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ARTICLE INFO ABSTRACT

Keywords: Inorganic scale formation is a common issue in multi-stage flash (MSF) desalination plants,
Scale significantly impacting operational efficiency. To address this, acid cleaning is frequently
Descaling

employed, but it can lead to severe corrosion of alloy components if not properly controlled with
corrosion inhibitors. This study investigates the effectiveness of toluene-2,4-diisocyanate-4-(1H-
imidazole-ly) aniline (TDIA) as a corrosion inhibitor for 304L stainless steel in a simulated acid
cleaning solution (1M HCI and 3.5 % NaCl). A range of tests, including electrochemical analysis,
weight loss measurements, and surface characterization techniques such as AFM, EDS, and SEM,
were used to assess the inhibitor’s performance at temperatures of 25, 45, 65, and 90 °C. At a
concentration of 50 ppm, TDIA achieved inhibition efficiencies of around 90% at 25 °C and above
80% at 90 °C, demonstrating effective protection across all temperatures studied. The adsorption
behavior of TDIA followed the Langmuir adsorption model, and it acted as a mixed-type inhibitor
by forming a protective layer on the metal surface, which prevents corrosive agents from
accessing the steel. The dual-environment testing method, simulating conditions in desalination
plants, offers valuable insights into the inhibitor’s practical performance, enhancing the appli-
cability of these findings to real-world industrial scenarios.

Stainless steel
Electrochemistry
Weight loss

1. Introduction

Approximately 97% of the water on Earth consists of salt water, found mostly in the enormous seas and oceans scattered around the
universe. Fresh water accounts for only 3% of all water, of which a negligible 0.0067% is available for direct use [1,2]. Sea and
brackish water desalination are among the most important ways to purify the world’s water [3]. The two primary methods for
desalinating water are thermal and membrane technologies. Thermal desalination methods include Multi-Stage Flash Distillation
(MSF) and Multi-Effect Distillation (MED), while membrane technologies encompass Reverse Osmosis (RO) and
Electro-dialysis/Electro-dialysis Reversal [4-6]. There are approximately 16,000 desalination plants worldwide, providing more than
90 million cubic meters of freshwater for daily consumption [3,7]. Multi-stage flash (MSF) distillation is a water desalination process
that distills seawater by sending a portion of the water to steam in an integrated countercurrent multistage heat exchanger [8].
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Fig. 1. Schematic of TDIA synthesis.

Approximately 20-26 % of the world’s desalinated water is produced by multistage flash evaporation plants [9,10]. Different com-
ponents of the MSF desalination plant are made of different alloys such as stainless steel, carbon steel, copper-nickel alloy, and titanium
alloy [11,12]. Stainless steel, known for its corrosion resistance, is widely used in all the different desalination technologies. Most
components in desalination plants are constructed from austenitic stainless steel from the ASTM 300 series, such as 316, 316L, 317L,
304, 304L, 321, and 347 [13,14]. One of the key operational issues affecting the long-term production performance of the desalination
plants is the problem of scales [9,15-17]. Different components of the MSF desalination plant are made of different metals such as
stainless steel, carbon steel, copper-nickel alloy, and titanium alloy [11,18]. Inorganic scale accumulation on the alloy parts’ surface
often decreases plant efficiency and is further intensified by scale corrosion in MSF desalination plants [19,20]. In MSF desalination
plants, pickling is routinely employed for descaling purposes. The most common acid employed is hydrochloric acid; additional acids
used are citric, sulfuric, and sulfamic, as well as chelating agents like ethylenediaminetetraacetic acid. Hydrochloric acid is often used
over sulfuric acid because it produces more soluble chloride compounds than insoluble sulfates [19-21]. Without a corrosion inhibitor,
desalination plants suffer severe corrosion because of the acid cleaning processes. Therefore, acid cleaning solutions must also contain
a potent corrosion inhibitor.

It has been reported that organic compounds containing heteroatoms like sulfur, nitrogen, and oxygen function as corrosion in-
hibitors during acid cleaning [2,12,21-27]. A516 Grade 2 carbon steel and 304L stainless steel were tested in 5% HCI at 25-93 °C using
a commercial formulation containing ketoamines, isopropyl alcohol, and propargyl alcohol. [28]. The formulation’s optimal con-
centration at room temperature was 2% by volume, where it inhibited corrosion on carbon steel by 90% and stainless steel by 87.5%.
However, the formulation did not provide any protection for carbon steel up to 93 °C. The formulation is not a green inhibitor for acid
cleaning because it contains propargyl which is very toxic and harmful [29,30]. The effectiveness of the cationic surfactant benze-
thonium chloride in inhibiting corrosion of 316L stainless steel in 1 M H,SO4 solution was studied by Deyab [18]. The stainless steel
surface’s inadequate covering at concentrations below the critical micelle concentration (CMC) was identified as the underlying cause
for the inhibitor’s lower inhibition efficiency. Despite the effective coverage of the surface by a single monolayer of the inhibitor at
concentrations above the CMC, at the CMC, the inhibitor performance was not significantly enhanced. An investigation was conducted
by Markhali et al. [31] to determine the effectiveness of benzotriazole and benzothiazole in inhibiting 316 austenitic stainless steel
corrosion in a solution of 1M HCI for a duration of 4 h at 25 °C using electrochemical techniques. The inhibitors were reported to
exhibit anodic inhibition behavior with high inhibition efficiency. While benzotriazoles are considered to have low toxicity and pose
minimal health risks, they can also cause physical changes in various plant species [32], as well as having a harmful impact on aquatic
habitats [33]. Furthermore, metabolites of hydroxylamines which have the potential to be carcinogenic and mutagenic, are formed
during the metabolism of benzothiazole by a ring-opening process [34].

