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ARTICLE INFO ABSTRACT

Keywords: A novel random copolymer 4, containing diallylmethylamine and N',N'-diallyl-N'-methyl-N°N® N®-tripro-
Synthesis pylhexane-1,6-diammonium dibromide units in a 1:1 ratio (polymer 4) was synthesized via Butler's cyclopoly-
Copolymer merization technique. Characterization was accomplished by 'H NMR, elemental analysis, and Fourier-transform

Acid corrosion
Corrosion inhibition
Adsorption
Synergism

infrared spectroscopy (FTIR). Polymer 4 was tested as corrosion inhibitor for low carbon steel in 15% HCl
solution via gravimetric and electrochemical approaches. The analysis of the metal specimen surfaces was done
using scanning electron microscope (SEM), atomic force microscopy (AFM), energy dispersive X-ray spectro-
scopy (EDAX), and X-ray photoelectron spectroscopy (XPS) methods. Polymer 4 is inhibitor for the substrate
particularly at elevated temperatures. Corrosion mitigation is by chemisorption mechanism and can be best
described with the Langmuir and El-Awady et al. kinetic-thermodynamic adsorption isotherms. Polymer 4
corrosion mitigation capacity can be improved by the addition of a minute amount of I~ ions. Inhibition effi-
ciency of 92.99% has been achieved with 500 ppm polymer 4 + 1 mM KI mixture at 25 °C. Surface analysis
results support the claim of adsorption of additive molecules on steel surface. From XPS results, corrosion
products on steel surface exposed to the free acid solution are mixtures of chlorides, carbonates, oxides, and
hydroxides. In polymer 4 + KI system, polymer 4 molecules are adsorbed on triiodide and pentaiodide ions
layer. The improved corrosion inhibition of polymer 4 by I~ ions is synergistic in nature according to calculated

synergism parameter. Polymer 4 is a promising corrosion inhibitor for oil well acidizing purpose.

1. Introduction

One of the sectors driving the global economy is the oil and gas
exploration and production industry. Currently, the sector contributes
2-3% to the global economy with a total revenue of 2 trillion USD [1].
Acidizing is a widely used production stimulation strategy in new and
aging wells [2,3]. Concentrated acid solution mostly HCl or HCI/HF
mixture is pumped under pressure into wellbore to dissolve rock for-
mation or to create new flow path [2,3]. Corrosion of well tubulars
(mostly low carbon steel) is aggravated as acid solution gets in contact.
As a matter of necessity, the acid solution is fortified with effective
corrosion inhibitors. Organic compounds, particularly nitrogen con-
taining compounds have been claimed to possess anticorrosive property
in acidizing environment. For example, Engle and Keeney [4] in the US
Patent No. 3,514,410 claimed that, with 0.3% Rodine 213, an inhibitor
formulation containing a rosin amine, a formaldehyde, and a ketone,
corrosion rate of 0.089 Ibs./ft.2/24 h can be achieved. In the US Patent
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No. 3,404,094, Keeney [5] disclosed that inhibitor formulation con-
sisting of an amine or nitrogen-based compound, acetylenic alcohol,
and a non-acetylenic alcohol was capable of restricting A-110 steel
corrosion to a rate in the range 0.033-0.156 lbs./ft>/24 h at tempera-
ture of 150-175 °C. Similar claims can be found in the US Patent Nos.
3,107,221 [6] and 2,993,863 [7]. Although these formulations are ef-
fective acid corrosion inhibitors, the toxicity of some of the components
like acetylenic alcohol would limit their applications as the campaign
for greenness intensifies.

In the last few years, research light has beamed on polymeric ma-
terials, both natural and synthetic for utilization as metals corrosion
inhibitors in diverse aggressive media [8-11]. Comprehensive in-
formation on polymeric corrosion inhibitors for the oil and gas industry
can be found in the report by Tiu and Advincula [12]. Polymers are
environmentally friendly, possess inherent stability, and have multiple
adsorption centers. However, in some cases, polymers exhibit moderate
corrosion inhibiting performance [13,14] as a result of their poor
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solubility property in aqueous medium. Some reports have highlighted
the enhancement of the corrosion inhibition efficiency of polymeric
compounds by combination with metals cations [15-18] or halide an-
ions [19-22]. In our laboratory, we have equally demonstrated the
beneficial influence of halide ions particularly iodide ions on protection
effectiveness of polymers [23,24].

In a quest to continue to develop polymer-based corrosion inhibitors
for industrial application, poly(DAMA-ran-DAMTDB) 4 was synthe-
sized. In this communication, we present the synthesis and use of poly
(DAMA-ran-DAMTDB) 4, where DAMA and DAMTDB stand for dia-
llylmethylamine and N',N'-diallyl-N'-methyl-N° N° N°-tripro-
pylhexane-1,6-diammonium dibromide, respectively, with iodide ions
as a highly potent corrosion suppressor for low carbon steel in acidizing
medium. Poly(DAMA-ran-DAMTDB) 4, which onwards will also be re-
ferred to as polymer 4, synthesized from inexpensive starting materials,
was characterized using '"H NMR spectroscopy and the anticorrosion
studies was done using weight loss, electrochemical, and surface ana-
lysis techniques. Note that the presence of corrosion inhibition motifs of
trivalent amine, quaternary ammonium, hydrophobic alkyl spacers, and
the multiple anchoring points provided by the polymer chain of 4 are
all points towards an exciting outcome of the current study.

2. Experimental section
2.1. Synthesis of polymer 4

The synthesis route of the polymer 4 is illustrated in Scheme 1.

Amine 1 was prepared by reacting formic acid, diallylamine and
paraformaldehyde using procedure described in Clarke et al. [25].

Butler's cyclopolymerization protocol [26] was adopted for the
polymerization of diallylmethylammonium chloride (DAMAC) (1-HCD}
monomer. Thus, stirred amine 1 (5.0 g, 45 mmol) in a 100 mL RB flask
fitted with a long condenser was neutralized with concentrated HCl
(4.93 g, 37 wt%, 50 mmol) at 0 °C. The monomer solution was degassed
with N, and then heated to 100 °C. Three portions of the initiator am-
monium persulfate (APS) (3 X 0.25 g) was added at 3 min interval. The
temperature of the exothermic reaction rose to 110 °C. The reaction
mixture was continuously stirred at the oil bath temperature of 100 °C
for an additional 20 min. The reaction mixture was then dialyzed
against distilled water (3h) and freeze-dried to obtain poly(DAMAC) 2
(5.5 g, 83%) as a hygroscopic white powder. The intrinsic viscosities [n]
of polymer 2 in 0.1 M NaCl at 30 °C was determined using an Ubbe-
lohde viscometer (having a Viscometer Constant of 0.005718 cSt/s at
all temperatures) and found to be 0.0785 dL g~ '. The low viscosity
value indicates the lower molar mass of the polymer.

Bromide salt 3 was prepared using literature procedure [27].
Polymer 2 was transformed to 4 using procedure as described in Tian
et al. [27]. Thus, powdered NaOH (0.8 g, 20 mmol) was added to a
stirring solution of 2 (2.95 g, 20 mmol in terms of the repeating unit) in
methanol (8 mL) under N,. Toluene (40 mL), acetonitrile (40 mL), and 3
(4.94 g, 78.4% purity, 10 mmol) were added to the cloudy mixture and
the contents in the closed reaction flask was heated at 70 °C for 20 h
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under N,. After the removal of the solvents, the mixture was dialyzed in
the presence of excess KBr to obtain poly(DAMA-ran-DAMTDB) 4 in
88% yield.

