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In this work, 5-(2-hydroxyethyl)-1,3,5-triazine-2-thione (HOTAT) was synthesized, and its chemical
structure was characterized using FTIR and *H NMR. The corrosion inhibition performance of HOTAT
for 10# carbon steel in 2% NH4Cl solution was studied by weight loss and electrochemical methods. The
results showed that HOTAT is a good corrosion inhibitor for 10# carbon steel in 2% NH4ClI solution.
The inhibition efficiency of HOTAT increases with increasing inhibitor concentration and decreases
with the temperature. The results obtained from potentiodynamic polarization experiments indicate that
HOTAT behaves as a mixed-type inhibitor. The adsorption of HOTAT on the 10# carbon steel surface
obeys the Langmuir adsorption isotherm, and its adsorption is spontaneous and exothermic.
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1. INTRODUCTION

Metal materials are often damaged or degraded by the environment during use. Thermodynamic
studies have shown that metal corrosion is spontaneous and unavoidable. Corrosion not only leads to the
waste of metal resources but also causes corrosion damage to metal structures, which results in large
economic losses and catastrophic accidents and depletes noble energy and resources. Of all possible anti-
corrosion measures, the use of a corrosion inhibitor is one of the most economic and effective methods
for reducing metal corrosion [1-3]. After decades of efforts, great progress has been made in the
development and research of corrosion inhibitors, and many types of corrosion inhibitors have been
developed [4-8]. Due to environmental protection requirements, high efficiency and low toxicity are
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driving the development of corrosion inhibitors, and many “green corrosion inhibitors” have been
developed [9-12] in recent years. Currently, most research focuses on corrosion inhibitors for inorganic
acid corrosion [13-15], organic acid corrosion [16-18], salt solution corrosion [19-21] and alkaline
corrosion [22-24].

In the oil refinery industry, ammonium chloride (NH4ClI) corrosion has been reported to be one
of the main causes of equipment and piping failures [25-27]. The hydrogenation of hydrocarbons with
H2 is used to saturate olefins and remove impurities [28]. Hydrodenitrogenation is performed according
to the following exothermic reaction:

R-N + 2H2— R-H + NHs(9)

In addition, chloride production can occur via reactions such as:

R-Cl + Ho— R-H + HCI (g)

In gaseous streams containing NHs and HCI, acid salts can precipitate according to the following
reversible reaction:

NHs (g) + HCI (g) < NH4ClI (s)

The solid NH4Cl can be deposited on the surface of the equipment and cause serious under-
deposit corrosion. Water injection processes are often used to dissolve NH4Cl deposits to minimize
under-deposit corrosion. However, NH4ClI can be hydrolyzed to form a strong acid, which can create an
active-passive cell and leads to pitting, crevice corrosion or corrosion cracking. To date, most corrosion
inhibitor studies mainly focused on Zn corrosion in NH4Cl solutions [29-30], which are usually used in
batteries. Few investigations of carbon steel inhibitors in NH4Cl solutions have been reported.

The aim of this study is to synthesize 5-(2-hydroxyethyl)-1,3,5-triazine-2-thione (HOTAT) as a
corrosion inhibitor for 10# carbon steel in 2% NH4CI solution. The corrosion inhibition action of
HOTAT was evaluated by weight loss, polarization and electrochemical impedance spectroscopy (EIS)
techniques. Furthermore, the inhibitor adsorption mechanism on the mild steel surface was evaluated by
determining the thermodynamic parameters.

2. EXPERIMENTAL

2.1. Instruments and agents

Thiourea, formaldehyde and monoethanolamine were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, P.R. China). All the chemicals in this study were analytical reagent grade.
The instruments used in this work included an AVATAR-360 Fourier transform infrared (FTIR)
spectrometer, AVANCE 800 nuclear magnetic resonance spectrometer and JSM 5600LV scanning
electron microscope (SEM).

2.2. Synthesis of HOTAT

The synthesis route of HOTAT is shown in Fig. 1.
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Figure 1. Synthesis route of HOTAT

Monoethanolamine was added to a mixture of thiourea and 37% aqueous formaldehyde in a
molar ratio of 1:1:2 in a three-necked flask at ambient temperature. Then, the mixture was heated to 70
°C and stirred for two hours. After cooling, it was filtered to give a white solid compound, which was
identified as the title compound using FTIR and *H NMR.