To be deemed environmentally friendly and green, a corrosion inhibitor must be nontoxic, biodegradable, and/or have an LDsg
value larger than 300 mg/kg. This study examined the effectiveness of the organic compound toluene-2,4-diisocyanate-4-(1H-
imidazole-ly) aniline (TDIA) produced from the reaction of tolylene-2,4-diisocyanate and 4-(1H-imidazole-ly)aniline in a 1:2 mol
ratio. Toluene-2,4-diisocyanate has an oral LDsg of 5800 mg/kg. While 4-(1H-imidazole-ly)aniline is rated under category 4 for oral,
dermal and inhalation toxicity, and is said to be practically non-toxic and non-irritant. 4-(1H-imidazole-ly)aniline is also non-
persistence and show no bioaccumulation [35]. The performance of the synthesized compound against the corrosion of stainless
steel 304L in a mixed solution of 1M HCI - 3.5% NaCl under static condition simulating acid cleaning of MSF desalination plant was
evaluated employing the electrochemical and weight loss measurement methods at temperatures of 25, 45, 65 and 90 °C. SEM/EDS
and atomic force microscope techniques were also used to analyze the morphology of the immersed steel surface and the effect of
adsorbed inhibitor molecules on the steel surface morphology. Existing studies often explore conventional organic inhibitors such as
thiols, amines, or benzimidazoles. By introducing a novel matrix based on diisocyanate-imidazole, our manuscript expands the
collection of corrosion inhibitors with unique chemical properties that offer improved performance, particularly under the harsh
conditions of acid cleaning. Many of the previous studies investigate inhibitors in either acidic or saline environment individually, but
our study takes a more realistic approach by mixing the two. This dual-environment technique provides useful insights about the
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inhibitor’s performance under conditions that are more representative of the real issues experienced in desalination plants, providing
practical applicability that is frequently lacking in previous experiments.

2. Experimental procedure
2.1. Reagents and materials

Tolylene-2,4-diisocyanate, 4-(1H-imidazole-ly)aniline, acetic acid, acetonitrile, sodium chloride, hydrochloric acid (37 % “/),
stainless steel 304L.

2.2. TDIA synthesis and characterization

2.2.1. TDIA synthesis

In a typical synthesis (Fig. 1), toluene-2,4-diisocyanate (0.01 mol, 1.742 g) was dissolved in 200 ml acetonitrile, once dissolved 4-
(1H-imidazole-1-yl)aniline (0.02 mol, 3.184 g) was added and the reaction mixture was heated to 60 °C and stirred for 12 h [36]. A few
drops of acetic acid were added to catalyze the reaction. After the designated time passed, the solid product was filtered and washed
several times with acetonitrile and dried at 70 °C overnight to get a white solid powder (yield: 4.567 g, 93 %).

2.2.2. Characterization of TDIA

TDIA was characterized using FTIR, 'H-, and 3C NMR characterization techniques. Using a Smart iTR NICOLET iS10 FTIR
spectrometer, the FTIR spectrum was acquired at a frequency range of 400-4000 cm ! and a resolution of 4 cm ™. For the NMR, TDIA
was firstly dissolved in deuterated dimethyl sulfoxide (DMSO) and the 'H and '>C NMR spectra were obtained using a JEOL JNM-
LA500 FT NMR spectrometer.

2.3. Coupons and test solutions preparation

The stainless steel coupons used in the weight loss test were made by cutting the stainless steel sample into a dimension of 2.0 cm by
2.0 cm by 0.3 cm, offering a 10.4 cm? exposed surface area. Whereas the steel specimens utilized in the electrochemical test were
reduced in size to precisely 1 cm by 1 cm by 1 cm and secured in a mixture of epoxy and hardener offering an exposed surface area of 1
cm?. This made sure that the coupon utilized for the electrochemical experiments had an exposed surface area of 1 cm?. The test
solution was made by dissolving the proper amounts of NaCl in distilled water to create an aqueous solution with a concentration of
3.5% NaCl. Next, the required volumes of concentrated HCI (37%) were diluted in an aqueous NaCl solution to yield the 1M HCl_3.5%
NaCl solution. 1 g of the synthesized TDIA was dissolved in a 1000 ml of 3.5 % NaCl_1M HCl solution to yield a 1000 ppm stock solution
of the inhibitor, from which six concentrations (10, 20, 30, 40, 50, and 60 ppm) of the inhibitor was prepared and their performance
evaluated using the weight loss measurement and electrochemical methods.

2.4. Electrochemical measurement

Utilizing the Gamry reference 3000 galvanostat/potentiostat/ZRA, the electrochemical measurement was performed. A three-
electrode cell configuration (200 ml volume capacity) was utilized, with the working electrode being a steel coupon affixed in a
cold mount, the reference electrode being an Ag/AgCl electrode, and the counter electrode being graphite rod. Electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization (PDP), and linear polarization resistance (LPR) were the three distinct
electrochemical measurement techniques utilized. To ensure stability prior to performing the PDP, LPR, and EIS investigations, the
steel coupon was immersed completely in the test solution and the system was subjected to an open circuit potential (OCP) for 1 h. The
EIS measurement was performed within a frequency range of 10 kHz-100 mHz and an amplitude of 10 mV were. For LPR mea-
surement, a 0.125 mVs ™! scan rate and a 10 mV potential deviation from OCP were utilized. The PDP measurement was performed at a
scan rate of 0.25 mVs~! and a potential range of £250 mV from OCP.