2.2. Characterization of poly(DAMA-ran-DAMTDB) 4

A Bruker 500 MHz instrument operating at 500 MHz was used for
'H NMR characterization of polymer 4 in D,0.

2.3. Anticorrosion studies

2.3.1. Materials/solutions preparation

Steel specimens were cut out of a sheet of St37-2 steel grade pur-
chased from Erdemir Steel Co., Turkey. The chemical composition of
the steel grade is as given in Solomon et al. [11]. The dimension of the
samples used for weight loss experiments was 3.0 X 3.0cm X 0.2 cm.
The surface area was calculated using Eq. (1) [28]. Samples for elec-
trochemical experiments were circular in shape with 0.79 cm? as the
surface area. All the specimens were subjected to mechanical abrasion
using silicon carbide paper of different grits. To get rid of the dust
generated from the abrasion process, the samples were sonicated in
ethanol bath for ten minutes, degreased with ethanol and acetone, and
then dried using Buehler Torramet specimen dryer. The corrodent was
15% HCI solution prepared by diluting concentrated hydrochloric acid
(37%) with distilled water. The concentration of polymer 4 studied was
50, 100, 300, 500, and 700 ppm while the concentration of KI used was
0.001 M. It is worth mentioning that polymer 4 is a water-soluble
polymer and did not require special organic solvent for dissolution.

A =2l +dl + dw) (€9)]

where A = area (cm?); w = width (cm); d = thickness (cm); and
[ = length (cm).

2.3.2. Weight loss experiments

The gravimetric experiments were performed following the ASTM
standard procedure [28]. Firstly, the initial weight of the coupons was
measured using a digital weighing balance of precision = 0.1 mg and
the weight was designated as W,. Secondly, reaction bottles which were
properly labeled were filled with 100 mL of the respective test solu-
tions. Thirdly, two pre-weighed St37-2 steel samples were freely sus-
pended in each of the reaction bottles. The reaction vessels were placed
in a thermostatic water bath maintained at studied temperature for 6 h.
Fourthly, the corroded samples were retrieved after 6 h of immersion,
immersed in 1M HCI for 20s to loosen the corrosion deposits [29],
washed in distilled water, rinsed in acetone, and finally dried using
Buehler Torramet specimen dryer. The dried metal specimens were
reweighed and the new weight designated as W;. The weight loss (WL)
was computed thus:

WL (g) = Wp-W )

To determine the corrosion rate (v), the mean weight loss (WL, g)
was used following Eq. (3) [30]:

X — 1
? (/ pua " i) NaOH WH 0.5n
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Scheme 1. Synthesis of polymeric inhibitor 4.
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87600 X WL

v(mm/yr) = AT

3
where p = density of the steel sample (gcm™3), T = immersion time
(h), and A = surface area of the specimen (cm?).

The inhibition efficiency (, %) of polymer 4 was calculated using
Eq. (4):

v(blank) — v(inh.)

() = = k)

x 100
4

where Vpianky = corrosion rate in the blank solution and vnn) = cor-
rosion rate in the corrodent containing polymer 4.

2.3.3. Electrochemical measurements

The electrochemical experiments were performed in accordance
with the ASTM G3-89 [31] and G5-94 [32] standards. An electro-
chemical workstation, Gamry Potentiostat/galvanost/ZRA (Ref 600)
which has EIS300, EFM 140, and DC105 softwares for impedance, in-
termodulation, and polarization measurements respectively was used
for the electrochemical studies. The electrochemical cell was a tri-
electrode component type whereby the prepared metal specimen serves
as the working electrode, Ag/AgCl as the reference electrode, and a
graphite rod as the counter electrode. Prior to electrochemical mea-
surements, the working electrode was allowed to stand in test solution
for 3600 s for the purpose of ensuring a steady state open-circuit po-
tential (OCP). For the electrochemical impedance spectroscopy mea-
surements, the experimental setup was as follows: initial fre-
quency = 100, 000 Hz, final frequency = 0.01 Hz, amplitude = 10 mV
peak to peak. The impedance obtained were analyzed using Gamry
Echem Analyst. For potentiodynamic polarization (PDP) measurements,
the initial potential was — 0.25 V vs. open circuit potential (E,.p) and the
final potential was 0.25V vs. E,., while the scan rate was 0.2 mV/s. An
extrapolation method was used to derive the polarization parameters
such as Ecoyr, current density (icorr), anodic and cathodic Tafel slopes (8,
& f.), etc. from the obtained polarization curves. Electrochemical fre-
quency modulation (EFM) experiments were carried out setting the
base frequency at 1 Hz and number of cycles at 32 such that the sinu-
soidal waveform repeats after 1s. The amplitude of perturbation was
10mV and 2 and 5 Hz were the measurements frequencies. Linear po-
larization resistance (LPR) testing were realized by polarizing the
working electrode from initial potential of —0.01V vs. E, to the final
potential of +0.01V vs. E,, at a sweep rate of 0.125mV/s. The po-
larization resistance (R,) was obtained from the slope of the potential-
current graph in the vicinity of E.,. The inhibition efficiency () from
electrochemical impedance spectroscopy (EIS) was calculated using Eq.
(5). n from PDP and EFM was computed using Eq. (6) while the  values
from LPR was calculated making use of Eq. (7).

RO
=|1- —|x100
NE1s ( R )

5)
Nppp = (1 - li“) x 100
o - ©)
Ry
Mpr = |1 — — | x 100
Ry %)

where R%i.o, and R,’, are the charge transfer resistance, corrosion
current density, and polarization resistance respectively recorded in
acid solution devoid of polymer 4. R,icorr, and R, are the charge transfer
resistance, corrosion current density, and polarization resistance re-
spectively in the presence of polymer 4.

2.3.4. Surface examination

The surface properties of the steel samples exposed to the studied
acid environment in the absence and presence of polymer 4 for 24 h and
the elemental composition of the corrosion deposits and/or adsorbed
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polymer 4 films on the sample surfaces were determined with the help
of a Scanning Electron Microscope (SEM) JEOL JSM-6610 LV coupled
to energy dispersive X-ray spectroscopy (EDAX). The SEM instrument
was accelerated at 20 kV. The degree of roughness of the studied metal
surfaces were assessed using 5420 atomic force microscope (N9498S,
Agilent Technologies, UK) operated in the contact mode under ordinary
conditions. X-ray photoelectron spectroscopy (XPS) analysis was un-
dertaken using a ESCALAB 250Xi XPS spectrometer with a monochro-
matic Al Ka X-ray source. The data were obtained from the specimen
surface directly without Ar ion sputtering. Analysis of the XPS data was
done using Avantage v5,51,0,5371 software. However, the preparation
procedure of samples for SEM-EDAX, XPS, and AFM analysis was dif-
ferent. For AFM analysis, the samples after removing from test solutions
were gently washed under running water, rinsed with acetone, and
dried with sample dryer before subjecting to the analysis. The cleaning
process was avoided in samples used for SEM, EDAX, and XPS analysis;
reason being that, our interest was on the adsorbed film.

3. Results and discussion
3.1. NMR, FTIR, and elemental analyses

Polymer 4 was characterized using 'H NMR, FTIR spectroscopy and
elemental analysis; the spectra obtained are presented in Fig. 1. From
the characterization, the following was found: C, 56.7; H, 10.0; N,
6.7%. Polymer 4 with a 1:1 copolymer composition requires C, 57.14;
H, 9.76; N, 6.89%); vmax- (KBr) 3437, 2931, 2859, 2782, 1641, 1471,
1388, 1129, 1045, 960, 758, and 620cm™'. FTIR peaks found:
3403.93, 2931.99, 2873.84, 2770.36, 1661.65, 1455.86, 1385.95,

u
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Fig. 1. (@) 'H NMR and (b) FTIR spectra of polymer 4.
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Fig. 2. Open circuit potential variations with time for St37-2 steel in 15% HCl
solution without and with different concentrations of polymer 4 at 25 °C.

