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Synthesis of 2,3-Dihydroxypropyl-Sulfanyl Derivative Nonionic Surfactants and Their Inhibition Activities Against Metal Corrosion in Acidic Media
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Abstract: Metallic corrosion is one of the most important problem in various industrial fields. One of the most effective methods to deal with metallic corrosion is to design and use appropriate organic corrosion inhibitors. In the present study, various amide-based, sulfur-containing nonionic surfactants were synthesized and characterized by spectroscopic methods. The corrosion inhibition properties of these synthesized compounds were investigated. For this purpose, mild steel coupons were immersed for 24 hours at room temperature in 1 M HCl containing different concentrations of inhibitor according to the ASTM NACE / ASTMG31-12a standart method. As a result of these corrosion tests, the synthesized compounds exhibited very good inhibitory properties (76.58-93.74 IE%). Surface characterization studies were also performed for the metal coupons to support the obtained corrosion inhibition efficiency results.
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INTRODUCTION
Corrosion is the change of physical, chemical and mechanical properties of materials as a result of chemical and electrochemical reactions with the influence of environment [1]). If the material consists of metals and alloys, then it can be used as metal corrosion and can be defined as corrosion of metal or metal alloys by oxidation or other chemical effects. Corrosion is an undesirable phenomenon, causing economic loss for every country. As a result of corrosion, a large portion of iron and steel is lost annually or becomes unusable. The metal, which is lost after the corrosion, causes economic losses at much higher cost than its own cost. On the other hand, corrosion losses affect not only the iron and steel industry but also the efficiency of all the investments being made by utilizing this industry, and it is a topic that interests the country's economy. Corrosion is also a cause of damage to human life and health and environmental pollution as well as material losses.
The corrosion phenomenon in the metals consists of two electrochemical reactions that proceed in the same way as oxidation in the anode, reduction in the cathode. Elements inducing to corrosion (metal, anodic reaction, cathodic reaction and electrolyte) must be in one piece for the formation of metallic corrosion at the electrode / electrolyte interface, which is called the electrical interface.
Acid cleaning (pikling), which is an extremely effective surface cleaning method, is frequently used in Industry to clean the rust and foreign materials on the metal surface. The most commonly used acids in this cleaning process are HCl and H2SO4 solutions [2]. During the cleaning process with acid, metal corrosion occurs on the metal surface over time. In the cathode reaction of the metal corrosion in the acidic medium, hydrogen ions from the acid are reduced to form H2 gas. The most common method for inhibiting or reducing metal corrosion in the acidic environment is the use of inhibitors. Corrosion inhibitor is a substance that significantly reduces corrosion rate when added at low concentrations.
Researches made in recent years have discovered that surfactants can be used as inhibitors against metal corrosion. In particular, it has been proven in scientific studies that nonionic surfactants are effective inhibitors against metal corrosion in acidic environments [3-7]. In light of this, in this study (2,3-dihydroxypropyl) sulfanyl derivatized three nonionic surfactants containing long carbon chain amide functional group were synthesized and their corrosion inhibition efficiencies against metallic corrosion in acidic medium were investigated.
MATERIALS AND METHODS
Materials and Instrumentation
Reagents and solvents were purchased from Merck (Germany). Thermo Nicolet 6700 FT-IR spectrometer was used for FT-IR spectra. 1H-NMR and 13C-NMR spectra were measured using Agilent 600 MHz Premium Compact NMR spectrometer in DMSO using TMS as the internal standard. The elemental analyses were performed using an LECO CHNS-932 elemental analyzer.
Synthesis of Compounds
Synthesis of 2-chloro-N-alkylacetamides (1a-c): The octylamine, decylamine, dodecylamine and chloracetyl chloride compounds used as starting materials in the synthesis were purchased from Merck (Germany). Synthesis of the 2-chloro-N-octyl, -decyl and dodecylacetamide compounds obtained from the reaction of each amine compound with chloroacetyl chloride was carried out as previously reported in the literature [8, 9].
Synthesis of 2-[(2,3-dihydroxypropyl)sulfanyl]-N-octylacetamide (2a): In a round-bottom reaction flask 0.27 g (4.76 mmol) of KOH was dissolved in absolute ethanol and 0.52 g (4.76 mmol) of 3-mercapto-1,2-propandiol was added gradually to the reaction flask. The mixture was stirred for about 10 minutes and then 0.98 g (4.76 mmol) of 2-chloro-N-octylacetamide (1a) was added slowly to the flask. The reaction mixture was stirred overnight at room temperature. At the end of the reaction, ethanol was evaporated in an evaporator, the residue was dissolved in dichloromethane and extracted with water. The organic phase was dried over sodium sulfate, and the solvent was removed with a rotary evaporator. The residue was crystallized from petroleum ether / ethyl acetate to give white solid product. Yield (0.69 g, 52%); mp 64-65 ◦C.
Synthesis of 2-[(2,3-dihydroxypropyl)sulfanyl]-N-decylacetamide (2b): 0.32 g (5.69 mmol) of KOH, 0.62 g (5.69 mmol) of 3-mercapto-1,2-propandiol and 1.33 g (5.69 mmol) of 2-chloro-N-decylacetamide (1b) were used for the synthesis. The same experimental procedure as used in the synthesis of compound 2a was carried out. Yield (0.97 g, 56%); mp 66-67 ◦C.
Synthesis of 2-[(2,3-dihydroxypropyl)sulfanyl]-N-dodecylacetamide (2c): 0.43 g (7.66 mmol) of KOH, 0.83 g (7.66 mmol) of 3-mercapto-1,2-propandiol and 2.0 g (7.66 mmol) of 2-chloro-N-dodecylacetamide (1c) were used for the synthesis. The same experimental procedure as used in the synthesis of compound 2a was carried out. Yield (2.0 g, 79%); mp 79-79 ◦C.
Corrosion Tests Performed in Acidic Media
Preparations of Coupons and Acidic Solutions
Gravimetric measurements were performed using coupons made from cold-rolled low-carbon steel and possessed DIN EN 10130 technical conditions [10] with a composition of 0.07 % C, 0.35 % Mn, 0.015 % P and 0.015 % S. The coupons were cut into rectangular shapes of 0.1 x 2.2 x 5.0 cm in thickness, width and length, respectively. Before the immersion test, the coupons were immersed in 15 % HCl, polished lightly with paper tissue, washed with deionized water and immersed in acetone. 1.0 M HCl solution was prepared from the concentrated HCl (37 %) (Merck grade).
Weight Loss Measurements
The synthesized cationic surfactants with the concentration of 25, 50, 100, 150 and 250 ppm  were tested to determine the inhibition efficiency in 100 mL 1.0 M HCl solution. All of the corrosion inhibitors were directly dissolved in the acid solution. The treatment solutions were poured into 150-mL sealed glass bottles, and the coupons were suspended in these solutions without stirring for 24 h at room temperature. Control tests were performed in the same way without the inhibitors. After the corrosion test, the coupons were removed, rinsed with water and wiped with paper tissues. Then, they were washed with acetone and dried to a constant weight in an oven [11, 12].
SEM
The carbon steel specimens (of a size of 0.1 cm x 2.0 cm x 2.0 cm) were abraded with emery paper and then were washed with distilled water and acetone. After immersion in 1.0 M HCl with and without the addition of 250 ppm of the prepared inhibitors at room temperature for 24 h, the steel specimens were cleaned with distilled water and dried in a vacuum desiccator, and then, the surface was evaluated using a Carl Zeiss EVO 40 (SEM).