2.5. Weight loss measurement

The weight loss experiment was done in accordance with the established protocol outlined in ASTM G1 - 03 [37]. Pre-measured
samples were placed in the test solutions (100 ml) in a glass bottle (250 ml capacity) for a full day at four specific temperatures: 25, 45,
65, and 90 °C. After 24 h, the coupons were taken out, thoroughly cleaned, washed and dried, and then reweighed. The loss in weight
was obtained by subtracting the final weight from the initial weight of each specimen.

2.6. Corrosion product characterization and analysis

The surface morphology and roughness of unprotected and protected stainless steel were studied using SEM, EDS, and AFM
characterization techniques. Images and energy-dispersive X-ray spectra were taken using a scanning electron microscope from JEOL
(JSM-6610LV model). In contact mode, AFM spectra and data were acquired utilizing the fiber-lite MI-150 high-intensity illumination
system manufactured by Dolan-Jenner Industries.
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Full detailed assignment of peaks of the 'H NMR and '*C NMR of TDIA are shown in Fig. 2. The 'H NMR spectrum reveals two peaks
at § = 9.2 and 8.7 ppm which are attributed to the amine protons. The peaks found at § = 7-8.2 ppm are attributed to the aromatic
protons. A peak at § = 2.2 ppm is attributed to the toluene moiety methyl group. The 13C NMR spectrum reveals a peak at § = 152 ppm
which is attributed to carbonyl carbon. The peaks found at § = 110-140 ppm are attributed to the carbons of the aromatic moiety A

peak at § = 17 ppm is attributed to the carbon of the methyl group of the toluene moiety.
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Fig. 4. OCP plots of TDIA-inhibited and blank solutions.

3.1.2. FTIR analysis

The FTIR spectrum for TDIA is shown in Fig. 3. The N-H stretching vibration is represented by a band in the FTIR spectrum at about
3300 cm™" and the two faint bands at 3126 and 3102 cm ™ depict the asymmetric and symmetric C-H vibrations, respectively. A
strong band associated with the carbonyl C=0 stretching vibration at about 1713 cm™'. a medium band with vibrations of C=N
stretching and N-H bending at about 1642 cm ™. Two shoulder bands on either side of a very strong band at 1517 cm ™! that is
attributed to aromatic C=C stretching vibrations. The vibrational mode associated with the bending of the C-H bonds in the methyl
group gives rise to a distinct peak seen at a wavenumber of 1420 cm™'. A prominent spectral band is seen at 1302 cm™!, which is
attributed to the stretching vibrations of the = C-N and = C-H functional groups. The presence of a band at 1201 cm ™ can be attributed
to the stretching vibration of the aliphatic C-N atom [38,39]. Aromatic C-H in plane bending vibrations is responsible for the bands at
1112 and 1062 cm ™!, while aromatic C-H out of plane bending vibrations are responsible for the bands at 964 and 800 cm™! [40,41].
The multiple peaks observed between the 500 to 1000 cm ™! (fingerprint region), are attributed to the out-of-plane bending vibrations
of C-H bonds, particularly from aromatic rings like the toluene group, representing the C-H wagging from benzene rings and other
unsaturated systems including the imidazole ring bending or deformation modes [42].

3.2. Electrochemical measurement techniques

3.2.1. OCP

The direction of the potential shift may differ based on the way the electrochemical double layer (EDL) conforms to the chemistry of
the electrolyte. Metal surfaces conform to the chemistry of the EDL in response to an alteration in the OCP, be it a decrease or increase.
An increasing OCP indicates the development of a barrier layer that prevents additional corrosion of the metal, while a decreasing OCP
indicates the formation of a permeable membrane that impedes the rate of corrosion [43]. As shown in Fig. 4, the OCP of the blank
solution increased with time, whereas the OCP of various inhibited solutions fluctuated between slight increases and decreases over
time. Inhibitors of the anodic or cathodic type are indicated by an 85 mV deviation of the inhibited solution OCP value in the cathodic
or anodic direction from that of the blank. When the deviation in either the cathodic or anodic direction is below 85 mV, it signifies the
presence of a mixed inhibitor [11]. TDIA can be said to exhibit a mixed-type behaviour, as all inhibitor concentrations exhibit cathodic
shift in potential of less than 85 mV from that of the blank (Fig. 4). This indicate that the inhibitor can slow down under open circuit
circumstances, both the oxidation of oxide-free iron (anodic reaction) and the discharge of hydrogen ions to form hydrogen gas on mild
steel surfaces (cathodic reaction) [44].

3.2.2. EIS

Fig. 5 presents the Bode modulus, Bode phase, and Nyquist plots for the inhibited and uninhibited solutions. Fig. 5a illustrates that
the Nyquist curves displayed two semi-circular capacitance loops, with each loop symbolizing a unique time constant, for all solutions.
The first time-constant (R.,/CPEg) at the high-frequency regions signifies the occurrence of double layer at the interface between the
steel surface and the solution. Conversely, the second time-constant (R;/CPEy) at the medium to low frequency regions indicates a
porous/passive layer formation of at the film/solution [45]. The Nyquist plots for both the blank and inhibited solutions did not
intersect the Z,y axis, indicating a “degradation phenomenon in impedance spectroscopy, likely due to a delay in charge transfer
caused by the buildup of corrosion products and the inhibiting film on the metal surface [46]. Two inflection points were observed in
the Bode phase plots of all solutions, including the blank, as depicted in Fig. 5c. These points of inflection were consistent with the
observed Nyquist loops. The observed similarity in the inhibited and blank solutions impedance curves suggests that the inhibitor acted
effectively without changing the corrosion process of steel. Solid metal electrodes are characterized by imperfect Nyquist curves,
which demonstrate frequency dispersion in the impedance response [47]. The observed reduction in corrosion rates in the presence of
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Fig. 5. (a) Nyquist, (b) Bode modulus, (c) Bode phase plots of plots of TDIA-inhibited and blank solutions, (d) employed equivalent circuit model,
(e) experimental and simulated impedance plots for the blank solution, and (f) experimental and simulated impedance plots for the inhibi-
ted solution.