1035.50, 961.69, 835.76, and 754.68 cm™'. The N—H of the tertiary
amine and the ring C—N stretching are seen at 3403.93cm ™' and
1035.50 cm ! respectively. The extent of alkylation according to the
elemental analysis was 50 mol%. The 'H NMR and the FTIR results
confirm the successful synthesis of polymer 4.

3.2. OCP and EIS studies

To ensure a steady state condition before impedance and polariza-
tion measurements, the variation of open circuit potential (OCP) for
St37-2 steel electrode in 15% HCI solution devoid of and containing
various concentrations of polymer 4 was monitored for 3600s. The
results are displayed in Fig. 2. In acid solution free from polymer 4, the
initial OCP was - 0.5511V vs. Ag/AgCl. The open potential steadily
increased to — 0.5034 V vs. Ag/AgCl at 3479 s before attaining stability.
This potential shift towards noble direction is associated with the for-
mation of corrosion products on the steel electrode surface which of-
fered partial protection against corrosion [33,34]. In comparison with
the OCP vs. time graphs for the protected systems, the initial open
potential of the protected systems is nobler than that of the unprotected
and stability was attained in the inhibited acid solutions faster than in
unprotected. For example, the initial OCP in acid solution inhibited
with 50 ppm, 100 ppm, 300 ppm, 500 ppm, and 700 ppm polymer 4 is —
0.5155, — 0.5157, — 0.5159, — 0.5115, and — 0.5073 V vs. Ag/AgCl
respectively and stability was attained at approximately 1500s in all
the systems. This observation is caused by the adsorption of polymer 4
molecules on the working electrode surface. Similar interpretation can
be found in the corrosion literature [35-37].

Fig. 3 shows the electrochemical impedance spectra drawn for
St37-2 steel in 15% HCI solution without and with various concentra-
tions of polymer 4 in three formats: (a) Nyquist, (b) Bode modulus, and
(c) Bode Phase. The Nyquist format (Fig. 3(a)) exhibits a common
feature of a charge-controlled corrosion process, i.e. a single capacitive
loop at high frequency region. The capacitive loop is far from being a
perfect semicircle and is caused by the heterogeneous nature of the
working electrode [35]. The capacitive loops drawn for inhibited sys-
tems are larger in size than that of uninhibited. This is indicative of
slower charge transfer corrosion reactions in inhibited systems than in
uninhibited. The concentration of inhibitor is found to have noticeable
influence on the steel corrosion process. The size of the semicircle in-
creases with increasing polymer 4 concentration up till 500 ppm and
thereafter reduces. That is, the effect is in the order: 500 ppm >
700 ppm > 300 ppm > 100 ppm > 50 ppm. This effect is also seen
in the Bode graphs (Fig. 3(b & c)) where the impedance modulus and
the Phase angle are displayed towards bigger values in the afore listed
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Fig. 3. Electrochemical impedance spectra for St37-2 steel in 15% HCI solution
in the absence and presence of various concentrations of polymer 4 in (a)
Nyquist and (b) Bode modulus representations at 25 °C.

order. The explanation is that, as the concentration of the inhibitor was
increased, more inhibitor molecules were available for adsorption such
that larger surface area was covered and many corrosion reaction sites
blocked. The acid solution may have been saturated when 500 ppm
polymer 4 was added such that further addition resulted in a scenario
where adsorbed and un-adsorbed molecules interacted. Such interac-
tion would cause the desorption of some of the adsorbed inhibitor
molecules [38]. The 500 ppm concentration is therefore regarded as the
optimum concentration of polymer 4.

The analysis of the impedance data was done using a simple R(QR)
circuit shown in Fig. 4(a). The equivalent circuit has the following
elements, solution resistance (Ry), charge transfer resistance (R.;), and
constant phase element (CPE) which was imperative considering the
deviation of the impedance from perfect semicircle. That is, the CPE
represents the distorted double layer capacitance that was caused by
the roughness of the working electrode surface. The equivalent circuit
provided a good fit as evident from the fitted line in Fig. 3, the
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Fig. 4. Equivalent circuit diagrams used to fit (a) blank impedance data and (b)
Polymer 4 and polymer 4 + KI data.

representative fitting images in Fig. S1 of the supporting information,
and the small Chi squared and error values in Table 1. The CPE has two
components, Y, (quantity of CPE) and n (phase shift parameter;
n = 2a/(sx)) and these components were utilized in the calculation of
the double layer capacitance (C4) of adsorbed film according to the
following equation [39]:

Caq = (YpREHYn (©)]

The relaxation time constant (t) of the charge-transfer process was
calculated using Eq. (9) [40]:

T=Cq X Ret (C)]

All the derived and calculated parameters are given in Table 1. From
the results in the table, it is obvious that the R, value is higher and the
C4 value lower in the inhibited acid solutions than in uninhibited. The
observed phenomenon is due to the adsorption and displacement of
water molecules from the steel electrode surface by polymer 4 mole-
cules [33,36]. According to Han et al. [36], the double layer capaci-
tance of an electrode would decrease in the presence of inhibitor since
the volume of water molecule is smaller and permittivity is higher than
those of inhibitor molecule. The adsorbed polymer 4 films act as barrier
layer posing stiff opposition to charge transfer as seen in Fig. 3(a). By
inspecting Table 1 further, it is seen that upon increment of polymer 4
concentration from 50 ppm to 500 ppm, the R, value increased from
118.20 = 0.65Qcm® to 236.80 + 1.26QQcm® while the Cy value
decreased from 2.721 yFem ™2 to 2.150yFem ™2 A decrease in the
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local dielectric constant or increase in the thickness of adsorbed layer or
both can give rise to the observed decrease in C4 value with increasing
inhibitor concentration according to the Helmholtz equation given
elsewhere [33]. Considering the fact that the decline in C4 value with
increasing inhibitor concentration to 500 ppm is accompanied with
increase in R, value and inhibition efficiency, it is reasonable to submit
that increase in the thickness of adsorbed protective film was re-
sponsible for the observed decrease. The highest inhibition efficiency
from the EIS technique achieved with the optimum concentration is
82.19%.

Further inspection of the results in Table 1 reveals that, after the
addition of polymer 4 in the corrosive solution, the n increased from
0.73 in the 50 ppm polymer 4 inhibited solution to 0.80 in the 700 ppm
polymer 4 containing solution. This behaviour can be associated with a
decrease in the heterogeneity of the metal surface due to the adsorption
of the inhibitor [40,41]. It is also observed from the table that the re-
laxation time constant (t) increased from 0.0022 s in the blank solution
to 0.0007 s in the acid solution inhibited with 700 ppm polymer 4. Si-
milar observation had been reported in the literature [40-43] and was
interpreted to mean a decrease in the charge and discharge rates to the
metal-solution interface. It indicates that there is agreement between
the amount of charge that can be stored (i.e. capacitance) and the
discharge velocity in the interface (t) [40-43].

