZ31 Mg alloy in 3.5 wt.%
NaCl solution by adsorption and formation of protective films on the
alloy surface. The SECM results are in perfect agreement with the
chemical (Fig. 3(c & d)) and electrochemical results (Tables 2 and 3).

3.2.2. AFM studies

The surface texture of AZ31 Mg alloy samples was studied using the
atomic force microscope. Fig. 5 shows typical AFM images of AZ31 Mg
alloy (a) after mechanical abrasion and after immersion in 3.5 wt.%
NaCl solution (b) without inhibitor, and with (¢) HEC, (d) ALG, (e)
HEC-formulation, (f) ALG-formulation for 24h under normal atmo-
spheric condition. One of the texture profiles currently defined by the
International Organization of Standardization (ISO) is the roughness
profile (ISO 4287), which list certain parameters for the evaluation of
surface roughness (EN ISO 4287, 1998; Mitutoyo Corporation, 2014;
Solomon, Gerengi, & Umoren, 2017). Some of them are RP1 (maximum
peak height), R, (the maximum valley depth), R, (the average peak to
valley height), and R, (the average peak to valley height with no limit
to the amount of bands and valleys) (EN ISO 4287, 1998; Mitutoyo
Corporation, 2014). Others include R, (the largest peak to valley
height), R, (the root-mean-square deviation of a profile), R, (the
average value of profile deviation from the mean line), and Ry
(average peak spacing) (Mitutoyo Corporation, 2014; EN ISO 4287,
1998). The numerical values of these parameters for the studied alloy
surfaces are given in the inserted tables in Fig. 5. After mechanical
abrasion, a relatively smooth surface was obtained (Fig. 5(a)). The
values of all the roughness profile parameters are less than unity. The
surface texture was seriously disrupted upon exposure of the sample to
3.5 wt.% NaCl solution. The surface in Fig. 5(b) appears very rough and
well-differentiated peaks and valleys can be clearly seen. It is justifiable

to assert that, the alloy sample corroded severely in the NaCl solution.
As could be seen in the inserted table in Fig. 5(b), the roughness
characteristics of the surface are almost seven times that of the abraded
sample (Fig. 5(a)). For instance, 0.070 um was measured as the average
peak to valley height (R,) on the surface in Fig. 5(b) whereas the value
stood at 0.308 um in the abraded surface. The values of other para-
meters measured on the corroded surface are three-seven times those of
the abraded surface.

There was a significant reduction in the roughness characteristics of
the sample surface when it was exposed to the corrosive solution con-
taining the natural polymers. Clearly, it is seen that the surfaces in
Fig. 5(c) & (d) are smoother compared to the one in Fig. 5(b). By
comparing the values of the roughness parameters in the inserted tables
in Fig. 5(c) & (d) to those in Fig. 5(b), the values of the roughness
parameters of the inhibited surfaces are remarkably smaller. In fact, the
R,, R., and R, parameters are almost 80 % smaller than those in
Fig. 5(b). This corroborates the experimental results that HEC and ALG
inhibited the corrosion of AZ31 Mg alloy in 3.5 wt.% NaCl solution.

The outstanding inhibition performance of the HEC- and ALG-for-
mulations towards the alloy degradation in the studied medium is also
obvious in the AFM studies. The surfaces of the 2-D and 3-D images in
Fig. 5(e) and (f) is comparable to the one in Fig. 5(a). It is interesting to
note that, just like the abraded surface (Fig. 5(a)), all the values of the
roughness parameters in Fig. 5(e) and (f) are less than unity. This
clearly shows the effectiveness of the formulations in retarding the
dissolution of the alloy in the NaCl solution. This may have been pos-
sible through the adsorption of substantial amount of the formulations
components on the sample surfaces, which effectively obstructed the
penetration of corrosive agents to the surfaces. A comparison of
Fig. 5(e) and (f) reveals that the HEC-formulations (Fig. 5(e)) was
slightly better than the ALG-formulations, which is in agreement with
other experimental results (Tables 2 and 3, Fig. 4).
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Fig. 6. SEM images and EDX spectra for AZ31 Mg alloy after (a, b) mechanical abrasion and immersion in 3.5 wt.% NacCl solution (c, d) without and with (e, f) HEC,
(g, h) ALG, (i k) HEC-formulation, (1, m, n) ALG-formulation for 24 h under normal atmospheric condition.