RESULTS AND DISCUSSION
Synthesis of nonionic surfactants
The synthesis scheme of the designed and synthesized organic nonionic surfactants to test corrosion inhibition in acidic media is given in Scheme 1. As seen in Scheme 1, the synthesis of organic surfactants was carried out in two steps. In the first step, the long chain amine compound was reacted with chloroacetyl chloride in the presence of triethylamine to synthesize 2-chloro-N-alkylacetamides (1a-c). In the second step, 2-chloro-N-alkylacetamides (1a-c) were reacted under basic medium with 3-mercapto-1,2-propanediol in alcohol to obtain the nonionic surfactants (2a-c).





Scheme 1. Synthetic pathways for the preparation of (2a-c).

The structures of the nonionic were conﬁrmed by FT-IR, 1H NMR and 13C NMR spectroscopic methods. The spectral data of 2a, 2b and 2c compounds are shown in Table 1. FT-IR, H-NMR and C-NMR spectra of compound 2b as spectrum samples are given in Figure 1. The FT-IR spectra of (2b) showed absorption bands at 3332 cm-1, due to the -OH groups, at 3266 cm-1, due to the amide N-H group, at 1638 cm-1, due to the amide C=O group, and at 698 cm-1, due to the CH2-S-CH2 group. The 1H NMR spectrum of (2b) showed a triplet peak at δ = 6.83 ppm for the amide-NH (HN–CO) proton, a sextet peak at δ = 3.85 ppm for the S–CH2–CH–OH proton, a doublet peak at δ = 3.70 ppm for the S–CH2–CH–OH proton, a doublet peak at δ = 3.68 ppm for the HO–CH2–CH–OH proton, a singlet peak at δ = 3.26 ppm for the HN–CO–CH2–S protons and a quartet peak at δ = 3.24 ppm for the CH2–HN–CO protons. The peak attributed to the HN–CO–CH2–S protons at 3.26 ppm is the evidence that the nucleophilic substitution reaction between 1b and 3-mercapto-1,2-propandiol was successfully actualized. The formation of the compound 2b have been proved by the peak showed at 36.24 ppm for the carbon atom in the C-NMR spectrum.
Table 1. Spectral data of compound 2a, 2b and 2c
	Compound
	Spectral Data