3.3. EFM, PDP, and LPR studies

The electrochemical frequency modulation (EFM) technique is be-
coming famous in the study of corrosion and corrosion inhibition. Its
suitability in the assessment of specific forms of corrosion like crevice
[44], pitting [45], and microbial influenced [46] corrosion had been
determined. Obot and Onyeachu [47] recently carried out a review on
the recent practical applications of EFM in corrosion research. The at-
tractive feature of EFM lies in the so-called causality factors which
allow the validity of data to be ascertained. Theoretically, the value of
causality factor — 2 (CF-2) and the causality factor — 3 (CF-3) is ex-
pected to be within 0-2 and 0-3 respectively [47]. Fig. 5 shows typical
intermodulation spectra obtained for steel specimen in 15% HCI solu-
tion devoid of and containing diverse dosages of polymer 4 at 25 °C. In
the spectra, two sets of bands are observed; the sharp and long bands
and the clouded bands. The clouded bands represent the background
noise signals while the sharp and long peaks are the harmonic and in-
termodulation peaks [48] which were used for the computation of the
electrochemical parameters listed in Table 2. The CF-2 and CF-3 values
given in Table 2 are within the theoretical range hence the experi-
mental data should be considered valid. The corrosion current density
(icorr) Was remarkably reduced from 928.00 yAcm ™2 in the free acid
solution to 261.00 pA cm ™~ 2 in the 50 ppm polymer 4 inhibited solution
and this reduction corresponded to 71.88% corrosion inhibition. The
least icorr (125.50pAcm™2) and the highest inhibition efficiency
(86.48%) was achieved with the optimum concentration (500 ppm).
The trend of variation of inhibition efficiency with inhibitor con-
centration is in conformity with the one noted in Table 1.

Table 1

Electrochemical impedance parameters for St37-2 steel in 15% HCI solution in the absence and presence of different concentrations of polymer 4 at 25 °C.
Conc. R CPE Rt Ca T x* x 1073 NE1s
(ppm) (Q cm?) (Q cm?) (uF cm™?) (s)

Yo n
(pQ_l s2em™?)

0 0.67 = 0.05 267.50 0.88 = 0.03 42.18 + 0.22 52.415 0.0022 0.49 -
50 0.55 = 0.09 314.00 0.73 = 0.00 118.20 + 0.65 2.721 0.0003 1.34 64.31
100 0.54 = 0.10 230.80 0.75 = 0.00 156.60 + 0.86 2.630 0.0004 1.54 73.07
300 0.59 = 0.10 201.60 0.75 = 0.00 167.30 £ 0.91 2.151 0.0004 2.65 74.79
500 0.51 = 0.10 105.80 0.78 = 0.00 236.80 *+ 1.26 2.150 0.0005 3.48 82.19
700 0.67 = 0.09 133.80 0.80 = 0.00 185.00 + 0.98 3.909 0.0007 2.46 77.20
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Fig. 5. Intermodulation spectra recorded for St37-2 steel in 15% HCI solution without and with various concentrations of polymer 4 at 25 °C.

Fig. 6 depicts the potentiodynamic polarization (PDP) curves col-
lected for St37-2 steel in 15% HCI solution free from and containing
diverse amount of polymer 4 at 25°C. The values of polarization
parameters namely, corrosion potential (Eco), icorr, and the anodic and

Table 2

cathodic slopes (8, & f8.) derived from the extrapolation of the linear
portions of the graphs are displayed in Table 2. It is apparent in Fig. 6
that the presence of polymer 4 in the acid solution greatly decrease
both the anodic and cathodic current densities which is a reflection of

Electrochemical frequency modulation (EFM), potentiodynamic polarization (PDP), and linear polarization (LPR) parameters for St37-2 steel in 15% HCl solutions in
the absence and presence of different concentrations of polymer 4 at 25 °C.

Conc. EFM PDP LPR
(ppm)

icorr CF-2 CF-3 NEFM —Ecorr Teorr Ba Be Nppp Ry NLpPR

(pAcm™?) (%) (mV vs. Ag/AgCl) (uAcm™?) (mV dec — 1) (mV dec — 1) (%) (Q cm?) (%)

0 928.00 1.69 3.13 - 470.00 422.00 74.10 84.10 - 39.09 -
50 261.00 1.89 3.06 71.88 477.00 167.00 117.40 104.70 60.43 126.10 69.00
100 200.10 1.86 3.30 78.44 468.00 117.00 91.30 97.40 72.27 157.20 75.13
300 182.70 1.78 3.13 80.31 475.00 84.10 74.70 71.10 80.07 167.00 76.59
500 125.50 1.92 3.08 86.48 480.00 42.50 54.50 59.70 89.93 250.20 84.38
700 153.20 1.83 3.10 83.49 469.00 107.00 104.8 129.10 74.64 191.40 79.58
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Fig. 6. Potentiodynamic polarization plots for St37-2 steel in 15% HCI solution
without and with different concentrations of polymer 4 at 25 °C.

the anticorrosive property of the compound. As clearly seen in the
figure, the displacement of the corrosion potential in inhibited systems
relative to that of the uninhibited is very minimal. In fact, the difference
between the E_,, value of the blank and those of the inhibited is in the
range of + 2-10mV vs. Ag/AgCl. This clearly shows that polymer 4
acted as a mixed type corrosion inhibitor retarding both the anodic iron
oxidation and cathodic hydrogen reduction reactions [49,50]. This
claim is further supported by the slight changes in both the anodic and
cathodic slopes upon addition of inhibitor (Table 2). For instance, the
anodic slope of 74.10mV dec — ! and cathodic slope of 84.10mV
dec — ! are changed to 54.50mV dec — ! and 59.70mV dec — * re-
spectively upon addition of 500 ppm polymer 4. The minimal alteration
of the anodic and cathodic slopes by the inhibitor also suggest that the
iron dissolution and hydrogen reduction reaction mechanisms was not
changed by the inhibitor [51,52]. Corrosion inhibition was therefore
achieved by the blocking of active reaction sites. The inhibition effi-
ciency of the optimum concentration from this technique is 89.93%.

The anticorrosion property of polymer 4 was also examined by
linear polarization resistance (LPR) technique and the obtained results
are listed in Table 2. Clearly, the steel electrode exhibited higher re-
sistance to polarization in acid solution containing polymer 4 than in its
absence. As earlier explained, the adsorption of the inhibitor molecules
on the electrode surface barricaded the surface from the ingression of
aggressive ions present in the environment. The presence of the op-
timum concentration of the inhibitor in the acidic environment boosted
the polarization resistance of the electrode by almost 6%, that is, from
39.09 Q em? to 250.20 Q cm?. It should be mentioned that the inhibi-
tion efficiency values obtained from all the electrochemical techniques
are in perfect agreement.

3.4. Weight loss studies

The performance of polymer 4 for St37-2 steel in 15% HCI solution
in 25 °C was also studied by weight loss approach and the results ob-
tained are presented in Table 3. The results reveal that weight loss and
the corrosion rate vary inversely while surface coverage and inhibition
efficiency vary directly with increasing inhibitor dosage up to the op-
timum concentration. The corrosion rate of 87.716 mm/yr declined to
22.290 mm/yr in corrosive system containing 500 ppm polymer 4 and
the corresponding # is 74.530%. Although polymer 4 could afford in-
hibition efficiency of up to 74%, the performance of this polymer is far
below the industrial standard. Industrially, corrosion rate of metal in an
inhibited corrosive medium is required to be 4 m/y (0.1 mm/y) [53].
The results from weight loss experiments is in conformity with those
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Table 3

Calculated values of weight loss (g), corrosion rate (mm per year), surface
coverage (0), and inhibition efficiency () for St37-2 steel in 15% HCI solution
various concentrations of polymer 4 at 25 °C from weight loss measurements.