3.2.3. SEM and EDX studies

Fig. 6 presents the SEM pictures and EDX spectra for AZ31 Mg alloy
(a, b) after mechanical abrasion and after immersion in 3.5 wt.% NaCl
solution (c, d) without and with (e, f) HEC, (g, h) ALG, (, j, k) HEC-
formulation, (1, m, n) ALG-formulation for 24 h at 25 °C. After abrasion,
the surface was relatively smooth (Fig. 6(a)) and the a-Mg phase and
the alloying elements phase can easily be distinguished. The corre-
sponding EDX spectrum (Fig. 6(b)) shows the weight composition of Mg
on the surface to be 95.1 % and that of Al as 3.4 %. By immersing the
sample in 3.5wt.% NaCl solution for 24 h, the surface morphology
becomes rougher (Fig. 6(c)) and the weight percentage of Mg on the
surface reduced to 31.5 %. The alloying elements (Al, Zn, & Mn) were
undetected. These points to serious corrosion of the alloy in the studied
medium. Additionally, salt-like corrosion products are seen on the
surface in Fig. 6(c). The EDX spectrum in Fig. 6(d) reveals that, Na
(11.9 %), O (41.9 %), and Cl (14.7 %) are the elemental composition of
the corrosion products. It has been widely reported (Esmaily et al.,
2017; Song, 2005) that Mg(OH), precipitate is the main corrosion
product during the corrosion of Mg in neutral and alkaline media.
Nevertheless, Mg(OH), precipitate exhibits slight inhibiting effect
(Song, 2006). Because the Mg(OH), layer is porous (Fig. 6(c)), the slight
protection effect cannot be sustained as aggressive ions would still
penetrate the layer, attack the surface, and induce corrosion. On the
alloy surfaces exposed to NaCl solution containing the natural polymers
or their formulations (Fig. 6(e, g, i, & 1)), it is seen that a more compact
and dense product layers were formed. These films may have effectively
prevented the ingression of corrosive ions into the alloy surface and by
so doing protected the metal against corrosion. The EDX spectra in
Fig. 6(f, h, j, & m) clearly show that the products on the surfaces in
Fig. 6(e, g, i, & 1) were of different composition from the one on the
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surface of Fig. 6(c). The presence of C in substantial amount in Fig. 6(f,
h, j, & m) and it absent in Fig. 6(d) confirms the adsorption of organic
matter on the surfaces in Fig. 6(e, g, i, & 1). When the entire surfaces of
Fig. 6 (i & 1) were scanned, the element, I was not detected but was
found when the scan was concentrated on a deposited product (Fig. 6 (k
& n)). This shows the insensitivity of the EDX instrument.

3.2.4. FTIR and UV-vis studies

FTIR experiments were undertaken for pure HEC and ALG as well as
the adsorbed products extracted from the surfaces of the samples im-
mersed in 3.5 wt.% NaCl solution containing the polymers for 24 h. The
comparative spectra are shown in Fig. S3. In Fig. S(a), prominent peaks
are seen at 1052 cm ™}, 1353 cm ™}, 2874 cm ™}, and 3372 cm ! in the
pure HEC spectrum. The strong and sharp peak at 1052 cm ~ ! is allotted
to the stretching vibration of ether C—O (Sun, Wang, & Yan, 2017)
while the weak peak at 1353 cm ™! is assigned to O—H bending vibra-
tion (Orhan, Ziba, Morcali, & Dolaz, 2018). The peaks at 2874 cm ™!
and 3372 cm ™" are linked to the C—H and O—H stretching vibrations
(Orhan et al., 2018), respectively. Compared with the FTIR spectrum of
HEC-film (Fig. S3(a)), the ether C—O and the C—H stretching peaks
almost completely disappeared while an extra peak appeared at
3691 cm . The additional peak is assigned to the stretching vibration
of O—H in Mg(OH), (Pilarska, Wysokowski, Markiewicz, &
Jesionowski, 2013).The disappearance of the peaks suggest the in-
volvement of the ether functional groups in HEC in the adsorption
process. Similar submission can be found in the literature (Haladu,
Umoren, Ali, Solomon, & Mohammed, 2019).