	2a
	FT-IR (KBr), v/cm-1 : 3336 (-OH), 3268 (amide N-H), 2919 and 2852 (aliphatic C ̶ H), 1639 (amide C=O), 1548 (second amide band, N-H bending), 697 (CH2-S-CH2)
1H NMR (600 MHz, CDCl3): δ (ppm) = 6.87 (t, 1H, HN–CO), 3.84 (quin., 1H, S–CH2–CH–OH), 3.68 (d, 1H, S–CH2–CH–OH), 3.66 (d, 1H, HO–CH2–CH–OH), 3.56 (dd, 2H, HO–CH2–CH–OH), 3.26 (s, 2H, HN–CO–CH2–S), 3.24 (quartet, 2H, CH2–HN–CO), 2.69 (d, 2H, CO–CH2–S–CH2–CH–OH), 1.50 (quin., 2H, CH2–CH2–HN–CO), 1.32–1.22 (m, 10H, –(CH2)5–), 0.86 (t, 3H, CH3)
13C NMR (150 MHz, CDCl3): δ (ppm) = 169.65 (HN–CO–CH2–S), 71.24 (S–CH2–CH–OH), 65.29 (HO–CH2–CH–OH), 40.04 (CH2–HN–CO), 36.35 (HN–CO–CH2–S), 36.19 (CO–CH2–S–CH2), 31.74 (CH3–CH2–CH2–), 29.37 (CH3–(CH2)2–CH2–), 29.20 (CH3–(CH2)3–CH2–), 29.16 (CH3–(CH2)5–CH2–CH2–HN–CO), 26.90 (CH3–(CH2)4–CH2–(CH2)2–HN–CO), 22.59 (CH3–CH2–), 14.04 (CH3–CH2–)


	2b
	FT-IR (KBr), v/cm-1 : 3332 (-OH), 3266 (amide N-H), 2917 and 2851 (aliphatic C ̶ H), 1638 (amide C=O), 1551 (second amide band, N-H bending), 698 (CH2-S-CH2)
1H NMR (600 MHz, CDCl3): δ (ppm) = 6.83 (t, 1H, HN–CO), 3.85 (sextet, 1H, S–CH2–CH–OH), 3.70 (d, 1H, S–CH2–CH–OH), 3.68 (d, 1H, HO–CH2–CH–OH), 3.56 (dd, 2H, HO–CH2–CH–OH), 3.26 (s, 2H, HN–CO–CH2–S), 3.24 (quartet, 2H, CH2–HN–CO), 2.70 (d, 2H, CO–CH2–S–CH2–CH–OH), 1.51 (quin., 2H, CH2–CH2–HN–CO), 1.32–1.22 (m, 14H, –(CH2)7–), 0.87 (t, 3H, CH3)
13C NMR (150 MHz, CDCl3): δ (ppm) = 169.61 (HN–CO–CH2–S), 71.17 (S–CH2–CH–OH), 65.25 (HO–CH2–CH–OH), 40.04 (CH2–HN–CO), 36.34 (HN–CO–CH2–S), 36.18 (CO–CH2–S–CH2), 31.85 (CH3–CH2–CH2–), 29.52 (CH3–(CH2)2–CH2–), 29.39 (CH3–(CH2)5–CH2–), 29.26 (CH3–(CH2)7–CH2–CH2–HN–CO), 26.91 (CH3–(CH2)6–CH2–(CH2)2–HN–CO), 22.63 (CH3–CH2–), 14.06 (CH3–CH2–)


