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t of KI on the corrosion inhibition
of a poly(diallylammonium chloride)-based
cyclocopolymer containing bis-cationic motifs for
mild steel corrosion in 20% formic acid†

Lipiar K. M. O. Goni,a Ibrahim Y. Yaagoob,a Mohammad A. J. Mazumder *ab

and Shaikh A. Ali *ab

This study entails the syntheses of a homopolymer, poly(diallylammonium chloride) (3), and copolymers

(8a–c) containing hydrophilic/hydrophobic pendants and their role in mitigating mild steel in aggressive

20% formic acid, a type of corrosion that is not frequently discussed in the literature. The synthesized

homopolymer and copolymers were characterized by FTIR, NMR, viscometry, and TGA. Inhibitor 8b was

found to be the most potent, with 81.8% inhibition efficiency (IE) registered via the potentiodynamic

polarization method for 100 ppm of inhibitor concentration at 30 °C. Inhibitor 8b, mixed with 2 mmol KI,

showed more than 90% IE for a meager 1 ppm inhibitor concentration. For a synergism of 50 ppm

inhibitor and 2 mmol KI, the IE reached a high value of 99.1%. The synergism was so good that it helped

the inhibitor retain ∼100% of its original IE even after a 24 h weight loss study at 60 °C. The adsorption

isotherm study showed that 8b followed the Langmuir adsorption isotherm and adsorbed via

chemisorption. A very high value (2.48 × 105 L mol−1) of the equilibrium adsorption constant (Kads)

indicated strong adsorption. XPS and SEM surface studies provided evidence of the inhibitor found on

the metal surface. Some toxicological parameters, such as LC50, bioaccumulation factor, and

developmental toxicity, have been measured computationally. A brief mechanistic insight into how the

inhibitors functioned has been offered along with the DFT study.
1. Introduction

The phenomenon of corrosion happens when metals lose
electrons upon reacting with a corrosive environment, causing
the metals to degrade and ensuing materials and economic
losses and claiming lives at times.1,2 Scientically, corrosion is
regarded as an exchange of electrons happening at the interface
between a metal and solution.3 It has become an extraordinarily
pervasive and perennial problem. Any nation worldwide
reportedly spends 5–10% of its GNP on corrosion-related costs.2

It was revealed that the world had to spend 3.4% of its total GDP
on the cost of corrosion in 2013.4 Several strategies, namely
coating, cathodic or anodic protection, corrosion inhibition,
etc., are available to combat corrosion. However, corrosion
inhibitors are hugely popular and in-demand approaches.5–7

These substances signicantly reduce corrosion when added to
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a corrosive metal solution. Mild steel has enormous implica-
tions in industrial set-ups, and is used to construct machinery
parts, pipelines, railways, automobile body parts, etc., owing to
its favorable mechanical properties and affordable costs.8 As
such, mild steel corrosion study is of great importance.

Corrosion caused by organic acids isn't discussed as much as
that caused by mineral acids. Even though organic acids have
many implications across many industries, the corrosion they
cause hasn't been studied widely.9 Carboxylic acids in the form
of acetic acid, formic acid, etc., can incur corrosion damage on
various metals, such as nickel, copper, zinc, etc., in many indoor
atmospheric environments. In many industries, the out-gassing
of organic constituents, followed by their gradual oxidation to
carboxylic acid, generates these acids.10 Organic acids are
weaker than mineral acids but can still be corrosive.11 In oil and
gas industries, acidizing is sometimes done where an acidic
solution, such as hydrochloric, acetic, formic, sulfamic acid,
etc., is injected to promote good productivity. The acids are
generally used in the 5–35% concentration range. However,
even though this highly concentrated acid injection crushes the
mineral build-up in the rocky matrix to boost the well capacity,
the metallic components of the process become highly prone to
severe corrosion damage from the aggressivity of the acid.12
RSC Adv., 2024, 14, 9725–9746 | 9725
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Therefore, adding inhibitors to the acidic solution is vital in this
process. Furthermore, formic acid corrosion has been reported
to have happened during the oxidation and burning of meth-
anol fuel, which has been deemed cleaner and quite popular.13

Therefore, formic acid corrosion across many industries can't
be ignored.

Organic compounds that consist of heteroatoms, lone pairs, p-
electrons, multiple bonds, and/or aromatic functionalities adsorb
very well on the metal surface.14 Polymers have multiple adsorp-
tion centers and an immense ability to cover the metal surface. In
addition, nitrogenous compounds are found to be excellent
inhibitors because they can trigger physical and chemical
adsorption.2 Studies have shown that polymeric surfactants are
very effective in arresting corrosion.15–19 The hydrophilic portions
of the surfactants interact with the metal surfaces, and the
hydrophobic parts spread out toward the water molecules and
repel them. This study explores the mild steel corrosion inhibition
efficiency of a homopolymer (3), poly(diallylammonium chloride),
and some copolymers (8a–c) containing pyrrolidine ring and
a long hydrophobic/hydrophilic cationic pendant (5–20%) moie-
ties (Scheme 1) in a 20% formic acid solution. We found earlier
that homopolymer (3), poly(diallylammonium chloride), was very
efficient in inhibiting 1 M HCl-induced 304L stainless steel
corrosion at 30 °C, a condition different from the current one in
terms of the electrolyte and metal specimen.20 The rationale
behind orchestrating the homopolymer (3) with hydrophilic/
Scheme 1 Synthesis of the diallylamine salt-based monomer cyclopolym

9726 | RSC Adv., 2024, 14, 9725–9746
hydrophobic pendant is founded upon the facts that nitrogen-
containing imidazoles, long-chain aliphatic diamines, and
quaternary ammonium-based compounds best tackle the acid-
induced and underground pipeline corrosions.21,22 Furthermore,
when the same hydrophilic/hydrophobic pendant was added to
poly(methyldiallylammonium chloride), a variant of homopolymer
(3), the resulting co-polymeric corrosion inhibitor retarded CS 1018
corrosion in 15% HCl by >99%.23 Therefore, this gave us the
impression thatmodifying homopolymer (3) with that hydrophilic/
hydrophobic pendant will produce a new, robust, and very efficient
co-polymeric corrosion inhibitor to be studied for organic acid
corrosion.

As per the recent awareness raised in terms of using
conventional, toxic corrosion inhibitors harmful to both human
beings and the environment, the current trends in the study of
corrosion inhibitors are all about designing, developing, and
synthesizing corrosion inhibitors with variable functional
motifs (quaternary ammonium salts) that are environmentally
benign. A corrosion inhibitor can be declared non-toxic based
on several indices, such as environmental toxicity, bio-
accumulation, biodegradability, etc. International commissions
like Oslo and Paris (OSPAR) and Registration, Evaluation,
Authorization, and Restriction of Chemicals (REACH) set these
parameters.24 The current study aims to cover extensive theo-
retical investigation to declare the studied corrosion inhibitors
safe and non-toxic.
ers.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Recently, the synergism of corrosion inhibitors with additives
to combat corrosion has become a very useful trend, as it helps
reduce the required dosage of corrosion inhibitors and widens
their applications in a range of corrosive media. It has been re-
ported that halide ions help organic inhibitors adsorb ontometal
surfaces and improve their inhibitive effects.25,26 Solomon and
Umoren studied the synergism of polypropylene glycol (PPG) and
KI for mild steel corrosion in 0.5 M H2SO4.27 Adding 5 mM KI to
1000 ppm of PPG improved the IE from 83.8% to 98.7%. In
another study, the same authors showed an impressive increase
in IE for adding 2 mM KI to 1000 ppm of poly(methacrylic acid)
(PMAA). While 1000 ppm of PMAA showed only 56.0% IE for mild
steel corrosion in 0.5 M H2SO4, the IE increased to 95.9% for
a mixture of 1000 ppm of PMAA and 2 mM KI.28 Ansari et al.
studied the anticorrosive effect of polyethyleneimine-graed
graphene oxide (PEI-GO) towards carbon steel corrosion in 15%
HCl. While 100 ppm of PEI-GO imparted a maximum IE of
90.46%, a blend of 5 mMKI and 50 ppm of PEI-GO improved it to
95.77%.29 Sovizi and Abbasi showed that the addition of 5 mM KI
to 0.5 g L−1 of carboxymethyl cellulose (CMC) improved the IE
from 65.2 to 80.4% for aluminium corrosion in 2 M H2SO4.30