10 ppm TDIA is indicated by the larger diameter of the Nyquist loop for TDIA in comparison to the blank. The diameter increases
following an increase in TDIA concentration from 10 to 50 ppm, however, the diameter of the loop exhibited a brief decrease at 60
ppm. This upward trend indicates that TDIA molecules occupy the electric double layer at the steel-solution interface to protect the
steel surface. At concentrations exceeding 50 ppm, the effectiveness of inhibition diminished as optimal concentrations of inhibitor
molecules were adsorbed onto the metal surface, leading to inevitable interaction between un-adsorbed and adsorbed TDIA molecules
[48]. The Bode phase angle diagram of carbon steel in the absence and presence of different concentrations of TDIA is illustrated in
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Table 1

TDIA-inhibited and blank solutions EIS obtained parameters at 25 °C.
TDIA Concn (ppm) R (Q cm?)  CPEg Re(Qcm?  CPEg R (@Qcm® R, ¥x107%  %IE

Yo (mQs"ecm™2) Yoo (mQs" cm™2)  ny

Blank 1.859 0.174 0.874  70.75 46.11 0.558  22.35 93.10  0.538 -
10 1.078 0.141 0.828  0.350 2.507 0.185  617.1 617.5  0.754 84.91
20 0.939 0.033 0.951  1.556 1.478 0.432  721.4 723.0  0.591 87.12
30 0.972 0.022 0.977  2.249 1.049 0.496  744.2 746.4  0.481 87.53
40 1.122 0.043 0.920 2.129 1.314 0.435  812.9 815.0  0.229 88.58
50 0.980 0.037 0.934  2.864 1.165 0.451  904.8 907.7  0.485 89.74
60 0.811 0.020 0.890  23.32 2.389 0.181  615.7 639.0  0.565 85.43

Fig. 5c. As a result of dispersion, phase angles are not exactly 90°. With the addition of TDIA, however, both impedance and phase
angle diameter increased, indicating that it inhibits corrosion. The width of the Bode phase for inhibited solutions exhibited an increase
with the concentration of TDIA from 10 to 50 ppm, followed by a decrease at 60 ppm, in a manner analogous to the Nyquist plots. The
linear segment of the Bode’s modulus diagrams for inhibited solutions was more conspicuous in comparison to the blank segment in
Fig. 5b. This observation suggests that a shift of /Z/ towards higher values occurred. This indicates that the presence of TDIA provides
improved surface coverage and protection [49,50].

The impedance curves were fitted using a circuit model (Fig. 5d) comprising the following components: film resistance (Ry), charge
transfer resistance (R), solution resistance (Ry), phase shift (n;), phase shift (), film constant phase element (CPEy), and double-layer
constant phase element (CPEg). The chosen equivalent circuit (EC) was deemed suitable, as evidenced by the low Xz values shown in
Table 1 and the fact that the fitting errors associated with these models are all under 0.08 % (Table 1). Fig. 5(e & f) displays typical
fitted blank and TDIA inhibited solutions Nyquist graphs that illustrate the applicability of the selected EC. The comprehensive results
of the impedance curve fitting process are presented in Table 1. Eqn (1) [51] was utilized to determine the percentage inhibition
efficiency (%IE) of the inhibitor.

RB
%lIEg;s = (1 R€> x 100 (€D
P

where R}I, & Rg symbolises the inhibited & blank solutions polarization resistances respectively and R, is a sum of Ry and Re;.

The behavior of the layer produced by the adsorbed inhibitor or corrosion product is more like that of a constant phase element
(CPE) than that of a traditional capacitor. Therefore, CPE is utilized to attain a more precise data fitting [50]. By utilizing Eqn (2), the
impedance of the CPE was computed [50].

ZCPE = Y;l (j(l))in (2)

Y, represents the constant phase element (CPE) magnitude, n signifies the phase shift the, and i stands for —1 square root, and j
represents angular frequency.