	2c
	FT-IR (KBr), v/cm-1 : 3332 (-OH), 3265 (amide N-H), 2917 and 2850 (aliphatic C ̶ H), 1638 (amide C=O), 1551 (second amide band, N-H bending), 698 (CH2-S-CH2)
1H NMR (600 MHz, CDCl3): δ (ppm) = 6.74 (t, 1H, HN–CO), 3.85 (sextet., 1H, S–CH2–CH–OH), 3.70 (d, 1H, S–CH2–CH–OH), 3.68 (d, 1H, HO–CH2–CH–OH), 3.57 (dd, 2H, HO–CH2–CH–OH), 3.26 (s, 2H, HN–CO–CH2–S), 3.25 (quartet, 2H, CH2–HN–CO), 2.71 (d, 2H, CO–CH2–S–CH2–CH–OH), 1.51 (quin., 2H, CH2–CH2–HN–CO), 1.32–1.24 (m, 18H, –(CH2)9–), 0.87 (t, 3H, CH3)
13C NMR (150 MHz, CDCl3): δ (ppm) = 169.52 (HN–CO–CH2–S), 71.12 (S–CH2–CH–OH), 65.27 (HO–CH2–CH–OH), 40.04 (CH2–HN–CO), 36.34 (HN–CO–CH2–S), 36.27 (CO–CH2–S–CH2), 31.85 (CH3–CH2–CH2–), 29.51 (CH3–(CH2)2–CH2–), 29.40 (CH3–(CH2)7–CH2–), 29.26 (CH3–(CH2)9–CH2–CH2–HN–CO), 29.25 (CH3–(CH2)3–(CH2)4–(CH2)4–HN–CO), 26.90 (CH3–(CH2)8–CH2–(CH2)2–HN–CO), 22.63 (CH3–CH2–), 14.06 (CH3–CH2–)
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Figure 1. FT-IR, H-NMR and C-NMR spectra of (2b).
Corrosion tests in acidic media
Corrosion tests in acidic media (1.0 M HCl) were performed using weight loss measurements according to the ASTM NACE / ASTMG31-12a standart method [13]. The corrosion test results of the synthesized 2a-c surfactants in 1.0 M HCl corrosive media are shown in Table 2. In the corrosion tests, corrosion inhibitors were directly dissolved in the acid solution. Corrosion inhibition capabilities of the synthesized compounds tested in 1.0 M HCl are given as percentage inhibition efﬁciencies (IE %). Percentage inhibition efﬁciencies were calculated using the following Eq. 1:

 (
(1)
)


where (IE %) is the percentage inhibition efﬁciency, Wo is the weight loss of the coupon in the absence of an inhibitor and W is the weight loss of the coupon in the same environment in the presence of an inhibitor. The corrosion rate (CR) values that are given in Table 2, are derived from Eq. 2 [14-16]:
 (
(2)
)


where, ΔW is the weight loss (mg); A is the area of the coupon (cm2) and t is the immersion time (hr).



Table 2  Weight loss, corrosion rate and corrosion inhibition efficiencies (IE%) for varying concentrations of compounds 2a-c in 1.0 M HCl medium for 24 h at room temperature

	Concentration
(ppm)
	Weight loss
(mg cm -2) a
	Corrosion Rate
(mg cm -2 hr -1)
x 10 -2
	Inhibition Efficiency
(IE%)