Concentration (ppm) Weight loss (g) v (mm p y) 0 1w(%)
0 0.213 = 0.18 43.905 - -
50 0.075 + 0.02 15.460 0.648 64.789
100 0.071 + 0.02 14.635 0.667 66.667
300 0.061 = 0.04 12.574 0.714 71.362
500 0.045 + 0.05 9.276 0.789 78.873
700 0.054 + 0.05 11.131 0.746 74.648

from the electrochemical techniques (Tables 1 & 2).

3.5. Effect of KI addition on the performance of polymer 4 as inhibitor

Since the performance of polymer 4 as inhibitor for steel in the si-
mulated acidizing medium even at optimum concentration was un-
satisfactory, we added small amount of KI to the polymer as a way of
enhancing its effectiveness. Potassium iodide was opted for because of
its higher tendency for chemisorption compared to other halide ions
[54-56]. The results obtained from weight loss experiments undertaken
to examine the performance of polymer 4 + KI mixture on the corro-
sion of the steel specimen in aggressive 15% HCl medium are given in
Table 4. It is very certain from the results in the table that addition of KI
to polymer 4 benefitted the inhibition efficiency of the polymer im-
mensely. There is remarkable reduction in the weight loss and corrosion
rate of the metal sample in the systems containing the polymer-iodide
ions mixture than in system containing the polymer alone (Table 3). In
fact, the corrosion rate was reduced from a two-digit value to a single
value in all cases. In specific terms, the corrosion rate was decreased
from 87.716 mm/yr which is the rate in the unprotected acid solution to
7.636, 4.953, 3.509, 3.096, and 2.683 mm/yr in acid solution inhibited
with 50 ppm polymer 4 + 1 mM KI, 100 ppm polymer 4 + 1 mM KI,
300 ppm polymer 4 + 1 mM KI, 500 ppm polymer 4 + 1 mM KI, and
700 ppm polymer 4 + 1 mM KI respectively. The calculated values of
surface coverage and inhibition efficiency reveal that over 90% of the
metal surface was covered/protected by the adsorbed polymer-iodide
ions films in all cases. This noticeable improvement in the performance
of polymer 4 could be as a result of synergistic influence which could be
ascertained by the calculation of the synergism parameter (Sp). Gen-
erally, S value greater than unity is reflective of synergistic effect, i.e.
cooperative co-adsorption while Sy value less than unity is indicative of
antagonistic effect i.e. competitive co-adsorption [35,56,57]. Sg was
calculated using the following equation [57]:

_1 — (6L + 6, — 6,0,)

Se
1- 611+2

10

where 0, is degree of surface coverage of polymer 4, 6, is the degree of
surface coverage of iodide ions and 6;.,' is the degree of surface
coverage of polymer 4 + KI mixture. The calculated Sy values are

Table 4

Calculated values of weight loss (g), corrosion rate (mm/yr), surface coverage
(60), inhibition efficiency (1), and synergism parameter (Sp) for St37-2 steel in
15% HCI solution containing various additives at 25 °C from weight loss mea-
surements.

System Weight loss (g) v (mm/yr) ] nwi(%) Se

1 mM KI 0.177 + 0.02 36.485 0.167 16.745 -
50 ppm Polymer 4 + KI ~ 0.037 + 0.02 7.544 0.828 82.785 1.705
100 ppm Polymer 4 + KI  0.024 = 0.02 4.968 0.887 88.664 2.455
300 ppm Polymer 4 + KI  0.017 + 0.03 3.566 0.919 91.863 2.941
500 ppm Polymer 4 + KI  0.015 + 0.03 3.071 0.930 92992 2.511
700 ppm Polymer 4 + KI ~ 0.053 *+ 0.02 3.154 0.928 92.803 2.939
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Fig. 7. Comparative (a) electrochemical impedance and (b) potentiodynamic
polarization graphs of St37-2 steel in 15% HCI solution without and with the
optimum polymer 4 concentration alone and in combination with 1 mM KI at
25°C.

presented in Table 4. In all cases, Sg value is greater than unity meaning
polymer 4 and iodide ions cooperatively co-adsorbed on the steel sur-
face and protected the surface against corrosion.

The enhanced corrosion inhibition by polymer 4 + KI combination
noted from weight loss technique was also verified via EIS and PDP
approaches. In these approaches, studies were done utilizing 500 ppm
polymer 4 + 1 mM KI mixture only at 25 °C. The results are presented
in Fig. 7. In the Nyquist diagram present in Fig. 7(a), the size of the
capacitive loop at the high frequency regions in the polymer 4 + KI
graph is almost three times that of the polymer 4 graph. This is a clear
reflection of the improvement in the resistance of the steel specimen to
corrosion in polymer 4 + KI system than in polymer 4 environment.
Again, a second capacitive loop occasioned by the double layer struc-
ture of the adsorbed polymer 4 + KI film [58-60] is observed in the
middle frequency regions. The two semicircles noted in the Nyquist
diagram drawn for the polymer 4 + KI system correspond to two times
constant which is obvious in the inserted Phase angle plot. Accordingly,
a two-time constant equivalent circuit shown in Fig. 4(b) was used for
the analysis of the impedance. The physical meanings of the elements in
the equivalent circuit are as follow: CPE4 = constant phase element of
the inner film, CPE;= constant phase element of the outer film,
R; = resistance of the outer layer of the adsorbed film, R and R, retain
the meanings earlier given in Sub-section 3.2. From the analysis, the R¢
and R, values were obtained to be 47.92 + 4.60Qcm? and
858.60 * 4.41 Q cm? respectively. This reveals a significant boosting
of the corrosion resistance property of the metal in the polymer 4 + KI
environment in comparison to polymer 4 environment. The charge
transfer resistance of the metal substrate is increased by almost 72% in
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Fig. 8. Variation of (a) corrosion rate of St37-2 steel and (b) inhibition effi-
ciency of polymer 4 and polymer 4 + KI with system temperature.

the polymer-iodide ions mixture environment (i.e from
236.80 = 1.26 Qcm? to 858.60 + 4.41 Q cm?) and the protective ef-
ficacy of the mixture is 95.05% which is in good agreement with the
results from the weight loss technique. In the comparative polarization
curves given in Fig. 7(b), it is clear that the polymer 4 + KI mixture
caused greater displacement on both the anodic and cathodic branches
than do polymer 4 alone relative to the blank. The corrosion current
density was further reduced from 42.50 pA cm ™2 to 22.70 pA cm ™ 2 and
inhibition efficiency upgraded from 89.93% to 94.62% upon addition of
KI to polymer 4.

3.6. Effect of temperature on inhibitive performance of polymer 4 and
polymer 4 + KI

Weight loss experiments were conducted in 15% HCI solution de-
void of and containing 500 ppm polymer 4 or 500 ppm polymer
4 + 1mM KI at 25-60°C in order to examine the influence of tem-
perature on the corrosion of St37-2 steel and on the corrosion inhibi-
tion efficiency of the additives. The results obtained are presented in
Fig. 8. As could be seen in Fig. 8(a), increase in the system temperature
accelerated the dissolution of the metal specimen particularly in the
unprotected acid solution. The corrosion rate at 60 °C is almost 18 times
the value at 25 °C, i.e. 43.905 mm/yr at 25°C and 796.270 mm/yr at
60 °C. In the inhibited acid solution, the corrosion rate is remarkably
reduced even at elevated temperatures. In fact, the corrosion rate is
decreased by 87.26% and 90.88% in the polymer 4 and polymer 4 + KI
systems respectively at 60 °C. In Fig. 8(b), the inhibition efficiency () of
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polymer 4 increases with rise in temperature. The » value increased
from 78.87% at 25 °C to 87.26% at 60 °C. This trend is common with
chemisorption mechanism [10]. Polymer 4 molecules could interact
chemically with the steel surface using the electron pair on its nitrogen
atom (see polymer 4 structure in Scheme 1) and the vacant d-orbital of
Fe. In the case of polymer 4 + KI, 7 slightly decreased with increasing
temperature. For instance, the value declined from 92.96% at 25 °C to
90.89% at 60 °C. This suggests physisorption mechanism [14] and the
decline in # may infers desorption of some adsorbed additive film at
elevated temperature. A close inspection of Fig. 8(b) reveals that the 5
was near constant at 40 and 50 °C. The 7 is 91.70% (~92%) at 40 °C and
91.50% (~92%) at 50 °C. The reason for the near constancy is unclear.
However, several explanations have been advanced by corrosion sci-
entists. One of such and the most convincing is the formation of dimeric
layer on a metal surface [14,61]. In such a situation, increase in tem-
perature will cause the desorption of the outer layer of the adsorbed
film why the underlying layer continue to offer protection against
corrosion. It has also been opined that inhibitor structural transfor-
mation and rearrangement on a substrate surface at elevated tem-
peratures could also give rise to near constancy of inhibition efficiency
[14].