Fig. S3(b) shows the comparative spectra for pure ALG and ALG-
film. The characteristic peaks in the pure ALG spectrum are the pyr-
anosyl ring C—O stretching peak at 1026 cm™! (Daemi & Barikani,
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2012), the symmetric and asymmetric vibrational peaks of the car-
boxylate salt at 1406 cm ™! and 1595 cm ™! (Daemi & Barikani, 2012),
respectively, and the O—H stretching band at 3233 cm ™. The ALG-film
spectrum, although very similar to that of the pure ALG differ from the
later in the appearance of the O—H (Mg(OH),) stretching peak at
3691 cm ™! and the remarkable reduction in the intensity of the pyr-
anosyl ring C—O stretching and the symmetric and asymmetric vibra-
tional peaks of the carboxylate salt. This suggests the participation of
—COONa group in the adsorption of ALG molecules onto the alloy
surface. The appearance of the O-H (Mg(OH),) vibrational peak at
3693 cm ™! and 3691 cm ™, respectively in the ALG-film and HEC-film
spectra is suggestive of Mg(OH), as the corrosion product on the alloy
surface.

Fig. S3(c) presents the UV-vis spectra obtained for a solution of
3.5wt.% NaCl without and with the studied polymers (HEC or ALG)
after immersing a AZ31 Mg sample for 24h. In the blank solution
spectrum, a sharp absorption peak is observed at 205nm and is con-
sistent with hydroxide (Zuman & Szafranski, 1976). This confirms the
existence of Mg(OH), in the corrosion product as earlier suggested by
the FTIR results (Fig. S3(a & b)). In the spectrum of the polymer con-
taining solution, a weak peak at 343 nm is observed in addition to the
sharp hydroxide peak at 205 nm. The appearance of the new peak at
343 nm justify the formation of Mg-polymer complex. Similar submis-
sion can be found in the corrosion literature (Abdel-Rehim, Khaled, &
Abd-Elshafi, 2006; Haladu et al., 2019).

3.3. Mechanism of inhibition by HEC- and ALG-formulations

To gain insight into the corrosion and corrosion inhibition me-
chanism of AZ31 Mg alloy by HEC- and ALG-formulations, the products
deposited on the specimen surfaces after immersing in 3.5 wt.% NaCl
solution without and with the formulation for 24 h were analyzed using
the XPS technique. Fig. 7 presents the high-resolution spectra of Mg 1s,
Cl 2p, C1s, O 1s, and I 3d obtained from the analysis of the XPS results.
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In the Mg 1s spectrum in Fig. 7(i), (v) and (x), a single peak at
1304.91 eV, 1304.96 eV, and 1304.98 eV, respectively is observed and
corresponds to Mg(OH), (Li, Liu, Lei, & Xiao, 2015; Nabizadeh et al.,
2019). This is in agreement with the FTIR and UV-vis results (Section
3.2.4) and confirms that, Mg(OH), is the main corrosion product on the
alloy surface. The peak at 197.58 eV (Fig. 7(ii)), 197.99 eV (Fig. 7(vi)),
and 197.63 (Fig. 7(x1)) in the O 1s high-resolution spectra is consistent
with the OH™ group (Kumar, Hassan, Sorour, Paramsothy, & Gupta,
2018). The electrochemical cathodic reduction of water produces OH-
ions (Dindodi & Shetty, 2014):

2H,0 + 2e- — H, (g) + 20H- (13)

It was reported (Cai, Lu, Li, Liang, & Zhou, 2009; Lopez & Natta,
2001) that at active potential of about -1.56 V vs. Ref. (the range of
potential of the present work), magnesium is simultaneously oxidized
to Mg* and Mg?* ions:

Mg — Mg* + e~ 14

Mg — Mg?* + 2e” (15)

The Mg™* ion is unstable and readily oxidize to Mg®* (Dindodi &
Shetty, 2014). The Mg?* ions so-generated react with the OH™ ions
from the cathodic region to form the main corrosion product, Mg(OH),
(Eq. (16)).

2Mg* + 20H~ — Mg(OH), (16)

Beside the Mg(OH), as the main corrosion product, Cl-containing
compounds such MgCl, and Mg,(OH)3Cl (Cui et al., 2018) co-existed on
the surface. The Cl 2p3,, peak originated from the Cl-containing com-
pounds can be clearly seen at 197.58 eV, 197.99 eV, and 197.63 eV in
Fig. 7(iii), (vii) & (xii), respectively