Haladu et al. studied the anticorrosion behavior of a cyclic
cationic polymer (CCP) for low carbon steel corrosion in 15%
HCl. Without adding KI, CCP imparted a maximum IE of 73.3%
for a very high concentration of 500 ppm. However, when 5 mM
KI was added, the IE improved to 95.1%.31

In this study, the inhibitory potential of inhibitor 8b showed
the highest inhibitory potential via gravimetric weight loss
analysis. Several corrosion measurement techniques, both
gravimetric and electrochemical, were employed to study the
synergistic effects of the corrosion inhibitor. A computational
analysis DFT was utilized to realize the mechanical and inter-
active functions of the corrosion inhibitors.
2. Experimental
2.1 Materials

Diallylamine (1), N,N-dimethyldodecylamine (4), ammonium
persulfate (APS), and 1,6-dibromohexane (5) were purchased from
Sigma-Aldrich. Spectra/Por membrane (MWCO: 3.5 kDa) from
Spectrum Laboratories Inc. was used to dialyze the synthesized
polymers. Mild steel metal samples were obtained from Chrome
Contracting Ltd, Riyadh, Saudi Arabia. The composition (wt%) of
the mild steel samples was as follows: C (0.21%), Si (0.29%),
P (0.06%), Mn (0.49%), S (0.05%), Cu (0.06%), and Fe (balance).
The test solution (20% formic acid) was prepared from 98% for-
mic acid purchased from Sigma-Aldrich.
2.2 Physical methods

The measurement of the atomic compositions was carried out
by an elemental analyzer (2400 Series II CHNS/O Analyzer –

PerkinElmer). The recording of the IR spectra was conducted by
an FTIR spectrometer (PerkinElmer 16F PC). A 400-MHz Bruker
Avance III spectrometer was utilized to record 1H- and 13C-NMR
spectra using CD3OD and D2O as the solvents. HOD and 13C
dioxane signals at d 4.65 and 67.4 ppm were used as a reference,
© 2024 The Author(s). Published by the Royal Society of Chemistry
respectively. An Ubbelohde viscometer with a viscometer
constant of 0.005 cSt s−1 was used to measure the viscosities at
30.0 ± 0.1 °C under N2- and CO2-free water conditions.
2.3 Polymer synthesis

2.3.1 Synthesis of diallylammonium chloride (2) and its
cyclopolymerization to (3). 11.7 g (120 mmol) of ice-cold dia-
llylamine (1) was taken in a round-bottom (RB) ask (200 mL).
13.8 g (140 mmol) of 37% conc. HCl was added dropwise under
stirring. The resulting solution contained 16.0 g (120 mmol) of
diallylammonium chloride 2 in water. Thereaer, the temper-
ature of the RB ask, tted with a condenser, was raised to 104 °
C under N2. Subsequently, the APS initiator (5 × 500 mg) was
added in ve steps, with the interval being 2 min between each
step. The temperature of the reaction mixture was maintained
for 20 min aer an exothermic polymerization ensued. A dial-
ysis tube of MWCO 3.5 kDa was used to dialyze the resultant
thick liquid against distilled water for 12 h. The dialyzed solu-
tion was freeze-dried to afford polymer 3 as a white solid (14.0 g,
87%). nmax (KBr): 3573, 2926, 2722, 2076, 1627, 1467, 1390, 1266,
1106, 1051, 971, 896, and 617 cm−1. FTIR spectrum is displayed
in Fig. S1 (ESI).†

Additionally, monomers as white crystals were obtained in
a separate experiment by freeze-drying an aqueous solution of 2.
dH (D2O) 3.44 (4H, d, J 6.4 Hz), 5.27 (4H, m), 5.69 (2H, m); dC
(D2O) 49.49 (2C), 124.62 (2C), 128.19 (2C), (dioxane: d 67.4 ppm).

2.3.2 Synthesis of quaternary ammonium bromide (6).
12.8 g (60 mmol) of amine 4 and 73.2 g (300 mmol) of 1,6-
dibromohexane 5 were added to acetonitrile (100 mL). The
temperature of the reaction mixture was raised to 65 °C and
stirred under N2 for 24 h. Aer acetonitrile was removed, the
excess of dibromohexane was removed under reduced pressure.
The residual mixture was washed with ether (50 mL) in two
steps and later dissolved in 50 mL of hot acetone. A white solid
(2.5 g, 12%) was found aer bis-quaternary salt 7 crystallized
upon cooling of the ether-washed reaction mixture. When
acetone was removed from the ltrate, mono-cationic salt 6 was
found to be a white solid (22.5 g, 82%). MP 58–59 °C. (Found: C
52.2; H 9.6; N 3.0%. C20H43Br2N requires C 52.52; H 9.48; N
3.06%); nmax (KBr): 3409, 2920, 2855, 1465, 1242, 1143, 1053,
964, 893, 779, 728, 637, 497, and 472 cm−1. FTIR spectrum is
displayed in Fig. S2.†

dH (D2O) 0.71 (3H, t, J 6.8 Hz), 1.10–1.50 (22H, m), 1.57 (4H,
m), 1.76 (2H, m), 2.98 (6H, s), 3.16 (4H, m), 3.39 (2H, J 6.4 Hz); dC
(D2O) 14.82 (1C), 22.99 (1C), 23.17 (1C), 23.57 (1C), 25.80 (1C),
26.94 (1C), 28.17 (1C), 30.01 (1C), 30.41 (1C), 30.47 (1C), 30.76
(3C), 32.88 (1C), 33.11 (1C), 35.80 (1C), 52.89 (2C), 63.11 (2C)
(dioxane: d 67.4 ppm).

2.3.3 Hydrophobic/hydrophilic modication of poly(-
diallylammonium chloride) 3 with 6

2.3.3.1 Copolymer 8a (x = 0.8n; y = 0.2n). To a mixture of
2.67 g (20 mmol repeating unit) of 3 in 8 mL of methanol, 0.68 g
(17 mmol) of powdered NaOH was added. A white paste con-
taining NaCl was obtained following a 30-min stirring of the
mixture. Aerward, 40 mL of acetonitrile, 40 mL of toluene, and
1.83 g (4.0 mmol) of quaternary bromide 6 were added
RSC Adv., 2024, 14, 9725–9746 | 9727
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successively. Under N2, the mixture was heated at 70 °C for 20 h.
Using a rotary evaporator, the solvents were removed at 70 °C.
Furthermore, 25 mL of methanol was used to triturate the
residual mixture and rotovaped once again to eradicate toluene
completely. The residual mixture was transferred to a dialysis
tube (MWCO: 3500 Da) using 10 mL of conc. HCl, to exchange
Cl− with Br−, and a minimum quantity of methanol. The dial-
ysis was continued for 24 h against distilled water. The dialyzed
solution was freeze-dried to afford a creamy white solid of
hydrophobically modied copolymer 8a (3.6 g, 90%). nmax (KBr):
3485, 2930, 2855, 2730, 2062, 1626, 1466, 1384, 1256, 1129,
1046, 980, 897, 728, 671, 620, and 464 cm−1. FTIR spectrum is
displayed in Fig. S3.†

2.3.3.2 Copolymer 8b (x = 0.9n; y = 0.1n). The reaction and
workup described in Section 2.3.3.1 were repeated using poly-
mer 3 (4.0 g, 30 mmol), quaternary bromide 6 (1.37 g, 3.0
mmol), NaOH (25 mmol), acetonitrile (60 mL), and toluene (60
mL). The procedure afforded (8b) (4.45 g, 89%).

2.3.3.3 Copolymer 8c (x = 0.95n; y = 0.05n). The above
reaction and workup described in Section 2.3.3.1 were repeated
using polymer 3 (4.0 g, 30 mmol), quaternary bromide 6
(0.686 g, 1.5 mmol), NaOH (25 mmol), acetonitrile (60 mL), and
toluene (60 mL). The procedure afforded (8c) (3.97 g, 88%).

2.4 Corrosion measurements

2.4.1 Weight loss study. For weight loss (WL) experiments,
mild steel coupons were cleaned using silicon carbide abrasive
papers (# 120–# 1200) in a Trojan Alpha 202 polishing grinding
machine. Subsequently, the polished metal specimens were
cleaned with deionized water and acetone, dried, and stored in
a dry place. The cleaned metal samples were weighed before
being immersed in the test solutions (with and without inhib-
itor) for 3 h at 30 °C. Aer the study period had elapsed, distilled
water and acetone were used to clean the mild steel samples.
Finally, the metal samples were weighed again aer drying.
Each immersion test was triplicated, and the mean value was
reported for each different inhibitor concentration. The IE (h%)
of the test inhibitors was obtained using eqn (1).

h% ¼ w0 � wi

w0

� 100 (1)

where w0 and wi represent the weight losses of mild steel
samples in the absence and presence of test inhibitors.