The carbon steel surfaces protected by TDIA showed increased values of charge transfer resistance (R.) compared to the unpro-
tected (Table 1). As shown in Table 1, the unprotected carbon steel exhibits the lowest R value (22.35 Qcm?) while displaying the
highest value of CPE magnitudes (Y, & Y,2). This observation can be attributed to the electrochemical reactions at the steel surface in
the blank solution due to the high porosity of the loosely bound corrosion product on the unprotected steel surface. The higher charge
transfer resistance of the protected steel surface, suggesting better protection by the inhibitor film [52]. This suggests that safeguarding
by TDIA adsorption to the steel surface enhanced its resistance against charge transfer during carbon steel corrosion. As evidenced by
the higher R, values of the inhibited solutions compared to the blank, the adsorption of inhibitor molecules onto the protected steel
surface renders it more resistant to corrosion than the unprotected steel surface. Consequently, the steel surface is protected against
further mass and charge transfers. The constant phase element’s (CPE) personality can be revealed via the phase shift value (n). For
value of n = 0 denotes resistance, n = 1 represents capacitance, n = —1 represents inductance, and n = 0.5 represents Warburg
impedance [50,53]. The fact that the value of n; in both the blank and inhibited solutions was close to unity (Table 1) indicates that the
CPE at the steel/solution interfaces is predominantly capacitive. Surface irregularity and inhomogeneity are responsible for the de-
parture from unity, which corresponds to ideal capacitive behaviour [54]. Additionally, the ‘n’ value serves as a pointer of surface
heterogeneity. A smaller n value signifies higher surface heterogeneity, while a larger value suggests the opposite [55]. Most of the
inhibited solution concentrations demonstrated bigger ‘n;’ value compared to the blank, indicating a smoother and more uniform
surface coating on the protected steel. On the contrary, the shielded steel demonstrated a diminished ‘ny’ value in comparison to the
exposed steel, indicating heightened surface heterogeneity at the adsorbed layer interface in the solutions that were inhibited as
opposed to the blank solution. The formation of a more stable inhibitor/oxide layer deposit on the protected steel surface could
potentially account for this phenomenon. Furthermore, the characteristics of the metal’s surface film are mirrored in the magnitude of
the CPE, ‘Y,’. Lower ‘Y,’ values suggest a well adsorbed and compact surface layer [55]. Considering the ‘Y,;’ and ‘Y, values of
protected and unprotected steel surfaces, it’s evident that the protected steel surface displays a denser and compact film compared to
the unprotected steel surface corrosion product film. The random variation of R value may be due to variations in the concentration of
ions in the electrolyte solution, poor mixing, evaporation, or contamination of the electrolyte over time or due to small temperature
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Table 2
TDIA-inhibited and blank solutions LPR obtained parameters at 25 °C.
TDIA Concn (ppm) Ecorr (mV vs Ag/AgCl) Teorr (RA cm’z) Polarization Resistance () CR (mmyear’l) %IE
Blank —499.2 242.3 107.5 2.508 -
10 —472.1 37.05 703.1 0.384 84.71
20 —492.5 35.51 733.7 0.368 85.35
30 —499.4 34.30 759.6 0.355 85.85
40 —454.0 31.09 837.9 0.322 87.17
50 —437.9 29.38 886.8 0.304 87.87
60 —490.6 38.57 675.4 0.399 84.08
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Fig. 6. PDP plots of TDIA-inhibited and blank solutions.

fluctuations in the lab, between measurements or variations in the surface condition of the working or counter electrodes, such as
surface roughness, corrosion [56,57].

3.2.3. LPR

The linear polarization resistance (LPR) method is a frequently utilized rapid electrochemical technique in the evaluation of metal
corrosion rates. By utilizing a potential of £10 mV from the open circuit potential (OCP), LPR, a non-destructive technique, establishes
a direct correlation between potential and current. The LPR curve fitting results for the inhibited and blank solutions are displayed in
Table 2. To determine the percentage inhibition efficiency (%IE), Eqn (3) [58] was utilized.

Ry
%IELPR = - ﬁ (3)
P

where Rg represents the polarization resistance in the absence of the inhibitor & RIIJ represent the polarization resistance in the
presence of the inhibitor.

The corrosion rate was considerably reduced by the addition of TDIA in comparison to the blank. In accordance with the results
obtained from the EIS analysis, it was observed that the corrosion rate exhibited a more significant decrease as the concentration of
TDIA rose. The decrease peaked at the optimal concentration of 50 ppm. Furthermore, the polarization resistance of the inhibited
solutions was substantially higher than the blank. This suggests that the presence TDIA improves the corrosion resistance of stainless
steel.

3.2.4. PDP

The PDP technique, as opposed to the non-destructive LPR method, utilizes a more extensive polarization spectrum spanning from
200 to 400 mV. PDP provides more insights than LPR, notwithstanding its destructive nature. The primary application of PDP is to
examine the impact of inhibitors on the cathodic evolution of hydrogen gas reactions and anodic metal dissolution. Fig. 6 depicts the
PDP curves of the test solutions. Based on the inhibitor potential displacement from that of the blank, an inhibitor can be categorized as
anodic, cathodic, or mixed. A cathodic inhibitor displays a greater than or equal to EQUA 85 mV shift in the cathodic direction, while
an anodic inhibitor shows a greater than or equal to 85 mV shift in the anodic direction. A shift in either direction by less than 85 mV
suggests a mixed-type inhibitor [59]. The findings from the PDP analysis mirror those of the OCP investigation, indicating that the
inhibitor exhibits a mixed-type behavior, given their potential shifts of less than 85 mV in the cathodic direction from that of the blank.
The f, and f. values in the presence of TDIA were all far smaller than that of the blank with the inhibitor fc value far smaller (Table 3).
This also corroborate that TDIA acted as a mixed-type with cathodic predominance [60,61]. The parameters obtained from fitting the
PDP curves are detailed in Table 3. The percentage inhibition efficiency (%IE) was calculated using Eqn (4) [62].
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Table 3
TDIA-inhibited and blank solutions PDP obtained parameters at 25 °C.
TDIA Concn (ppm) Ecorr (mV vs Ag/AgCl) Teorr (pAcm’z) Ba (mVdec ™) Be (mVdec™ ) CR (mmyear’l) %IE
Blank —486.0 134.0 108.6 135.1 1.390 -
10 —535.0 15.80 33.20 46.10 0.163 88.27
20 535.0 11.00 26.70 34.80 0.113 91.87
30 —-531.0 7.810 99.15 55.98 0.081 94.17
40 —528.0 7.580 20.40 28.90 0.079 94.32
50 —530.0 2.590 9.400 12.80 0.027 98.06
60 —-507.0 17.80 29.50 15.10 0.206 85.18
Table 4
TDIA-inhibited and blank solutions weight loss obtained parameters at 25, 45, 65, and 90 °C temperatures.
Temperature TDIA Concn (ppm) Weight Loss (g) + standard deviation CR (mmyear ') %IE
25°C Blank 0.0269 + 0.0007 1.189 -
10 0.0039 + 0.0001 0.173 85.45
20 0.0034 + 0.0001 0.150 87.38
30 0.0032 + 0.0001 0.141 88.14
40 0.0030 + 0.0001 0.133 88.81
50 0.0027 + 0.0001 0.119 89.99
60 0.0046 + 0.0004 0.203 82.92
Blank 0.0490 + 0.0004 2.166 -
45 °C 50 0.0062 + 0.0001 0.274 87.35
Blank 0.1728 + 0.0007 7.638 -
65 °C 50 0.0268 + 0.0001 1.186 84.47
Blank 0.5868 + 0.0062 32.26 -
90 °C 50 0.1124 + 0.0006 4.975 80.82
II
IE(PDP)% = (1 — g’”) ()]
ICG'T
where I! | & I represent the current densities in the presence and absence of the inhibitor respectively.