As noted above, temperature had noticeable influence on the cor-
rosion rate of the studied metal specimen in the corrosive environment.
The Arrhenius equation (Eq. (11)) is suited for describing the de-
pendency of corrosion rate on temperature.

Eq

logy = logA — ———
B & 2.303RT (€N)

where v is the corrosion rate, R the molar gas constant, E, is the acti-
vation energy, and T the absolute temperature. The plots of log v as a
function of 1/T drawn for the studied systems are given in Fig. S2(a) in
the supporting information. From the slope (E,/2.303RT) of the graphs,
the E, was calculated to be 69.239 kJmol ™!, 61.890 kJmol !, and
76.962 kJmol ™! for the blank, polymer 4, and polymer 4 + KI in-
hibited systems respectively. The value of E, has been used by many
authors to pinpoint on the predominant adsorption mechanism of or-
ganic inhibitors [57,60,62,63]. When E, in an unprotected corrosive
environment is less than the E, of a protected environment, the in-
hibitor is believed to exhibits electrostatic character, i.e. physisorption
[63]. In the other hand, when the E, in a protected corrosive system is
less than the E, of unprotected, chemisorption mechanism is believed to
play the dominant role [10]. On this backdrop, the prevailing me-
chanism in the acid solution containing polymer 4 is chemisorption
while physisorption is the dominant mechanism in the polymer 4 + KI
system. As indicated by the synergism parameter value (Table 4), iodide
ions first adsorbed chemically on the steel surface, replenished the
surface before cationic form of polymer 4 electrostatically adsorbed on
the iodide ions layer.

The alternative form of Arrhenius equation is called the Transition
State equation and can be written as:

) R AS, AH,
log— = log(—) + ( ) -

T Nh 2.303R 2.303RT (12)
where N is the Avogadro's number, h is the Planck's constant, AH, is the

enthalpy of activation, and AS, the entropy of activation. A plot of log
v/T against 1/T resulted in a linear graph given in Fig. S2(b). From the

Table 5
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Fig. 9. (a) Langmuir and (b) El-Awady et al. adsorption isotherm plots for the
adsorption of polymer 4 alone and in combination with KI onto St37-2 steel
surface in 15% HCI solution at 25 °C.

slope and intercept of the graphs, the values of AH, and AS, were
computed. The calculated AH, value is 57.066 kJmol ', 45.601
kJmol !, and 67.938 kJ mol ~! while the AS, value is —19.404 J/mol
K, — 69.618 J/mol K, and — 6.138 J/mol K for the blank, polymer 4,
and polymer 4 + KI systems respectively. The AH, values are positive
implying endothermic corrosion process [14] and are less than the E,
values which is in conformity with the famous thermodynamic equa-
tion, E, — AH, = RT. The AS, value calculated for polymer 4 protected
acid medium is more negative than that of the blank suggesting less
perturbed system during the formation of Fe- polymer 4 complex than
during Fe-H,O formation [62]. It is however observed that the AS,
value for polymer 4 + KI system is nobler than that of the blank. Si-
milar observation had been reported by Biswas et al. [8]. It implies a
more random arrangement of the polymer 4 + KI system. It should be
recalled that corrosion inhibition by organic inhibitor is a quasi-sub-
stitution process whereby adsorbed water molecules are replaced by

Adsorption parameters for St37-2 steel in 15% HCI solution containing polymer 4 and polymer 4 + KI mixture at 25 °C.

System Langmuir El-Awady et al.
slope Kads ~AGass® R 17y Kads ~AGss” R?
(ppmmol ~ %) (kJmol 1) (ppm mol ~ 1) (kJmol 1)
Polymer 4 1.310 75.766 44.951 0.997 4.721 78.560 45.041 0.827
Polymer 4 + KI 1.063 141.806 46.504 0.999 2.516 109.219 45.857 0.928
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Fig. 10. SEM pictures and EDAX spectra for St37-2 steel specimen after immersion in 15% HCI solution (a, b) without inhibitor, (c, d) containing 500 ppm polymer 4,

and (e, f) containing 500 ppm polymer 4 + 1 mM KI for 24 h at 25°C.

organic inhibitor molecules [10,14,61]. Therefore, the entropy of ac-
tivation is the summation of the entropies associated with the deso-
rption of water molecules and adsorption of organic inhibitor molecules
[8]. The observed gain in entropy in the polymer 4 + KI inhibited
system may be due to an increase in the solvent entropy [8,50].

3.7. Adsorption consideration

In order to explain the adsorption and the strength of interaction
between polymer 4 or polymer 4 + KI with St37-2 steel surface, the
surface coverage values given in Tables 3 or 4 were fitted into various
adsorption isotherms. The linear regression coefficient (R?) value was
used as a gauge in selecting the isotherm that best fit the experimental
data. It was found to be the Langmuir adsorption isotherm as R* value
of approximately one was obtained (Table 5). The Langmuir adsorption
model assumes that (i) adsorbate molecules adsorb only on fixed ad-
sorption sites on solid adsorbent surface, (ii) all active sites on substrate
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surface have equivalent energy, (iii) the substrate surface is completely
flat and uniform on microscopic dimension, (iv) monolayer of ad-
sorbate is formed on adsorbent surface, and (v) adsorbed molecules on
substrate surface are free of interaction with each other. The Langmuir
adsorption isotherm has the form:

Cion 1
Kads

+ Cinn

6 a3

where Ci,, is the concentration of inhibitor, K,4s is adsorption-deso-
rption equilibrium constant and define the stamina of the bond between
adsorbent and adsorbate [10]. A plot of Ci,,/0 versus Cj,, for the in-
vestigated systems is shown in Fig. 9(a). From the slope of the graphs,
Kag4s value was calculated and listed in Table 5. The large K,qs value is
indicative of strong interaction between the additives and the metal
surface. However, polymer 4 + KI mixture formed a stronger bond with
the steel surface than polymer 4 at 25°C and was translated into a
better inhibition performance (Table 4). If the assumption of a non-
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Fig. 11. AFM images in 2D and 3D formats for St37-2 steel specimen after immersion in 15% HCI solution (a) without inhibitor, (b) containing 500 ppm polymer 4,
and (c) containing 500 ppm polymer 4 + 1 mM KI for 24 h at 25 °C. Inserted table shows the roughness parameters as defined by the ISO 4287 standard.

interplay between adsorbed molecules is valid, the slope of Langmuir
plot would be unity. The slope obtained in our case (Table 5) slightly
deviated from unity meaning that there was interaction of adsorbed
species on the substrate surface. The alternative form of Langmuir ad-
sorption isotherm called El-Awady et al. kinetic-thermodynamic model
takes into consideration interaction of adsorbed species [43]. This
model was therefore adopted to verify if actually there was interplay of
adsorbed molecules on the metal surface. The El-Awady et al. kinetic-
thermodynamic isotherm assumes the form:

log(%) = log K445 + ylog Cinn a4
where 1/y denotes the number of active sites occupied by inhibitor or
the number of water molecules displaced by an inhibitor molecule [60].
Fig. 9(b) shows the El-Awady et al. kinetic-thermodynamic isotherm
plots for the adsorption of polymer 4 alone and in combination with KI
onto St37-2 steel surface in 15% HCI solution at 25 °C. The R? value is
0.827 and 0.928 for the two investigated systems meaning the model

can be used to describe the adsorption process. The K,4s values obtained
from this model are in perfect agreement with those from the Langmuir
adsorption plot (Table 5). It is obvious that polymer 4 and polymer
4 + KI adsorbed molecules occupied more than one active site on the
metal surface; 1/y is greater than unity.