2.4.2 Electrochemical techniques. The electrochemical
techniques were exploited using a Reference 3000 Gamry
Potentiostat/Galvanostat/ZRA. A soware called Echem Analyst
(version: 7.8.2), developed by Gamry Instruments, was used to
t and analyze the experimental electrochemical data. The
counter and reference electrodes were a graphite rod and
a standard calomel electrode, respectively. To reach a steady
state open circuit potential (OCP), a waiting period of 60 min
was maintained before initiating any electrochemical test. To
conduct the EIS experiments, the frequency range was carried
from 100 kHz to 10 mHz using a small 10 mV AC signal. Charge
transfer resistance values were used to calculate the IE (hEIS%)
using eqn (2). PDP curves were recorded by sweeping the
potential (scan rate: 5 mV s−1) ± 250 mV around the OCP. Upon
9728 | RSC Adv., 2024, 14, 9725–9746
tting the Tafel plots, corrosion current density (icorr) was ob-
tained and was used to calculate the IE using eqn (3).

hEIS% ¼ Ri
ct � Ro

ct

Ri
ct

� 100 (2)

hPDP% ¼ iocorr � iicorr
iocorr

� 100 (3)

where Rct implies the charge transfer resistance and icorr denotes
corrosion current density. On the other hand, the superscripts i
and o indicate the inhibited and control solutions, respectively.

2.5 Surface tension

The surface tension of inhibitor 8b, both with and without
2 mmol KI, was measured in the test solution. A PHYWE Surface
Tensiometer (Germany), following the Du Nouy ring method,
was used for this purpose. A torsion dynamometer with a front
scale range of 10 mN was associated with the surface tensiom-
eter. The tear-off force was measured with a platinum-iridium
ring with a radius of 94 cm. Eqn (4) was used to nd out the
standard free energy of micellization.

DGo
mic ¼ RT lnðCCMCÞ (4)

where DGo
mic, CCMC, and R represent Gibbs free energy of

micellization, critical micelle concentration, and molar gas
constant, respectively.

2.6 Surface studies

2.6.1 X-ray photoelectron spectroscopy (XPS). A
ThermoFisher™ ESCLAB™-250 QXi instrument (Al-Ka =

1486.6 eV, spot size: 650 650 mm diameter) was used for X-ray
photoelectron spectroscopy (XPS) analysis. The base pressure
was maintained at 10−10 mbar during the experiments. C 1s peak
at 284.8 eV was used as the reference. Avantage soware (version
5.51) was used for spectra deconvolution and peak tting. The
metal coupons for XPS analysis were cleaned as described earlier
for the weight loss study. In a solution of 20% formic acid con-
taining inhibitor 8b and 2 mmol KI at 30 °C, the coupons were
immersed for 3 h. Aer the study period had elapsed, distilled
water was used to wash the coupons, which were then dried in an
ambient air stream, followed by the analysis.

2.6.2 SEM-EDX. A Quattro ESEM-FEG integrated with
energy-dispersive X-ray spectroscopy (EDX, Oxford Instruments)
from ThermoFisher™ Scientic was used to examine the
surface roughness of the mild steel specimens. The mild steel
coupon cleaning procedure for SEM-EDX analysis was the same
as discussed earlier (Section 2.6.1). Each metal coupon was
gold-coated before SEM-EDX analysis was carried out.

2.7 Toxicological evaluation

The environmental friendliness of inhibitor 8b was predicted
via the Toxicity Estimation Soware Tool (TEST) (Developer:
USAEPA, version: 5.1).32 To estimate toxicity, the soware takes
advantage of Quantitative Structure–Activity Relationships
(QSARs). QSARs are mathematical models that use molecular
descriptors, which are different chemical and physical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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characteristics, to predict toxicity. In the current investigation,
a widely recognized QSAR, the hierarchical clustering method,
has been used to predict toxicity. This model estimates the
toxicity of a given query by taking the weighted average of the
predictions from several different models.

2.8 Density functional theory

Quantum chemical calculations were carried out using a single
repeating unit (MW: 135.64 and 601.27 Da for 3 and 8b,
respectively) of the polymer. To fully optimize the geometries of
the chemical structures, quantum chemical calculations were
performed using density functional theory (DFT) at Becke-3-
parameter-Lee-Yang-Par (B3LYP) level of theory and 6-31+G
(d,p) as the basis set,33 implemented in Gaussian soware. The
electronic properties of an inhibitor dictate how efficiently an
inhibitor can undergo adsorption onto a metal surface.34

Therefore, several important parameters, such as the energy gap
between the HOMO and LUMO (DE), ionization energy (IE),
electron affinity (EA), etc., were calculated at the same level of
theory. Frontier molecular orbitals (FMO) of inhibitors 3 and 8b
were visualized using Gauss View 3.0 and considered to nd the
molecular sights the metal surface interacts with.
Fig. 1 (a) 1H and (b) 13C NMR spectra of salt 6 in D2O.

© 2024 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1 Polymer synthesis

The FTIR and NMR spectra were utilized to conrm the chemical
structures of the compounds synthesized in this study. Fig. 1
shows the 1H and 13C NMR spectra of monocationic salt 6. The
proton, carbon count, and area integration of the proton signals
conrmed the structure. Besides, the elemental analysis of
quaternary ammonium salt 6 closely matches the calculated
values, ensuring the synthesis of the structure. Fig. 2 and 3 depict
the 1H- and 13C-NMR spectra of monomer 2, cyclopolymer 3, and
modied cyclo-copolymer 8a, respectively. The assignments of
NMR peaks are based on numerous earlier works.35–37

The absence of residual alkene signals for monomer 2 in the
1H- (Fig. 2a) and 13C-NMR spectrum (Fig. 3a) can be ascribed to
chain termination via abstraction of allylic proton and/or
coupling. Each carbon marked ‘a’ and ‘b’ appeared as two
signals, thereby indicating the cis- and trans-dispositions of the
vicinal substituents in an approximate ratio of 3 : 1 (Fig. 3b).
The presence of methyl protons and carbon (marked as ‘a’) in
Fig. 2c and 3c conrm the incorporation of hydrophobic/
hydrophilic pendant in 8a.
RSC Adv., 2024, 14, 9725–9746 | 9729
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Fig. 2 1H NMR spectra of (a) 2 in D2O, (b) 3 in D2O, and (c) 8a in CD3OD.
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3.2 Compositions of modied copolymers 8a, 8b, and 8c

Three modied cyclo-copolymers, 8a, 8b, and 8c, with a degree of
modication of 20%, 10%, and 5%, were successfully synthesized
(Scheme 1). Their 1H NMR spectra in D2O are displayed in Fig. 4.
Methyl protons marked ‘a’ can be seen in Fig. 4a–c, where the
intensity of the protons decreases as the concentration of the
hydrophobe is decreased from 20% (Fig. 4a) to 15% (Fig. 4b) to
5% (Fig. 4c). However, the integrations of methyl protons cannot
be used to calculate the degree of modications since the signals
overlap with other signals. As illustrated in the case of 8a in
Fig. 2c, luckily, the methyl protons appeared as clear signals
when CD3OD was used as the solvent. The methyl protons of 8b
and 8c were also found to be free of any overlapping signals in
solvent CD3OD. The degree of methyl protons incorporation was
determined via the 1H NMR spectra recorded in CD3OD. The
9730 | RSC Adv., 2024, 14, 9725–9746
degree of incorporation almost matched the feed ratio of 80 : 20,
90 : 10, and 95 : 5 for 8a, 8b, and 8c, respectively.