In the presence of the inhibitor, the corrosion rate was significantly reduced as compared to the blank. In accordance with the
outcomes of the EIS and LPR analyses, the corrosion rate exhibited a more significant decrease as the inhibitor concentration rose,
culminating in its minimum at 50 ppm (optimal concentration). Furthermore, the I, values for the inhibitor-containing solutions
were significantly lower than the blank. Lower I value indicates a slower corrosion rate, suggesting the restriction of ion movement
through the adsorbed inhibitor layer, thereby reducing the corrosion reaction [63]. This finding suggests that the addition of TDIA
results in an enhanced resistance to corrosion by stainless steel. At the optimal concentration of 50 ppm, TDIA exhibited a corrosion
inhibition efficiency of 98.06%. The significant difference in corrosion current densities of the PDP measurements as compared to the
LPR techniques is that while LPR averages the corrosion rate across the whole electrode surface, PDP might offer more details
regarding localized corrosion processes. PDP involves dynamic potential scanning, which can result in transitory phenomena including
re-passivation and oxide film disintegration. These transitory effects may not be recorded in LPR measurements, resulting in dis-
crepancies in corrosion current densities between the two approaches.

3.3. Weight loss measurement

As a straightforward and highly precise technique, weight loss remains one of the most effective and efficient methods for
determining the rate of material corrosion and the efficacy of a corrosion inhibitor [64,65]. This method directly observes corrosion,
providing insights into average corrosion rates. Employing this technique, the corrosion of stainless steel was examined at tempera-
tures of 25, 45, 65, and 90 °C in the test solution in the presence and absence of TDIA. The outcomes from the weight loss mea-
surements are detailed in Table 4. The corrosion rates and percentage inhibition efficiency (%IE) were computed by employing Eqns
(5) and (6) respectively.

W x 8.76 x 10*

Corrosion rate(mm / year) = AXTxD

%)
where ‘D’ represents the stainless steel density of carbon steel, ‘A’ stands for the total exposed surface area in square centimeters (cm?),
‘W denotes the weight loss measured in grams, and ‘T” signifies the duration of exposure in hours.

CR, — CR;

YoIEw: Loss = T x 100 )
0
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Fig. 7. TDIA Langmuir adsorption isotherm plots.

Table 5
Obtained parameters from adsorption study for TDIA adsorption.
Compound Technique AGY,; (kJmol 1) Kags (Lmg ™) Slope R?
TDIA Weight Loss —34.55 1.130 1.0987 0.9999
PDP —32.95 0.594 0.9996 0.9988

where CR, and CR; are the corrosion rates of the blank and TDIA-inhibited solutions respectively.

The findings demonstrated a significant reduction in both the rate of weight loss and corrosion of stainless steel in the presence of
TDIA. At a concentration as low as 10 parts per million (ppm), the addition of TDIA significantly reduced the corrosion rate of the steel
sample from 1.189 mmyear " to 0.173 mmyear " at 25 °C. This emphasized the exceptional efficacy of TDIA as a corrosion inhibitor
for stainless steel. The corrosion rate exhibited a steady decrease as the concentration of TDIA rose, eventually attaining a minimum
value of 0.119 mmyear~! at a concentration of 50 ppm. The significant inhibitory effects of TDIA can be attributed to its robust
interaction with the steel surface. TDIA has several possible binding sites, including oxygen (O), nitrogen (N), and aromatic rings.
These sites can build strong interactions with the steel surface, effectively avoiding corrosion. This demonstrated that TDIA is an
effective acid cleaning corrosion inhibitor for stainless steel component for MSF desalination plant.