	
	2a
	2b
	2c
	2a
	2b
	2c
	2a
	2b
	2c

	0
	12.50
	12.50
	12.50
	52.08
	52.08
	52.08
	—
	—
	—

	25
	2.93
	1.12
	1.25
	12.20
	4.66
	5.19
	   76.58
	91.05
	90.04

	50
	2.32
	1.04
	0.90
	9.66
	4.32
	3.75
	81.45
	91.71
	92.80

	100
	1.42
	0.93
	1.07
	5.91
	3.86
	4.47
	88.65
	92.58
	91.42

	150
	1.35
	0.91
	1.24
	5.61
	3.79
	5.15
	89.24
	92.73
	90.11

	250
	0.78
	0.85
	0.83
	3.26
	3.52
	3.45
	93.74
	93.24
	93.38






When Table 2 is examined, it can be seen that at high concentrations, 3 surfactants exhibit very good inhibition activity. It was determined that the corrosion resistance of the 3 compounds at 250 ppm inhibitor concentration was almost the same. However, it has been found that the inhibitory activities of compounds 2b and 2c are close to each other in all studied inhibitor concentrations. Furthermore, compound 2a showed lower corrosion inhibition activity at lower concentrations than compounds 2b and 2c. The reason for this is that the long carbon chain of compound 2a is shorter than the other two compound. As the long carbon chain in the inhibitor molecules grows, more effective protection against corrosion is achieved, especially at low concentrations. However, as the inhibitor concentration increases, the increase in inhibition activity is an expected result. Because, the inhibition efficiency generally increases with the increasing of the inhibitor concentration. On the other hand, as seen in Table 2, the weight loss and corrosion rates in the inhibitor medium are considerably lower than in the uninhibited environment. All these results demonstrate that the synthesized nonionic surfactants are effective against metal corrosion.
SEM
Surface analysis with scanning electron microscopy is important in terms of the interaction of organic molecules with the metal surface and the observation of the morphological changes occurring on the surface of the metal. As for this purpose, scanning electron microscope images were recorded to verify the interaction of the synthesized nonionic surfactants with the metal surface (Figure 2). The SEM image of Figure 2a, which was taken from the 1,000 x magnified surface, show the feature of the steel surface after immersion in 1.0 M HCl at room temperature for 24 h in the absence of inhibitor. Figures 2b, 2c and 2d, which were also taken from the 1,000 x magnified surface, show the features of the steel surface after immersion in 1.0 M HCl at room temperature. As seen in Figure 2a, wear was observed on the entire surface of the metal exposed to the acid environment without the inhibitor. It is clear that corrosion products are accumulated on the metal surface due to corrosion and therefore the surface becomes rough. On the other hand, there is no wear or roughness on the metal surfaces exposed to the inhibitor-containing acid environment. The scratch marks on the metal surfaces are due to the sanding process made before the test. This proves that the inhibitor molecules are adsorbed to the metal surface and protect the surface against corrosion in HCl media. As a result, the metal surface images obtained from the SEM device support the high inhibition activity results given in Table 2.
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Figure 2. SEM images of the metal coupon surfaces immersed in 1.0 M HCl for 24 h. a without inhibitor 1,000x, b 250 ppm (2a) 1,000x, c 250 ppm (2b) 1,000x, d 250 ppm (2c) 1,000x
Corrosion inhibition mechanism
In order for an inhibitor to exhibit activity against corrosion,
· It must be sufficiently well dissolved in the corrosive electrolyte medium
· It has to close the active centers which form relatively weak spots on the material surface
· It needs to adsorb onto the surface well and cover the entire surface
· It must cut through the contact of the surface or active centers with the corrosive solution
When the structures of the synthesized nonionic surfactants are examined,
· There are two hydroxyl groups to facilitate dissolution in water
· There are N, O and S heteroatoms in their structure. Through these heteroatoms, they adsorb to the metal surface by chemical adsorption and reduce the adverse effect of the acidic corrosive environment on the metal surface by closing the active centers on the surface.
· They contain a hydrophobic group (long carbon chain) which prevents the contact of the corrosive environment with the metal surface. The long carbon chain pushes water molecules and prevents the acidic aqueous solution from approaching the surface. However, the long alkyl chains enter non-polar interaction with each other due to the van der Waals attraction forces, and as a result of this interaction, they provide more effective protection on the metal surface against corrosive medium.
The orientations of the inhibitor molecules at the metal-acidic solution interface and the possible inhibition mechanism are shown in Figure 3. As can be seen, molecules are found in an upright position in the metal surface which provides maximum protection. Expecially, to form bilayer or multimolecular layers, the hydrophobic tail of the surfactant molecule is oriented perpendicularly to the metal surface. This layers, designated as protective layers, behave as barrier between the metal and the corrosive medium [12].
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Figure 3. Possible orientation of non-ionic surfactant molecules between the metal–acidic solution interfaces.
In figure 3, it can also be seen that nonionic surfactant molecules are adsorbed on the metal surface via N and S heteroatoms with chemical adsorption. The chemical adsorption occurs via the interactions between the unpaired electrons of the heteroatoms and the vacant d-orbitals of Fe. Through this chemical adsorption, coordination bonds occur between the heteroatom and iron [17]. In addition, intermolecular H-bonds are formed via hydroxyl groups, which increase the stability of the protective layer. The formation of the hydrogen bond and the van der Waals interactions between the hydrophobic groups increase with increase of the inhibitor concentration. This leads to better protection of the metal surface and increased the inhibition efficiency of the non-ionic surfactants [18, 19].


CONCLUSIONS
2,3-dihydroxypropyl-sulfanyl derivatized three nonionic surfactants containing long carbon chain amide functional group were synthesized as potential corrosion inhibitors for mild steel in 1M HCl acidic media. From the results, we can conclude the following:
· All of the non-ionic surfactants exhibited good corrosion inhibition at high inhibitor concentrations.
· The corrosion inhibition efficiencies of the synthesized compounds generally increased with the increase in inhibitor concentration.
· In the corrosion inhibition mechanism, the adsorption of the synthesized non-ionic surfactants to the metal surface was performed via chemical adsorption.
· The SEM images supported the inhibition results obtained by weight loss measurements.
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