For quantitative analysis, the full relaxation of 1H NMR
signals (which usually have a T1 of 1 s) was ensured by
employing a pulse width of 14 ms for 90° pulse (hard pulse) with
a power level of 9.9 W and a delay time of 5 s. To calculate the
degree of hydrophobe incorporation, the area integration of
CH3 of the hydrophobe (Fig. 2c, marked ‘a’) is taken as A, so the
area for 1H would be (A/3). The modied ring has 53 Hs
(exchangeable NH is not counted), so its area integration is 53×
(A/3). The total area B belongs to all the protons of both rings.
So, the area for the protons in the unmodied ring becomes B−
53 × (A/3). Since the unmodied ring has 10 Hs, the area for its
1H becomes [B − 53 × (A/3)]/10. The percent incorporation of
the hydrophobe thus becomes:
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 13C NMR spectra of (a) 2 in D2O, (b) 3 in D2O, and (c) 8a in CD3OD.
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Mol% hydrophobe ¼

Area for 1H of hydrophobe

Area of 1H of hydrphobeþArea of 1H of the ummodified ring

¼
A

3

A

3
þ

B� 53A

3
10

� 100

3.3 Viscosity of the parent polymer 3 and modied
cyclocopolymers 8a–c

Viscosity plots of the homopolymer and copolymers are shown
in Fig. S4.† The intrinsic viscosity [h] values determined by an
Ubbelohde viscometer were 0.105, 0.080, 0.121, and 0.115 dL
g−1 for 3, 8a (20% incorporation), 8b (10% incorporation), and
8c (5% incorporation), respectively. An excessive number of
hydrophobic pendants in (8a) presumably leads to self-
© 2024 The Author(s). Published by the Royal Society of Chemistry
micellization, thereby decreasing its hydrodynamic volume
and viscosity. An increase in hydrophobe content is known to
enhance intramolecular association.38,39 In the lower hydro-
phobe content range, the distance between the hydrophobe
units in the polymer backbone increases, thereby preventing
them from undergoing intramolecular association.
3.4 Thermogravimetric analysis

Thermogravimetric (TGA) analysis of parent polymer 3 and
cyclo-copolymer 8b was studied in the 20–800 °C temperature
range under N2 ow condition (50 mL min−1) and at a temper-
ature increment of 10 °C min−1. The corresponding TGA curves
are shown in Fig. S5.† Both 3 and 8b seem to be experiencing
z5% weight loss until 250 °C. This can be attributed to polymer
surfaces having some water molecules attached. Overall, the
polymers are stable until 250 °C, encouraging their applications
at high temperatures.
RSC Adv., 2024, 14, 9725–9746 | 9731
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Fig. 4 1H NMR spectra of (a) 8a, (b) 8b, (c) 8c, and (d) 3 in D2O.
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3.5 Weight loss studies

The efficacies of 3 and 8a–c toward arresting mild steel corro-
sion at 30 °C are shown in Table 1 and Fig. 5a. The weight loss
study was initially conducted at 100 ppm of inhibitors 3 and 8a–
c. It was revealed that homopolymeric corrosion inhibitor 3
imparted the lowest IE of 56.1%. On the other hand, among the
three modied copolymers 8a, 8b, and 8c, the order of IE was
found to be 8b (77.1%) > 8c (67.9%) > 8a (61.1%). The reason for
modied copolymers performing better than corresponding
homopolymer 3 can be attributed to copolymers containing an
additional hydrophilic/hydrophobic bis-quaternary salt
pendant, which has helped the copolymers to cover a larger
surface area of the mild steel. On the other hand, copolymer 8a
was found to be the least efficient among all three copolymers.
The presence of an excessing number (20%) of the hydrophobic
pendant in 8a has probably caused the copolymer to be less
soluble and impart less IE, or the excessive hydrophobic
pendant has caused a heavy crowdedness near the metal surface
and didn't allow the inhibitor to undergo adsorption to
9732 | RSC Adv., 2024, 14, 9725–9746
a meaningful extent. Alternately, self-micellization could also
have ensued before the copolymer could cover the whole surface
due to an excessive hydrophobic pendant. Copolymer 8b, with
a good balance between a hydrophobic and hydrophilic portion
of the chain, was found to be the most efficient of all three
copolymers. Three quaternary ammonium salt moieties (NR4

+)
have facilitated excellent adsorption. The long hydrophobic
chain also repelled the corrosive water molecules away from the
surface. Copolymer 8c with a 5% hydrophobic pendant was
revealed to take the intermediate stance in terms of IE. There-
fore, copolymer 8b was chosen for further study on the effect of
concentration on IE and corrosion rate (CR). Table 1 shows that
the IE of 8b kept increasing until 100 ppm. For 200 ppm of 8b,
IE started decreasing, which can be attributed to inhibitor
desorption. As such, 100 ppm of inhibitor 8b concentration was
chosen for surface study. Fig. 5b shows the variation in mild
steel corrosion rates with respect to inhibitor concentration.
Reasonably, 100 ppm of 8b decreased the CR the most.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Weight loss study data for the use of 3 and 8a–c as inhibitors with and without KI to retard mild steel corrosion in 20% formic acid

Sample Conc. (ppm) KI (mmol) Weight loss (mg) CR (mm year−1) Surface coverage (q) hWL (%)

Blank — — 45.9 � 1.05 7.09 � 0.16 — —
1 — 21.3 � 0.95 3.29 � 0.15 0.536 53.6 � 1.62
1 2 3.58 � 0.28 0.55 � 0.04 0.922 92.2 � 0.44
5 — 18.7 � 0.20 2.89 � 0.03 0.592 59.2 � 0.78
5 2 2.16 � 0.06 0.33 � 0.01 0.953 95.3 � 0.17
10 — 16.8 � 0.15 2.60 � 0.02 0.633 63.3 � 0.46
10 2 1.81 � 0.37 0.28 � 0.06 0.961 96.1 � 0.82

8b 20 — 15.8 � 0.95 2.44 � 0.15 0.656 65.6 � 1.25
20 2 1.38 � 0.21 0.21 � 0.03 0.970 97.0 � 0.26
50 — 14.6 � 0.79 2.25 � 0.12 0.682 68.2 � 1.20
50 2 0.67 � 0.12 0.10 � 0.02 0.986 98.6 � 0.36
100 — 10.5 � 0.36 1.63 � 0.06 0.771 77.1 � 0.29
100 2 0.61 � 0.03 0.09 � 0.00 0.987 98.7 � 0.10
200 — 11.8 � 0.17 1.82 � 0.03 0.743 74.3 � 0.92
200 2 0.86 � 0.05 0.13 � 0.01 0.981 98.1 � 0.10

5 100 — 20.2 � 0.30 3.11 � 0.05 0.561 56.1 � 0.36
8a 100 — 17.8 � 0.36 2.60 � 0.06 0.611 61.1 � 0.36
8c 100 — 14.7 � 0.53 2.27 � 0.08 0.679 67.9 � 0.46

Fig. 5 Effect of inhibitor 8b concentrations on the IE (a) and CR (b); synergistic effect of inhibitor 8b concentrations and 2 mmol KI on the IE (c)
and CR (d).
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Further, the impact of 2 mmol KI as an additive on the IE of
inhibitor 8b was studied. The use of additives to enhance key
inhibitors' efficacy isn't uncommon. This is also valid when the
corrosive solution is much more aggressive, the study temper-
ature is too high, or both. Halide ions are known to stabilize the
adsorption of organic inhibitors. This, in turn, increases the
inhibitive effect. Ascribed to the polarizability issue, I− ion is
the most effective in this regard, followed by Br− and Cl−.25,26

Following the synergistic effect of 2 mmol KI, it was found that,
© 2024 The Author(s). Published by the Royal Society of Chemistry
as shown in Table 1, the IE of inhibitor 8b increases signi-
cantly, with 1 ppm of the inhibitor and 2 mmol KI imparting
more than 90% IE, which is truly remarkable. The IE of 8b for
every studied concentration increased slowly upon adding
2 mmol KI. The effect of 2 mmol KI on the IE and CR in the
presence of 8b are shown in Fig. 5c and d, respectively. In the
presence of KI, the CR decreases dramatically, with the CR for
the synergism of 100 ppm 8b and 2 mmol KI reducing by 98.7%
from that of control. The synergistic IE didn't increase
RSC Adv., 2024, 14, 9725–9746 | 9733

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08959b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
/1

2/
20

26
 6

:5
0:

06
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
signicantly aer reaching 98.6% for 50 ppm of 8b and 2 mmol
KI. As such, this combination has been used to gain insights
into surface morphologies, thermodynamic parameters, and
the effect of temperature.
3.6 Adsorption isotherm

The adsorption of inhibitors, dictated by several factors, such as
the structure of the inhibitor, charge distribution, the type of
the metal and its surface, etc., releases valuable information
about the mechanism.40 The adsorption of the inhibitor at the
metal/solution interface is governed by several factors, such as
the type of metal and its surface, the inhibitor structure, the
charge distribution, etc. A few adsorption isotherms were
investigated for the current study. For Langmuir adsorption
isotherm, the regression of coefficient (R2) value was found to be
nearer to one, indicating that it’s the best-followed isotherm.
Eqn (5), where Kads, C, and q dene the equilibrium constant,
concentration, and surface coverage, respectively, as a mathe-
matical expression for Langmuir adsorption isotherm. Table 2
summarizes the information obtained from all the studied
isotherms. Eqn (6), where R implies molar gas constant and T
highlights the experimental temperature (303 K), was used to
calculate DG

�
ads, or the Gibbs free energy of adsorption. The

numerical value 55.5 in eqn (6) is the molar concentration of
water in the test solution.