Further weight loss studies at greater temperatures of 45, 65 and 90 °C were carried out to evaluate the effect of temperature on the
anti-corrosion action of the optimal TDIA concentration (50 ppm). Materials corroded more quickly overall when temperature rose
because the average kinetic energy of the corrosive species increased with temperature [66]. The corrosion rate of the stainless steel
sample exhibited an upward trend as the temperature rose, as expected, under both the inhibited and uninhibited conditions. However,
as compared to the corrosion rate observed in the absence of the inhibitor, the stainless steel sample immersed in the TDIA-inhibited
solution corrosion rate was significantly lower (Table 4). This finding suggests that TDIA was successful in mitigating the corrosion of
the stainless steel corrosion at the tested temperatures where TDIA exhibiting an efficiency of over 80 % at 90 °C. Nonetheless, the
inhibition impact of TDIA reduced as temperature increased. The inhibition efficiency decreases from 89.99% at 25 °C to 87.35% at
45 °C to 84.47% at 65 °C to 80.82% at 90 °C. This trend aligns with a physical adsorption mechanism, which was the primary mode of
TDIA adsorption onto the steel surface. Higher temperatures can eliminate these forces because they are weaker than chemical bonds.
This causes some inhibitor molecules to separate from the steel surface, thus, lowering the inhibition efficacy.

3.4. Adsorption study

Inhibitor molecules prevent corrosion of metal surfaces through the formation of protective barriers. These barriers are generated
by the adsorption of inhibitor molecules onto the metal surface created either physically, chemically, or through a mix of both,
generating one or more layers of molecules. Out of all the isotherms studied, the Langmuir adsorption isotherm model was found to be
the most precise. The Langmuir adsorption isotherm assumes a monolayer adsorption of inhibitor molecules that is independent and
homogeneous [67]. The Langmuir adsorption hypothesis is articulated in Eqn (7). As per the Langmuir theory, a plot C/6 against C
should give a linear graph with a; /K, as the slope and 1/K,q4 as the intercept. Weight, and PDP measurement data were utilized to plot
the linear graphs (Fig. 7). Table 5 displays the derived parameters from the analysis of the plot.
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where K4 is the adsorption equilibrium constant, and C is the inhibitor concentration; The Langmuir isotherm constants are K; and aj.
The parameters K, and a;, denote the maximal absorbable inhibitory concentration and the inhibitor’s affinity for the metal surface,
respectively, and 0, which is determined by dividing the %IE by 100, denotes the extent of surface coverage.

As shown in Eqn (8) [67], K4q is correlated to Gibbs free adsorption energy AGY,;.

AG; = — RTIn(1 X 10°K,) )]

where T is temperature expressed in Kelvin (25 °C = 298.15 K) and R is molar gas constant.

When the value of AGY, value is lower than or equal to —20 kJmol ™, whereas a physiosorption adsorption process is hypothesized
to take place. However, a chemisorption adsorption mechanism is assumed to operate within the range of —80 to —400 kJmol ™. A
chemically enhanced physisorption mechanism is postulated for AGY; between —20 and —80 kJmol! [68]. The examination of the
weight loss and PDP data yielded AGY; values of —34.55 and —32.95 kJmol™ respectively. This indicates that TDIA adhered to the
surface of the steel through a process of physisorption adsorption that was chemically enhanced, which is a combination of physical
and chemical adsorption mechanisms. The adsorption processes are characterized by their spontaneity and stability, as denoted by
negative values of AGY,.

3.5. Surface analysis

SEM images of steel surfaces submerged in both inhibited and blank solutions are shown in Fig. 8 for comparison. The surface of the
unprotected steel is rough, uneven, and dotted with numerous cracks and pits (Fig. 8a). In contrast, the surface of the protected steel is
more even, smoother, and devoid of cracks (Fig. 8c). The observed behavior can be attributed to the development of an inhibitor
coating, which successfully protects the steel surface from corrosive substances and produces a substantially smoother surface.

Using EDS spectra, the elemental makeup of the steels’ surface was identified. Fig. 8b and d, respectively, display the steel surface
without protection and the steel surface protected by TDIA EDS spectra. Fig. 8b demonstrates that there was a significant concentration
of chloride ions on the surface of the unshielded steel, 5.0 wt%, as well as a content of 61.9 wt% iron. On the protected steel surface, the
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Fig. 9. AFM 2D & 3D images of (a) unprotected and (b) TDIA-protected 304L stainless steel.

Table 6
Unprotected and TDIA-protected carbon steel surfaces AFM roughness parameters.
Sample Ra Rq Ry
(nm) @ (nm)
Unprotected steel surface 59.2 70.8 286
TDIA-protected steel surface 50.5 70.5 182

iron concentration was greater (66.5 wt%) with a noticeably lower chloride amount (0.3 wt%). (Fig. 8b). The higher concentration of
chloride ions on the exposed steel surface can be attributed to the porous corrosion product layer’s ineffectiveness in preventing
corrosion. The observed decrease in chloride concentration on the surface of the steel protected steel may be credited to the formation
of an adsorbed layer of inhibitors. This layer effectively acts as a barrier, preventing the corrosive medium from meeting the steel.

An alternative technique for investigating the surface characteristics of materials at the nanoscale level from two- and three-
dimensional perspectives is the use of atomic force microscopy (AFM) technology. The AFM technique has been employed to inves-
tigate the impact of inhibitor compounds on the surface characteristics of substrates when exposed to corrosive environments [69-73].
Both the 2D and 3D AFM micrographs of the steel surface submerged in the absence and presence of TDIA are shown in Fig. 9. The data
for the unprotected and shielded steel surfaces’ average roughness (R,), maximum profile valley depth (R,), and root mean square
roughness (R,) are listed in Table 6. Stainless steel submerged in the blank solution exhibited surface values of 59.2, 70.8, and 286 nm,
respectively, much greater than the stainless steel submerged in the inhibited solution, which had surface values of R; = 50.5, Rq =
70.5, and R, = 182 nm. Comparing the unprotected stainless steel surface to the protected steel surface, the exposed steel surface
suffered a severe attack from the corrosive, which is why the unprotected surface had considerably higher amplitude roughness
parameter values. The unprotected steel shows a higher degree of surface roughness (Fig. 9), which makes this quite evident. The
reason behind this is because the corrosive medium attacks the unprotected steel surface aggressively, while in the case of shielded
steel, the adsorbed protective TDIA molecules block the medium from reaching the steel surface.