The adsorption-desorption equilibrium constant is related to the
standard adsorption free energy (AG,q") according to the following
equation [64]:

AGY = —RTIn(1 X 10°K,4s) (15)
where 1 x 10° is the dosage of water molecules in mg/L or ppm (same
as dosage of inhibitor), R and T are the molar gas constant
(8.3144598 J/K) and absolute temperature respectively. The calculated
AGags value from the two isotherm models is also presented in Table 5.
The low values of AG,qgs° (up to —45 kJmol ™ ') and the high K4, values
are reflective of firm adherence of adsorbed additive molecules. In fact,
most authors associate AGqs" value of up to —40kJmol ™! to chemi-
sorption mechanism. Han et al. [36] reported AG.s’ of
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Fig. 14. High resolution XPS spectra of the adsorbed film on St37-2 steel specimen surface immersed in 15% HCI solution containing 500 ppm polymer 4 for 24 h at

25°C.

—54.27kJmol ! and —55.72kJ mol™ for the chemical adsorption of
imidazoline quaternary salt/benzotriazole and imidazoline quaternary
salt/octyl phenol ethoxylate mixtures respectively on steel surface in
10% HCl solution. For the chemical adsorption of polypropylene
glycol/silver nanoparticle composites on mild steel surface in sulfuric
acid medium at 333 K, value reported was —40.72kJmol ™! [65].

3.8. Surface examination
3.8.1. SEM and EDAX studies

Fig. 10 shows the SEM pictures and EDAX spectra obtained for
St37-2 steel sample after exposing to 15% HCI solution (a, b) free of
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inhibitor, and containing (b, ¢) 500 ppm polymer 4, (e, f) 500 ppm
polymer 4 + 1 mM KI mixture for 24 h at 25 °C. In the free acid solu-
tion, the sample suffered severe surface damage due to corrosive attack
and the surface looks rough (Fig. 10(a)). Some cracks can even be
spotted in the surface in Fig. 10(a). This surface, according to the EDAX
spectrum in Fig. 10(b) was rich in chloride ions (6.0%) which is in
accordance with the general mechanism summarized in Egs. (16)-(19)
[66,67].

Fe + CI” & (FeCl)ags (16)

(FeClM)ags <> (FeCl)ygs + €~ a7
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Fig. 15. Illustration of the mechanism of corrosion inhibition by (a) polymer 4 and (b) polymer 4 + KI mixture.

(FeCl)ygs = (FeCl*) + e~ 1s)

(FeCI") & Fe?* + CI- 19)

In the acid solution fortified with the additives, the steel specimen
suffered less corrosive attack as evident in the smoother surfaces in
Fig. 10(c & e) relative to the surface in Fig. 10(a). It is observed from
Fig. 10(d & f) that chloride ions content was less in the surfaces of the
specimens immersed in 15% HCl solution containing polymer 4 or
polymer 4 + KI mixture. The chloride ions content in these surfaces is
1.4% and 0.4% respectively. It could be that the polymer intercepted
the Fe oxidation reaction by adsorbing onto the metal surface according
to the following equation:

(FeCl™),qs + polymer 4+ — (FeClpolymer 4%),45 (20)

The appearance of nitrogen band which is a component element of
the studied inhibitor in the spectrum in Fig. 10(d) and its absence in the
spectrum in Fig. 10(a) provides an experimental evidence to the claim
of inhibitor adsorption on the metal surface. Meanwhile, the better
corrosion inhibition performance by polymer 4 + KI mixture than
polymer 4 alone noted from the experimental results (Tables 3 & 4) is
also obvious in the SEM pictures. The surface in Fig. 10(e) is smoother
than the one in Fig. 10(c).

3.8.2. AFM studies

AFM experiments were performed to determine the surface rough-
ness of St37-2 steel specimen exposed to 15% HCl solution without and
with inhibitor for 24 h at 25°C. The 2D and 3D images obtained are
shown in Fig. 11. The measured values for the basic surface roughness
parameters contained in the International Organization of Standardi-
zation (ISO) 4287 are displayed in the inserted tables. The description
of the parameters is as follow; R, = maximum band height,
R, = maximum valley depth, R, = mean band to valley height,
R. = mean band to valley height with no limit to the amount of bands
and valleys, R; = largest band to valley height; R, = mean value of
profile deviation from mean line, Ry = root-mean-square deviation
from a profile, RS,, = mean spacing of profile elements, and Rdq = root
mean square slope of examined profile [60,68,69]. A very rough surface
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is seen in Fig. 11(a) with Rdq measuring 26.9°. Apparently, the polymer
protected the substrate surface against corrosive attack. As could be
seen in Fig. 11(b), the surface is smoother compared to the one in
Fig. 11(a) and all the roughness parameters have lesser values. The Rdq
is decreased by almost 43%, i.e. from 26.9° to 15.4°. The best protec-
tion to the metal surface was in acid solution fortified with polymer
4 + KI mixture. By comparing the 2D and 3D images in Fig. 11(a) and
(b) to Fig. 11(c), it could be seen that the surface in Fig. 11(c) is the
smoothest. Interestingly, the roughness parameters in the table inserted
in Fig. 11(c) are all in nm and not in pm as those inserted in Fig. 11(a &
b). This is a clear demonstration of the excellent protection offered by
the polymer-iodide ions blend to the steel surface.

3.8.3. XPS studies

The surface of St37-2 steel specimen immersed in 15% HCI solution
without and with inhibitor for 24h at ordinary temperature was
screened using X-ray Photoelectron Spectroscopy (XPS) to ascertain the
chemical elemental composition of the surface. The results obtained are
presented in Fig. 12. The elements detected on the sample surface ex-
posed to the blank acid solution include, Fe, O, C, and Cl. The oxygen
detected on this surface may have been from adsorbed water [70]. In
addition to the elements detected on the sample surface exposed to the
free acid solution, N was detected on the surface exposed to acid so-
lution containing polymer 4 while N and I were detected on the surface
exposed to 15% HCI solution containing polymer 4 + KI. These ele-
ments are components of the added inhibitor and therefore provide
experimental evidence to the claim that the adsorption of the additives
onto the St37-2 steel sample surface was responsible for the corrosion
mitigation noted in the acid solutions fortified with the additives.

3.9. Mechanism of corrosion inhibition by polymer 4 and polymer 4 + KI

In order to explain the corrosion inhibition mechanism by polymer
4 and polymer 4 + KI, the products deposited on the surface of St37-2
specimen exposed to 15% HCI solution free from and containing in-
hibitor were analyzed via XPS technique. The XPS high resolution
spectra of Fe 2p, Cl 2p, and C 1 s for the corrosion products formed on
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Fig. 16. High resolution XPS spectra of the adsorbed film on St37-2 steel specimen surface immersed in 15% HCI solution containing 500 ppm polymer 4 + 1 mM KI

for 24 h at 25°C.