C

q
¼ C þ 1

Kads

(5)

DG
�
ads ¼ �RT lnð55:5KadsÞ (6)
Table 2 Adsorption isotherm parameters for corrosion inhibitor 8b

Sample

Temkin Frumkin Freund

R2 f R2 a R2

8b 0.942 22.9 0.962 13.6 0.954

Fig. 6 (a) Variation of the IE of KI and 8b (50 pppm) with 2 mmol KI at diff
the IE imparted by 8b (100 ppm).

9734 | RSC Adv., 2024, 14, 9725–9746
Fig. S6† shows the Langmuir adsorption isotherm plot that
was used to nd Kads from the intercept. The obtained value of
Kads was used to nd the value of DG

�
ads using eqn (6). The values

of both Kads and DG
�
ads are shown in Table 2. A very high value of

2.48 × 105 L mol−1 for Kads demonstrates the strong adsorption
of inhibitor 8b onto mild steel surfaces. The adsorption process
can be regarded as physisorption or chemisorption if the
absolute value of DG

�
ads is less than 20 or greater than

40 kJ mol−1, respectively. A mixed physi-chemisorption is
considered when the absolute value of DG

�
ads falls between this

range.41,42 The value of DG
�
ads in the current study has been

calculated to be −41.5 kJ mol−1, indicating inhibitor 8b has
undergone adsorption onto mild steel via chemisorption.
Overall, the negative sign associated with the value of DG

�
ads

ensures that the adsorption process is spontaneous.19,40
3.7 Effect of temperature and thermodynamic evaluation

Fig. 6a shows the variation in IE of KI (2 mmol) alone and 8b (50
ppm) in the presence of 2 mmol KI measured at different time
intervals of 3, 6, 12, and 24 h via WL technique at 60 °C. It is
evident that the IE of KI remained unchanged until 12 h and then
reduced drastically when measured at 24 h. On the contrary, the
synergistic effect of 8b and 2 mmol KI was so strong that its IE
remained consistently close to 100% for the entire study period
conducted at 60 °C. This study was carried out to point out that
the contribution of KI is only to enhance the IE of 8b. KI alone
isn't enough as a corrosion inhibitor in the current investigation,
as few studies are available demonstrating the usage of KI alone
as a corrosion inhibitor.43–45 To demonstrate the impact of
temperatures on the IE of 8b (100 ppm) or the corrosion rate,
lich Langmuir

n R2 Kads (L mol−1) DG
�
ads (kJ mol−1)

0.07 0.999 2.48 × 105 −41.5

erent time intervals at 60 °C; (b) impact of temperature (303–333 K) on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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weight loss studies were performed at 303, 313, 323, and 333 K for
3 h. Fig. 6b shows the change of IE and corrosion rate at different
temperatures; Table 3 shows various thermodynamic parame-
ters. There is no denitive pattern in the change of IE that is quite
the same over the studied temperature range while the corrosion
rate increases slightly.

The corrosion rate values from different temperatures (303–
313 K) can be further used to evaluate the thermodynamic
parameters outlined in Table 3. Fig. S7a† shows the Arrhenius
plots from which the activation energy (Ea) for the dissolution of
mild steel in the presence and absence of the inhibitor was
calculated using eqn (7). The transition state plots (Fig. S7b†)
were obtained using eqn (8) and were used to nd out the
enthalpy (DHads) and entropy of adsorption (DSads) values.

log CR ¼ log A� Ea

2:303 RT
(7)

log
CR

T
¼

�
log

�
R

Nh

�
þ
�

DSads

2:303 R

��
� DHads

2:303 RT
(8)

where, A is the Arrhenius factor, R (universal gas constant) =
8.314 J mol−1 K−1, h (Planck's constant) = 6.6261 × 10−34 J s, N
(Avogadro's constant) = 6.025 × 1023 mol−1.

The Ea values were calculated as 54.3 and 60.6 kJ mol−1 in the
absence and presence, respectively, of 8b, indicating that the
corrosion process is more difficult in the presence of the inhib-
itor.18 Reportedly, if the Ea value of the inhibited solution is
greater than that of blank/control; the inhibition process is
believed to follow physisorption. On the contrary, if the value of
Ea for the inhibited process is equal to or less than that of blank/
control, the inhibitor is believed to have undergone
chemisorption.46–48 However, some reports and ndings contra-
dict this consensus.49,50 Nevertheless, the Ea parameter, on its
own, can't decide the adsorption process. There's stiff competi-
tion between the water and inhibitor molecules for the adsorp-
tion. Therefore, displacing the water molecules from the
adsorption sites takes some activation energy on the part of the
inhibitor.51 Moreover, the Ea values for the inhibited process and
the blank/control aren't staggeringly different from refuting our
earlier nding that inhibitor 8b has undergone chemisorption. It
has been reported that if jDHadsj # 40 kJ mol−1, physisorption is
proposed to have taken place. In contrast, chemisorption is
thought to have happened for the condition: 40 kJ mol−1 <
jDHadsj < 100 kJ mol−1.52,53 The observed DHads value of
58.0 kJ mol−1 for the inhibited process conrms our adsorption
study, nding that the inhibition process is chemisorption.
Table 3 Effect of temperatures on the IE imparted by 8b and relevant t

Temp. (K) % IE CR (mm year−1)

Ea (kJ mol−1)

Blank Inhibit

303 77.1 1.63 54.3 60.6
313 79.1 3.67
323 74.5 8.98
333 72.5 13.3

© 2024 The Author(s). Published by the Royal Society of Chemistry
Overall, the endothermic nature and bigger value ofDHads for the
inhibited process reconrms that the corrosion phenomenon
becomesmore difficult when the inhibitor is present.54Moreover,
an increase in the DSads value for the inhibited process means
increased randomness resulting from the displacement of the
water molecules by the added inhibitor.55,56
3.8 Potentiodynamic and linear polarization (PDP)

Fig. 7a and b show the OCP vs. time curves for mild steel
corrosion in 8b without and with KI, respectively. The straight
OCP lines achieved aer 50–60 min of dissolution indicate that
the surface oxide layer was completely dissolved. It can be
observed that the addition of 8b causes the OCP curves to shi
toward the more noble positive direction. The case is more
prominent for the doses aided by 2 mmol KI. This clearly shows
that the addition of 8b, with and without KI, works by the
adsorption of the inhibitor at the metal/solution interface.
Fig. 7c shows the Tafel curves representing different concen-
trations of 8b and the case where 50 ppm of 8b was aided by
2 mmol KI. The linear segments from the anodic and cathodic
curves were extrapolated to obtain several parameters, such as
anodic Tafel slope (ba), cathodic Tafel slope (bc), current density
(icorr), corrosion potential (Ecorr), etc. Table 4 enumerates all
these parameters, and the IE (hPDP) values. The icorr values, as
easily noticeable, were found to decrease remarkably when the
inhibitor was present, conrming that the addition of the
inhibitor can retard both half-cell reactions.20,47 This downward
shi is more pronounced when 2 mmol KI aids the inhibitor.
When the inhibitor is used alone, the maximum hPDP of 81.7%
was obtained for the concentration of 100 ppm of 8b. On the
other hand, the hPDP reached an amazingly high value of 99.1%
for a mixture of 50 ppm 8b and 2mmol KI. The values of both ba

and bc decrease with increasing inhibitor concentration
regardless of 2 mmol KI addition, indicating a general change
in the corrosion mechanism. A corrosion inhibitor is regarded
as either anodic or cathodic when Ecorr experiences a shi of
more than 85 mV in the respective direction.55,56 Otherwise, the
inhibitor is regarded as a mixed type. Interestingly, the shi in
Ecorr doesn't exceed 85 mV when inhibitor 8b is used alone,
indicating that 8b acts as a mixed type of inhibitor. However,
when 8b is used in the presence of 2 mmol KI, the Ecorr values
vary markedly, moving mostly toward the noble anodic direc-
tion. This implies that 8b, in the presence of 2 mmol KI, acts as
an anodic inhibitor, a case reported earlier.57,58 Moreover, LPR
experiments were carried out in the presence and absence of 8b
hermodynamic parameters

DHads (kJ mol−1) DSads (J mol−1 K−1)

or 8b Blank Inhibitor 8b Blank Inhibitor 8b

51.7 58.0 −57.3 6.84
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Fig. 7 OCP vs. time curves for mild steel corrosion in 20% formic acid containing 8b in the (a) absence, (b) presence of 2 mmol KI, and (c) Tafel
plots in the presence and absence of different concentrations of 8b with and without 2 mmol KI.