It is obvious that the inhibitor molecules were adsorbed on the alloy
surface and by extension protected the surface against corrosion. In the
C 1s spectrum of the blank (Fig. 7(iv)), a single peak at 285.11 eV is
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Fig. 7. High-resolution spectra of film formed on AZ31 Mg alloy immersed in 3.5 wt.% NaCl solution (i-iv) without and with (v-ix) ALG-formulation, (x-xiv) HEC-

formulation for 24 h under normal atmospheric condition.
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seen and is associated with the contaminative C—C/C-H groups (Cui
et al., 2018). Compared with the C 1s spectra in Fig. 7(viii) and (xiii), an
additional peak at 287.28 eV and 287.68 eV, respectively is seen and
belong to —COO ™ /—CO~ groups (Umoren et al., 2019; Zhang, He, &
Gu, 2006) of the inhibitor. It was reported that Date palm oil contained
oleic acid (C;gH340-), lauric acid (C;.,H2405), stearic acid (C;gH360-),
palmitic acid (C;6H3205), and linolenic acid (C;8H3002) (Nehdi, Sbihi,
Tan, Rashid, & Al-Resayes, 2018) as the main chemical components. It
therefore infers that the —COO™/—CO™ groups from the inhibitor
components interacted with the metal surface to form the protective
layer, which is in excellent agreement with the FTIR results (Section
3.2.4) and the report of Hou et al. (2016). Additionally, iodide ions, a
component of the formulation was detected on the surfaces of the in-
hibited samples. In the I 3d spectrum in Fig. 7(ix), two peaks typical of I
3ds,, and I 3ds,» are observed at 617. 38 eV and 628.38 eV, respec-
tively. Similar peaks are seen at 617.37 eV and 628.37 eV in the I 3d
spectrum in Fig. 7(xiv). The peak at approximately 617 eV is assigned to
triiodide (I3) (Kalita, Wakita, Takahashi, & Umeno, 2011; Solomon
et al., 2018) while the band at approximately 628 eV is consistent with
pentaiodide (I5) (Kalita et al., 2011; Solomon et al., 2018).

From the above results, a co-adsorption inhibition mechanism is
proposed. The surface of AZ31 Mg alloy immersed in 3.5 wt.% NaCl
solution is covered with porous Mg(OH), film. The natural polymers
(HEC and ALG), through hydroxyl and/or carboxyl functional group
chelated with the alloy surface (Hou et al., 2016). The Mg-polymer
complex did not significantly changed the characteristic porosity of the
surface film, as indicated by the low inhibition efficiency values (Tables
2 and 3). In the presence of the Date palm oil and the potassium iodide,
Mg?" and other cations on the surface act as a bridge (Zhang, Li, Li,
Zhang, & Wang, 2015), so that the carboxylate ions from the oil and
iodide ions co-adsorb on the surface. The co-adsorption of the multi-
component gives rise to a compact protective film on the alloy surface
as evidenced in the SEM images (Fig. 6(i & 1)).

4. Summary and conclusion

Seven natural polymers (CMC, PEC, GA, CHI, HEC, ALG, and Dex)
were screened as corrosion inhibitor for AZ31 Mg alloy in 3.5wt.%
NaCl solution. CMC, PEC, GA, CHI, and Dex accelerated corrosion while
HEC and ALG moderately inhibited corrosion. The corrosion accelera-
tion effect was linked to chelates formation between the natural poly-
mers and Mg?* ions in the electrolyte rather than on the alloy surface
(Lamaka et al., 2017). In the case of HEC and ALG, the complex was
formed on the substrate surface and retarded both the anodic Mg dis-
solution reaction and the cathodic gas evolution reaction. Studies on
the effect of concentration of HEC and ALG on inhibition efficiency
reveal that, protection performance was maximum when one gram of
inhibitor per liter of solution was used. With this concentration, up to
64.13 % and 58.27 % inhibition efficiency is achievable for HEC and
ALG, respectively. In an attempt to effectively protect the alloy against
corrosion, two inhibitor formulations consisting of either HEC or ALG,
potassium iodide, and Date palm seeds oil were formulated. The for-
mulations were found to effectively protect the alloy surface against
corrosion in 3.5 wt.% NacCl solution yielding up to 80 % inhibition ef-
ficiency. Surface observation studies using SECM, AFM, SEM and EDX
conform to other experimental results; they clearly show the better
corrosion protection afforded by the inhibitor formulations than the
polymers alone. Results from all the applied techniques reveal that HEC
and HEC-formulations were better inhibitor than ALG and ALG-for-
mulations. FTIR, UV-vis, and XPS results reveal that Mg(OH), is the
main corrosion product that co-existed with adsorbed inhibitor com-
plexes on the alloy surface, which is in agreement with previous studies
(Dindodi & Shetty, 2014; Lopez & Natta, 2001; Saji, 2019). We con-
clude that, HEC and ALG are promising cheap and green sources for the
formulation of corrosion inhibitor for Mg and its alloys. The application
of Mg and its alloy is at present limited because of lack of effective
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corrosion inhibitors.
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