St37-2 steel specimen surface immersed in blank acid solution is shown
in Fig. 13. The Fe 2p structure exhibits a complex nature with series of
energy peaks which is occasioned by the presence of doublets of Fe
species like Fe°, Fe2™, Fe®™, as well as the satellites of Fe>* [71]. The
notable peaks are at 710.48 eV, 716.28 eV, 723.98 eV, and 730.28 eV
and are assigned to Fe?* [72,73], satellites of Fe®>* [74,75], Fe** [75],
and ferrhydrates [60,76] respectively. In the Cl 2p spectrum, two en-
ergy peaks are identified at 198.88 eV and 200.88 eV and are char-
acteristic signals of Cl 2p3,» [75,77] and Cl 2p, » [75,77] respectively.
These peaks are associated with the Fe—Cl bond in chlorides like FeCl,
and FeCl; [75,77] which is in line with the general corrosion me-
chanism of steel in HCI environment as outlined in Eq. (16)—(19). The C
1s spectrum in Fig. 13 exhibits three obvious energy bands at

285.48 eV, 289.08eV, and 293.58eV. The peaks at 285.48 eV and
289.08 eV are assigned to C—O [74,75] and O-C=0 [74,75] signals.
The metal seems to have contained or contaminated with elements like
K and is responsible for the w-rt* satellite signal observed at 293.58 eV.
From the analysis, it is obvious that the corrosion products on the
specimen surface was a mixture of chlorides, oxides, carbonates, and
hydroxides.

Fig. 14 shows the high resolution XPS spectra of the adsorbed film
on St37-2 steel specimen surface immersed in 15% HCI solution pro-
tected with polymer 4 for 24 h at 25 °C. By comparing the individual
spectrum to the one in Fig. 13, some striking difference can be spotted.
In the Fe 2p spectrum in Fig. 14, the Fe*>*, Fe**, and ferrhydrates peaks
are seen at 711.08eV, 724.58eV, and 729.98eV respectively. The
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atomic weight of these components is altered in this surface. In the
surface depicted by Fig. 13, the % atomic weight of Fe?", Fe>*, sa-
tellites of Fe*™, and ferrohydrates was 67.96%, 6.30%, 23.20% and
2.54% but 53.60%, 17.00%, 18.48%, and 10.72% respectively on the
surface exposed to the inhibited acid solution. The Cl 2p3,, peak in the
Cl 2p spectrum in Fig. 13 is absent in Fig. 14 while the Cl 2p;,» peak
shifted to 199.92 €V in Fig. 14. Again, the C 1s spectrum in Fig. 14
exhibits a single band at 285.30 eV instead of three peaks observed in
the C 1s spectrum in Fig. 13. As earlier mentioned, nitrogen, a com-
ponent element of the inhibitor is present in the surface exposed to the
protected medium. In the N 1 s spectrum in Fig. 14, the energy band at
401.28 eV is assigned to C-N* [77] and has % atomic weight of
86.97%. All these changes reflect the fact that products deposited on
the surface of the steel sample exposed to polymer 4 inhibited system
was somewhat different from the products on the metal surface exposed
to the uninhibited acid solution. In HCl solution, Fe dissolution proceed
according to Egs. (16)-(19). Our EDAX (Fig. 10(b)) and the XPS results
clearly affirm that the surface of St37-2 sample was indeed hydrated
with chloride ions. Nitrogen atom is highly basic and is protonated in
the studied acid solution as revealed by the XPS result. Predominantly,
polymer 4 will exist as polycation, [polymer 4]* in the acid solution.
Through columbic attraction, the polycations will be attracted to the
surface of the metal and the Fe dissolution reaction will be intercepted
as illustrated in Eq. (20). On the surface, deprotonation may occur
[60,77] such that some of the heteroatoms are freed. Electron pair
could be transferred from the freed heteroatoms to the empty 3d-orbital
of Fe and by so doing chemical bonds are formed between Fe and the
inhibitor molecules [60,78]. This mechanism which is illustrated in
Fig. 15(a) is supported by the experimental results given in Fig. 8(b).

Fig. 16 depicts the high resolution XPS spectra of the adsorbed film
on the specimen surface immersed in 15% HCI solution containing
polymer 4 + I~ ions mixture for a day at 25°C. In addition to the
elements (Fe, Cl, C, O, & N) found on the sample surface exposed to the
polymer 4 inhibited acid solution (Fig. 12), I 3d was noted on the
surface exposed to the polymer 4 + KI fortified environment. The I 3d
spectrum exhibits the I 3d;,, and I 3ds,, characteristic bands at
619.18 eV and 630.98 eV respectively. Some authors [60,79] had re-
ported similar results and the peak at 619.18 eV was associated with
triiodide (Is~) while the band at 630.98 eV was for pentaiodide (Is ™)
ions. The value of the synergism parameter given in Table 4 indicates
that the adsorption of polymer 4 and iodide ions on steel surface was a
cooperative co-adsorption. It means I3~ and Is~ ions first adsorbed on
the metal surface and because of their higher ionic radius than Cl~ ions
appreciably recharged the surface allowing significant amount of
[polymer 4]* to be adsorbed (Fig. 15(b)). In other words, iodide-
[polymer 4]* adsorbed layer was thicker than chloride-[polymer 4] *
layer and as a consequence, the corrosion inhibition strength of the
polymer was enhanced (Table 4).

4. Summary and conclusions

There have been concerted effort to synthesize soluble polymeric
compounds for corrosion inhibition purposes. We have synthesized poly
(DAMA-ran-DAMTDB) 4 from inexpensive diallylmethylamine via
Butler's cyclopolymerization technique and characterized by 'H NMR,
FTIR, and elemental analysis. The anticorrosion property of the syn-
thesized polymer has been studied for low carbon steel in 15% HCI
solution using weight loss, EIS, PDP, EFM, and LPR techniques. The
analysis of the metal specimen surfaces exposed to uninhibited and
inhibited acid solutions has been performed using SEM, EDAX, AFM,
and XPS. Polymer 4 is effective inhibitor with the optimum con-
centration (500 ppm) affording the highest inhibition efficiency of up to
87% at elevated temperatures. Corrosion mitigation by the polymer is
through adsorption, i.e. chemisorption mechanism. Polymer 4 behaved
as a typical mixed type corrosion inhibitor retarding both anodic and
cathodic corrosion processes. The corrosion mitigation capacity of
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polymer 4 can be appreciably enhanced by the addition of a minute
amount of iodide ions. Protection effectiveness of 93% is achievable
with 500 ppm polymer 4 + 1 mM KI mixture at ordinary temperature.
The adsorption of polymer 4 and polymer 4 + KI mixture onto St37-2
steel surface in the studied corrosive medium can best be explained
using both the Langmuir and El-Awady et al. kinetic-thermodynamic
adsorption isotherms. Results from surface examinations are in good
agreement with those from experimental and indicate corrosion in-
hibition by adsorption of the additive molecules on the substrate sur-
face. Corrosion products on steel surface exposed to the free acid so-
lution are mixtures of chlorides, carbonates, oxides, and hydroxides. In
polymer 4 + KI system, the polymer molecules are adsorbed on triio-
dide and pentaiodide ions layer according to XPS results. The enhanced
corrosion inhibition of the polymer by iodide ions is synergistic in
nature according to the value of calculated synergism parameter.
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