Table 4 Potentiodynamic polarization parameters for mild steel corrosion in 20% formic acid in the presence and absence of different
concentrations of 8b and 2 mmol KI

Conc. (ppm) KI (mmol)

PDP LPR

Ecorr (mV) ba (mV dec−1) −bc (mV dec−1) Icorr (mA cm−2) hPDP (%) Rp (Ucm2) hLPR (%)

Blank — −488.6 408.6 531.4 723.3 — 142.8 —
1 — −455.6 203.9 418.5 318.5 56.0 311.2 54.1
1 2 −449.6 115.1 237.0 46.67 93.6 1645 91.3
5 — −455.6 210.4 408.8 284.2 60.7 358.7 60.3
5 2 −397.0 319.7 231.2 15.46 97.9 4127 96.5
10 — −458.6 197.5 337.6 248.3 65.7 376.9 62.1
10 2 −321.8 313.0 207.5 14.38 98.0 4791 97.0
20 — −458.6 190.3 375.3 235.7 67.4 419.8 66.0
20 2 −266.2 323.4 198.0 13.48 98.1 6550 97.8
50 — −458.6 193.9 372.0 207.7 71.3 482.9 70.4
50 2 −209.0 243.0 170.9 6.813 99.1 9037 98.4
100 — −461.7 245.8 440.9 131.8 81.8 701.0 79.6
100 2 −324.8 181.0 156.6 7.057 99.0 9272 98.8
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and for the cases of 8b aided by 2 mmol KI. The Rp values ob-
tained from each line were used to nd out the efficiencies
(hLPR). As expected, Rp values kept increasing with increasing
concentration, meaning that the metal surface was experi-
encing more protection with increasing inhibitor concentra-
tion. Commensurately, hLPR values kept increasing as well,
resonating with weight loss ndings and PDP studies.
9736 | RSC Adv., 2024, 14, 9725–9746
3.9 Electrochemical impedance spectroscopy (EIS)

EIS is an important electrochemical technique that discloses
several important information about the interface. Fig. 8a–
d show the Nyquist, Bode magnitude, and phase angle plots.
Table 5 shows the relevant EIS parameters, which were obtained
aer tting the Nyquist and Bode plots. Fig. 8a shows the
Nyquist plots corresponding to the different concentrations of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Nyquist plots for mild steel corrosion in 20% formic acid in the presence and absence of different concentrations of 8b; (b) Nyquist, (c)
Bode magnitude, and (d) phase angle plots for 8b in the presence and absence of 2 mmol KI; equivalent circuits used to fit Nyquist plots
associated with the usage of 8b (e) without and (f) with KI.
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8b. The plots are characterized by depressed semicircles, with
the low-frequency region having an inductive loop and the high-
frequency region having a capacitive loop. It is easily noticeable
that adding an inhibitor causes the inductive loop to increase.
The capacitive loop at the high-frequency region corresponds to
the double layer and charge transfer corrosion process.

On the contrary, the inductive loop at the low frequency is
ascribed to the relaxation process stemming from the interac-
tions of the adsorbed H+ and HCOO− ions with inhibitor
species.59,60 Fig. 8b shows the Nyquist plots for the use of 1 and
50 ppm of inhibitor 8b in synergism with 2 mmol KI. Interest-
ingly, when KI is used to augment the inhibitory action of 8b,
the low-frequency region shows Warburg impedance. The
diameter of the semicircles is a general indication of the effi-
ciency of an inhibitor.18,61,62 It is visible that increasing the
inhibitor concentration helped the diameter of the semicircles
© 2024 The Author(s). Published by the Royal Society of Chemistry
increase, both in the cases of inhibitor 8b aided or not by
2 mmol KI. This gives the impression that increasing inhibitor
concentration increases efficacy. A very small semicircle for
100 ppm of 8b, as shown in Fig. 8b, in comparison to those
associated with inhibitor 8b aided by 2 mmol KI, validates the
ndings of the weight loss and potentiodynamic polarization
studies. Fig. 8c shows the Bode magnitude plot, and Fig. 8d
represents the Bode phase angle plot. Fig. 8c shows that
impedance at the low-frequency side increases upon increasing
the inhibitor concentrations, reaching the maximum IE for
50 ppm 8b in the presence of 2 mmol KI. At intermediate
frequencies in Bode phase angle plots, there's one time
constant with one maximum, revealing that one relaxation
process is happening. The values of phase angles increasing
with increasing inhibitor concentrations are also another indi-
cation of increased protection.
RSC Adv., 2024, 14, 9725–9746 | 9737
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Table 5 EIS parameters for the corrosion of mild steel in 20% formic acid in the presence and absence of different concentrations of 8b and
2 mmol KI at 30 °C

Conc. (ppm) KI (mmol) L (H cm2) RL (U cm2) Rct (U cm2) n Cdl (mF cm−2) Zw × 10−3 (U cm2) h (%)

Blank — 45.17 21.82 45.13 0.917 50.78 — —
1 — 12.98 19.53 97.99 0.782 41.90 — 53.9
1 2 — — 845.9 0.844 21.85 179.1 94.7
5 — 24.21 31.33 111.4 0.847 39.00 — 59.5
5 2 — — 994.1 0.769 23.87 10.07 95.5
10 — 19.96 36.95 139.1 0.801 39.56 — 67.6
10 2 — — 1015 0.756 22.96 8.772 95.6
20 — 29.16 36.59 154.9 0.839 37.70 — 70.9
20 2 — — 1159 0.799 20.83 11.18 96.1
50 — 42.43 43.05 175.9 0.830 37.40 — 74.3
50 2 — — 1381 0.760 42.21 8.038 96.7
100 — 38.71 47.15 192.1 0.785 42.06 — 76.5
100 2 — — 1460 0.800 26.71 8.327 96.9
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Fig. 8e shows the circuit used to t the Nyquist plots ob-
tained from the immersion of mild steel in 20% formic acid
containing corrosion inhibitor 8b only. Fig. 8f shows the
equivalent circuit used to t the Nyquist plots corresponding to
mild steel corrosion in the presence of 8b and 2 mmol KI. In the
circuits, Rs, Rct, and Wd represent ohmic resistance, charge
transfer resistance, and Warburg impedance, respectively. The
inductive elements are represented by L and RL. The double-
layer capacitance, Cdl, is affected by the heterogeneity of the
surface. Therefore, a constant phase element (CPE) is used in
the circuit to replace it. The impedance of the CPE, ZCPE, and
the Cdl can be expressed in eqn (9) and (10), respectively.59

ZCPE ¼
�

1

Yo

��ðjuÞn��1 (9)

Cdl = Yo(umax)
n−1 (10)

where Yo, j, u and n denote the CPE constant, the imaginary
number, the angular frequency, and frequency dispersion,
respectively. The symbol umax (rad s−1) represents the frequency
at which the value of the imaginary impedance reaches the
maximum. Frequency dispersion, also known as phase shi,
results from the inhomogeneity or roughness of the solid
surface.40

Table 5 shows that the value of Rct, in comparison to that of
blank, goes up with increasing inhibitor concentrations, both
for the cases of 8b used with and without KI. This confers the
idea that the movement of charges across the metal/solution
interfaces gets more difficult with increasing inhibitor
concentration. This is another way of saying that the metal
surface is experiencing more protection.50 It is noticeable that
each value of Rct for inhibitor 8b concentrations in the presence
of 2 mmol KI is approximately seven to eight times higher than
corresponding 8b concentrations without 2 mmol KI. This
approves of what we have seen so far: a blend of inhibitor 8b
and 2 mmol KI showing very good synergism. The increase in
inhibitor concentration decreased the Cdl values. The reason
behind this is the local dielectric constant and/or the exposed
9738 | RSC Adv., 2024, 14, 9725–9746
area of the metal reducing. Alternately, it can also be said that
the increased thickness of the electrical double layer with
increased inhibitor concentrations can also lead to a reduction
in the values of Cdl. The increase in the values of Rct or decrease
in the values of Cdl is strong evidence for the interaction
between the inhibitors and the metal surface under study.63,64