12
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Table 7
Comparison table of performance of TDIA with some compounds reported in the literature.
Compound (Concn) Technique  Coupon Corrosive Medium Corrosion Rate % IE Ref
Type (mmyear ')

25°C 45°C  65°C 25°C  45°C 65 °C

Equisetum arvense extract (300 Wt Loss Carbon 2M HCl 0.58 1.45 - 95.2 91.7 - [26]
ppm) PDP Steel - - - 97.4 - -
Ammonium-based ionic liquid Wt Loss CuNi alloy 3.5 % NaCl + 100 1.69 - - - — - [24]
(120 ppm) PDP Sulfide - - 98.4 - -
Bladder wrack extract (600 ppm) Wt Loss C1020 CS 1M HClL 0.149 - - 94.6 - - [25]
PDP - - - 92.2 - -
Triazole Wt Loss C1020 CS 2 % HCl - - - - -
PDP 36.42 - - 85.9 - - [27]
Thiabendazole (10 mM) Wt Loss C1020 CS 1 M HCl - - - - - - [74]
PDP 0.234 - - 87.86 - -
Benzethonium chloride ((0.35 Wt Loss 316L SS 1 M H,SO4 - - - 92.3 - - [18]
mM) PDP - - - 95.9 - -
4-nitro-o-phenylenediamine (600 Wt Loss Titanium 1 M H,SO,4 — - - 73.0 — - [12]
ppm) PDP - - - - -
TDIA (60 ppm) Wt Loss 304L SS 1M HCI-3.5 % NaCl 0.119 0.274 1.186 89.99 87.35 84.47 This
mix Work
PDP 0.027 - - 98.06 - -

NB: CS= Carbon steel; SS = Stainless steel; Wt Loss = Weight loss.

4. Inhibition mechanism

Physisorption and chemisorption are the two main methods by which inhibitor compounds adhere to metal surfaces. Physisorption
refers to the process when inhibitor molecules are attracted to the metal surface due to electrostatic forces. Here, the protonated
inhibitor molecules adsorbed on the steel surface by interacting with chloride ions initially adsorbed on the steel surface. Chemi-
sorption, in contrast, entails the establishment of chemical interactions between the metal surface and inhibitor molecules. This
phenomenon arises when delocalized orbitals and/or heteroatoms delocalized electrons are donated to the unoccupied d-orbitals of
the metal. Additionally, inhibitor molecules may be adsorbed on metal surfaces by the retro-donation method, in which the orbital
electrons of metal atoms are transferred to the inhibitor molecules’ antibonding molecular orbitals. Considering the PDP measure-
ments and findings from the adsorption study, it can be suggested that TDIA molecules adhere to the steel surface through a com-
bination of physisorption and chemisorption mechanisms.

5. Conclusion

The study successfully established tolylene-2,4-diisocyanate-4-(1H-imidazole-ly)aniline (TDIA) as a highly effective corrosion
inhibitor for 304L stainless steel in a simulated acid cleaning solution (1 M HCl and 3.5 % NaCl), which is of critical importance for
maintaining the operational efficiency and longevity of multi-stage flash (MSF) desalination plants. The experimental results high-
lighted TDIA’s excellent inhibition performance, achieving more than 80 % efficiency at a concentration of 50 ppm, even under
challenging conditions, such as elevated temperatures of 45 °C, 65 °C, and 90 °C. The PDP studies showed that TDIA acts as a mixed-
type inhibitor, affecting both the anodic and cathodic processes of the corrosion reaction. Additionally, TDIA’s adsorption behavior
was found to follow the Langmuir adsorption isotherm, confirming a strong interaction between the inhibitor molecules and the steel
surface, leading to the formation of a stable protective layer. Surface analysis techniques such as SEM, EDS, and AFM provided clear
evidence that TDIA formed a compact, uniform protective film on the stainless steel surface, which effectively blocked the access of
corrosive species to the metal substrate. The EIS results further confirmed this, showing an increase in charge transfer resistance due to
the presence of the protective inhibitor layer. Although our study focuses on a mixture of two corrosive environments (1M HCl and 3.5
% NaCl), the findings compare well with results from similar studies (mostly on single corrosive environment) in the literature
(Table 7).

These findings have significant industrial implications, particularly for MSF desalination plants, where acid cleaning solutions are
commonly used for removing scale and other deposits from equipment. The high efficiency and thermal stability of TDIA make it a
promising solution for enhancing the corrosion protection of stainless steel in such harsh environments, reducing maintenance costs,
equipment downtime, and extending the service life of critical components. Future work could explore the scalability of TDIA for large-
scale industrial applications and its effectiveness in other corrosive environments. Also, considering the TDIA ability to prevent
corrosion under static conditions, other studies could examine how well it works under dynamic conditions like the flowing envi-
ronments found in oil refineries and desalination plants. This would offer more practical perspectives on its industrial use. Advanced
techniques such as Density Functional Theory (DFT), Molecular Dynamics (MD) simulations, X-ray Photoelectron Spectroscopy (XPS),
and X-ray Diffraction (XRD) can offer valuable insights into the interactions between the inhibitor and the steel surface.
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