Additionally, the values of nwere found to be in the range 0.5 < n
< 1, which, reportedly, is much like that of a non-ideal polarized
electrode system.61,62
3.10 Surface tension

The surface tension vs. the concentration curves for inhibitor 8b
in the presence and absence of 2 mmol KI are depicted in
Fig. S8.† The critical micelle concentration (CMC) value found
from extrapolating the curves is quite helpful in comparing the
adsorption pattern of the inhibitor on either side of the CMC.65

The CMC values for inhibitor 8b were found to be 240 mmol L−1

(40 ppm) and 190 mmol L−1 (31.7 ppm) in the absence and
presence of 2 mmol KI, respectively. Even before the CMC value
was reached when inhibitor 8b was used alone, a considerable
portion of the surface was already covered, which was approxi-
mately 80% of the maximum IE shown by the inhibitor. Even
before the micellization has ensued, a uniform adsorption layer
has been constructed already. Aer that, micelles can adsorb
more to form multilayers that provide more protection. The
DG

�
ads values were calculated to be −23.1 kJ mol−1 and

−23.7 kJ mol−1 for inhibitor 8b in the absence and presence of
2 mmol KI, respectively. Adsorption isotherm study (vide supra)
showed that the DG

�
ads value for inhibitor 8b in the absence of

2 mmol KI was −41.5 kJ mol−1, a value that is much more
negative than that of DG

�
ads for the same inhibitor, which sug-

gested the formation of a monolayer surface before micelliza-
tion occurs at the metal surface.18
3.11 Surface morphology

3.11.1 XPS. Fig. 9a shows the XPS survey spectra for the
mild steel specimen that was kept immersed in 20% formic
containing 100 ppm of 8b at 30 °C for 3 h. It shows the presence
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 XPS survey (a) and deconvoluted C 1s (b), N 1s (c), and Fe 2p (d) spectra for mild steel corrosion in 20% formic acid containing 100 ppm of
8b at 30 °C.

Table 6 XPS peak assignments and atomic compositions for various
species during mild steel corrosion in 20% formic acid containing
100 ppm 8b at 30 °C

Species Peak BE (eV) Assignment Atom%

Fe 2p 724.98 Fe–Ox 13.82
711.08 Fe(OH)3/Fe2O3/FeCl3 54.69
707.18 Fe–Ox/Fe–OH 8.03
715.58 FeCl2/Fe(OH)2/FeO 12.29
728.88 FeCl2 7.77
720.28 Fe/Cu 3.40

C 1s 284.78 C–C 72.97
288.38 C–N 27.03

N 1s 393.38 Organic matrix 31.56
399.48 Organic matrix 24.35
401.58 NR4

+ salt 13.10
404.38 — 0.81
407.48 — 20.00
414.28 — 10.18
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of C 1s, N 1s, and Cl 2p peaks, indicating successful adsorption
of 8b. Additional peaks of Fe 2p and O 1s appear from the mild
steel specimen and corrosive 20% formic acid solution,
respectively. The deconvoluted spectra of C 1s, N 1s, and Fe 2p
are depicted in Fig. 9b–d, respectively. Some additional infor-
mation, such as peak assignments, peak binding energy, and
atom% afforded via XPS deconvolution, are enumerated in
Table 6. A dominant peak at 284.78 eV with 72.77 atom% cor-
responding to C–C in Fig. 9b is strong evidence of inhibitor 8b
adsorption.61,66

Furthermore, another peak at 288.38 eV position relating to
C–N is another conrmation of 8b undergoing adsorption. The
deconvoluted spectrum of N 1s (Fig. 9c) is somewhat exciting
and conrms that inhibitor 8b underwent chemisorption, as we
found through the adsorption study. The molecular structure of
8b shows that every nitrogen present in the compound is part of
either a 2°-, 3°-, or 4°-ammonium salt moiety. However, the
extent of ammonium salt present in the deconvoluted spectrum
is 13.10%, as shown in Table 6. This implies that it’s possible
that the protons attached to 2°- and 3°-ammonium salts could
be abstracted by the concentrated 20% formic acid solution,
leading to the nitrogens owning either a lone pair or two now.
Otherwise, the atomic% of ammonium salt would have been
much higher. If this happens, these nitrogens can now undergo
chemisorption onto the metal surface via these lone pairs on
nitrogen.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Nevertheless, two other prominent peaks at 393.38 and
399.48 eV corresponding to the organic matrix conrm the
adsorption of the inhibitor. Fig. 9d shows Fe 2p1/2 and 2p3/2 spin
orbitals regions without satellite peaks.67,68 Relative percentages
of Fe2+ and Fe3+ from both orbitals account for approximately 45
and 55%, respectively. The binding energies at 724.98, 707.18,
715.58, and 728.88 eV are attributed to Fe2+. On the other hand,
the binding energy at 711.08 eV is attributed to Fe3+.
RSC Adv., 2024, 14, 9725–9746 | 9739
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3.11.2 SEM-EDX. To strengthen the idea that inhibitor 8b
was adsorbed onto the mild steel specimen aer it was dipped
into 20% formic acid at 30 °C for 3 h, an SEM investigation was
carried out to examine the surface morphologies. Fig. 10a
represents the surface of a polished mild steel specimen that
was not treated with 20% formic acid and didn't show any
roughness, pitting, or corrosion products as expected. The
corresponding EDX spectrum doesn't show any other elements
except iron. On the other hand, Fig. 10b, representing a mild
steel surface resulting from the immersion in the test solution
having no inhibitor, shows the severity of the electrolyte attack.
An extreme surface roughness that has resulted from uniform
corrosion can be visible without the presence of any localized
attack. The associated EDX spectrum shows a prominent pres-
ence of oxygen, carbon, and iron. The excess carbon and oxygen
could be due to the formic acid corrosion.

However, upon adding 100 ppm of 8b, the mild steel surface,
represented by Fig. 10c, experiences less deterioration and
shows a much better and smoother surface. Peaks for carbon
and chlorine on the corresponding EDX spectrum prove that
inhibitor 8b became adsorbed on the surface. Furthermore,
2 mmol KI was added, which augmented the inhibitory action
10b (50 ppm). The metal surface (Fig. 10d) looked incredibly
smooth and almost the same as the polished one. This visual
inspection strongly supports the extremely high efficiency
found for the synergistic effect of 50 ppm 8b and 2 mmol KI.
The emergence of a small nitrogen peak and reduction in
oxygen peak intensity strongly support this remark.
3.12 Toxicology study

A toxicological study that doesn't entail unnecessary animal
testing is a great way to gauge chemical compounds' ecological
and health impact. Fathead minnow (Pimephales promelas) LC50
(96 h) is a widely recognized endpoint to assess the aquatic
organisms' initial effect.69 The LC50 value refers to the concen-
tration (in the unit of mg L−1) of a chemical that kills 50% of the
test animals during the study period. Certain qualities, such as
relative hardiness, tolerance of variable temperatures and harsh
conditions, adaptability to controlled experimentation, etc., make
the Fathead minnow an ideal test organism for toxicology
studies. Fathead minnow can also be found in freshwater
ecosystems and uninhabitable conditions such as waste drainage
sites, rendering this aquatic species a worthy candidate for toxi-
cological studies. A Fathead minnow LC50 (96 h) test simulation
for the test compound 8b done via hierarchical clustering QSAR
toxicity estimation method predicted the LC50 value to be
1157.99 mg L−1. USEPA states that a chemical compound can be
practically non-toxic if the LC50 value exceeds 100 mg L−1.70

Therefore, the test compound 8b can be considered relatively
benign. Furthermore, the mean absolute error (MAE), which is
the absolute average distance between the actual data and the
predicted data, for the Fatheadminnow LC50 (96 h) test was 0.48,
which is lower than that of the entire set (0.57). This conrms an
increased condence in the predicted value. Moreover, the
developmental toxicity of the test compound 8b was also pre-
dicted using the hierarchical clustering method. Developmental
9740 | RSC Adv., 2024, 14, 9725–9746
toxicity indicates whether a particular chemical can interfere with
human or animal growth. The test compound 8b was found to be
a developmental non-toxicant. Bioconcentration factor (BCF) is
another measure of how threatening a chemical is towards
aquatic species, and it's a ratio of the chemical concentration in
sh to that in water at a steady state. The BCF for the test
compound 8b was predicted to be 12.28 (unitless). According to
REACH regulations, a chemical is bio-accumulative if its BCF
value exceeds 2000 and very bio-accumulative if its BCF value
exceeds 5000.71 This implies the tested compound is very, very
safe in terms of bioaccumulation.
3.13 Density functional theory

The frontier molecular orbitals and the optimized structures of
the homopolymer (3) and copolymer (8b) are depicted in Fig. 11.
Table 7 enlists the quantum chemical descriptors relevant to
the reactivity of these molecules. A close look at the frontier
molecular orbitals (Fig. 11c–f) reveals that most of the HOMO
(highest occupied molecular orbital) and LUMO (lowest unoc-
cupied molecular orbital) charge-sharing and accepting capa-
bilities, respectively, are located around the chloride counter
ions and quaternary nitrogenmoieties, observed in some earlier
studies.18–20 The phenomena of donation and retrodonation,
i.e., charge sharing, are crucial for the bonding between metal
and inhibitor.72,73 It is evident that the chloride counterions and
pyrrolidinium moieties were important for the adsorption. The
remaining long hydrocarbon chain must have acted as a water-
repellent and created a hydrophobic barrier.

The FMO energies, EHOMO and ELUMO, have been said to be
the most critical parameters to determine if an inhibitor has
undergone adsorption to show an anticorrosive effect.74 An
inhibitor with a high EHOMO value is more likely to donate its
electrons to the empty d-orbitals of the metal atoms and make
coordination bonds.18 From Table 7, we can see that EHOMO of
the copolymer is much higher than that of the homopolymer.
Additionally, ELUMO of the copolymer is much lower than that of
the homopolymer, indicating that the copolymer is more potent
towards accepting electrons from the metal itself. This
phenomenon is known as retrodonation and is important in
corrosion inhibition. It's also known that the higher the DE, the
difference between ELUMO and EHOMO, the more stable the
inhibitor is regarding electron donation.75 The DE value of the
homopolymer is much higher than that of the copolymer, which
is likely to show more IE. The electron affinity (EA) values, the
negative of ELUMO values that showed the tendency towards
accepting electrons and were higher for the copolymer. More-
over, the IE of the copolymer was much lower than that of the
homopolymer, indicating that it’s much easier to ionize the
copolymer, and it's more likely that the copolymer will donate
more electrons than the homopolymer.76 The electronegativity,
c, is another parameter that reveals the efficacy of a corrosion
inhibitor. A high value of c is associated with low efficacy.
However, the c and the global electrophilicity index (u) values of
the copolymer are lower than those of the homopolymer.
Additionally, higher global soness (s) and lower hardness (h)
values for 8b resonate with its higher IE.77 The DN value,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Surfacemorphologies and EDX spectra of polishedmild steel (a), mild steel corroded in the absence (b) and presence (c) of 8b, and in the
presence of 8b and 2 mmol KI (d).

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 9725–9746 | 9741
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Fig. 11 Optimized structures (a and b), HOMO (c and d), and LUMO (e
and f) for inhibitors 3 (left) and 8b (right).
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representing the fraction of electron transfer, of the copolymer
is much, much higher than that of the homopolymer, which is
another indication of its higher anticorrosion potential. Lastly,
the dipole moment (m), which indicates the overall polarity of
a molecule, is also higher for the copolymer. Overall, all these
DFT-optimized parameters have favored the copolymer,
providing support for the experimental ndings and enough
incentives to explore the copolymerization of the homopolymer.
3.14 Mechanism of corrosion inhibition

XPS and SEM surface studies demonstrated that inhibitor 8b
adsorbed on the mild steel surfaces. Fig. 12 illustrates how 8b
may have undergone adsorption. DFT studies demonstrated
that HOMO and LUMO regions, which indicate charge sharing
Table 7 DFT parameters for inhibitors 3 and 8b

Inhibitor EHOMO (eV) ELUMO (eV) DE (eV) IE (eV) EA

5 −5.576 0.555 6.130 5.576 −0
8b −0.204 0.013 0.217 0.204 −0

Fig. 12 An illustration of PDAAC undergoing adsorption on the mild ste

9742 | RSC Adv., 2024, 14, 9725–9746
and charge accepting capabilities, respectively, are located
around the pyrrolidinium ring and the chloride counter ions.
Since both moieties are charged species, this gives the impres-
sion that 8b will undergo an electrostatic interaction with the
positively charged metal surface to cause physical adsorption.
However, adsorption and thermodynamic studies found the
DG

�
ads and DHo

ads values to be −41.5 kJ mol−1 and 58.0 kJ mol−1,
respectively. These values indicated the mode of 8b adsorption
was chemisorption or predominantly chemisorption. This
could be explained by the fact we already discussed in the XPS
investigation that both 2°- and 3°-nitrogen could undergo
deprotonation in the test solution. Moreover, chloride and
hydroxide ions present in the test solution can deprotonate the
pyrrolidinium ring's nitrogen.23 This will lead to both nitrogens
having an unshared pair of electrons that can now be used to
coordinate to empty the d-orbital of metal atoms. Another 4°-
nitrogen atom in the compound can't undergo deprotonation
and can be adsorbed via a physisorption mechanism.18–20 It has
been reported that the net charge of iron surface in acid is
positive.43 Therefore, without KI, the formate ions (HCOO−)
from 20% formic acid and the Cl− counter ions from 8b can be
adsorbed onto the metal surface. Aer that, these pre-adsorbed
ions can attract the inhibitor toward the metal surface for more
protection. When KI is added to the electrolyte, the I− ions can
get oxidized to I2 by dissolving oxygen in the solution (eqn (11)).
Later on, the I2 combines very fast with I− ions to form soluble
yellowish I3

− ions (eqn (12)).78

2I− / I2 + 2e (11)

I2 + I− / I3
− (12)

Both I− and I3
− ions can be adsorbed on the metal surface,

replacing some HCOO− ions. Therefore, the addition of KI to
the solution causes the surface to be more negatively charged by
(eV) h (eV) c (eV) u (eV) s (eV) DN m

.555 3.065 2.511 9.659 0.326 0.377 9.350

.013 0.108 0.096 0.0005 9.222 21.784 37.711

el surface.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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creating I− and I3
− ions. Then this negatively charged surface

containing Cl−, HCOO−, I−, I3
− ions will pull in the positively

charged inhibitor molecule with a great force to provide excel-
lent protection. Therefore, physisorption may have been the
initial mode of interaction. However, with the successive
deprotonation of the pyrrolidinum ring's nitrogens, chemi-
sorption stands to be the dominant mode of adsorption. Elec-
tron donation from 8b to metal atoms can cause a rise in the
inter-electronic repulsion that forces the metal atoms to donate
their excess electrons to unoccupied p-orbitals of the inhibitor
compound, a phenomenon known as retro-donation. The
hydrophobic pendant attached to the inhibitor helps to repel
the water molecules away.

4. Conclusion

In the current investigation, a homopolymer, poly(-
diallylammonium chloride) (3), has been synthesized. The
homopolymer was modied by adding hydrophilic/
hydrophobic bis-cationic motifs that afforded three cyclo-
copolymers (8a–c). The synthesized compounds were charac-
terized by IR, 1H- and 13C-NMR, TGA, and viscometric methods.
All the synthesized polymers were then evaluated for their effi-
cacies in mitigating mild steel corrosion in 20% formic acid.
The cyclo-copolymers showed more inhibitive potential than
the homopolymers. Copolymer 8b showed the maximum IE of
81.8% for 100 ppm at 30 °C. Some explanations in support of 8b
to show better IE were offered. A good synergism between 8b (50
ppm) and 2mmol KI improved the IE to >99%. An extended 24 h
weight loss study performed at 60 °C didn't affect the synergism
at all. Adsorption isotherm studies and thermodynamic
parameters were discussed in detail. With increasing inhibitor
concentration, the decreasing icorr values found from PDP and
the increasing Rct values found from EIS studies supported the
ndings of weight loss studies. 8b acted as a mixed-type and an
anodic inhibitor in the absence and presence of 2 mmol KI,
respectively. A toxicological computational survey was per-
formed to render the inhibitor non-toxic. XPS and SEM studies
provided solid evidence for the adsorption of 8b on the metal
surface. The sights of the inhibitor interacting with the metal
surface were found through DFT analysis. Excellent synergism
between 8b and KI at an elevated temperature of 60 °C can be
studied further in other acidmedia and/or higher temperatures.
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