2.3. Weight loss experiments

The specimens used in the weight loss experiments were 10# carbon steel with the following
composition in wt. %: C: 0.097, Si: 0.206, Mn: 0.413, P: 0.017, S: 0.007, Ni: 0.004, Cr: 0.019, Mo:
0.002, V: 0.001, Cu: 0.004 and Fe: the balance. The dimensions of the rectangular specimen were 5.0
cm x 1.0 cm x 0.3 cm. The surface of the specimen was polished with silicon carbide paper up to 800
grit, rinsed with distilled water and degreased with acetone before each experiment. The corrosive media
were NH4Cl solutions with different concentrations, which were prepared using NH4Cl and distilled
water. All the experiments were conducted at 50-80 °C for 6 hours. The specimens were recovered from
the solution, and the corrosion product was eliminated using a film-removing solution. Then, the
specimens were rinsed with distilled water, degreased with acetone, dried and weighed. The corrosion
rate (v) and inhibition efficiency (IEw) were calculated according to equations (1) and (2) [31-33],

respectively.
v = 8.76x10*xAm

PXEXS (1)
where v (mm/a) is the corrosion rate of the steel, 4m (g) is the weight loss of the steel, p (g/cm?®)
is the density of the steel, t (h) is the immersion time, and S (cm?) is the surface area of the specimen.

IE,, = 2= x 100 (2)

Vo

where vo and v are the corrosion rates of steel in the absence and presence of the corrosion
inhibitor.

2.4. Electrochemical experiments

Potentiodynamic polarization curves and electrochemical impedance spectra were obtained using
a CorrTest instrument (CS350, China). The experiments were performed using a standard three-electrode
cell. A steel cylinder inside a Teflon holder served as the working electrode, which had a working area
of 1.00 cm?. A graphite rod was used as the counter electrode, and a saturated calomel electrode (SCE)
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served as the reference electrode. The polarization curves were recorded from -150 to 200 mV vs. the
corrosion potential (Ecorr) with a sweep rate of 0.5 mV/s, and the electrochemical impedance spectra
were obtained between 100 kHz and 10 mHz.

The IEi (%) values were calculated from the potentiodynamic pol

arization measurements using equation (3) [34-35]:
IEi — Icorr—Icorr X 100 (3)

corr

where lcorr and |'corr are the corrosion currents in the absence and presence of the corrosion
inhibitor, respectively.

3. RESULTS AND DISCUSSION

3.1. FTIR analysis of the synthesized product

Fig. 2 shows the Fourier transform infrared spectrum of the synthesized product.

1.1
1.0 !
0.9 -
0.8 -
gt

0.6 1301

Transmittance

0.5

3205

T

0.4

0.3 |

1554
0_2 " 1 " 1 " 1 " 1 " 1 " 1 " 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Figure 2. FTIR spectrum of the product

The peak at 3402 cm™ was attributed to the stretching vibration of —OH. The peak at 3205 cm'™*
was due to the stretching vibration of —NH-. The peak at 2931 cm™ was attributed to the aliphatic
symmetric stretching of CH. The peak at 1554 cm™ was due to the bending vibration of -NH-. The peak
at 1352 cm™ corresponded to the stretching vibration of C-N. The peak at 1301 cm™ appeared due to the
frequency doubling and combined frequencies of the stretching and deformation vibrations of C=S.
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3.2. 'H NMR analysis of the synthesized product

To confirm the structure of the product, *H NMR spectroscopy was performed. The *H NMR
spectrum of the product exhibited bands at 6=8.03 ppm (s, 2H, -NH-), 6=4.59-4.57 ppm (m, 1H, -OH),
6=4.02 ppm (s, 4H, NH-CH2-N-CH2-NH), 6=3.51-3.54 ppm (m, 2H, NCH2CH20H), and 6=2.61-2.59
ppm (m, 2H, NCH2CH20H), which confirmed the presence of the expected hydrogen proton (see Fig.
3). The FTIR and *H NMR results indicated that the synthesized product was HOTAT.
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Figure 3. *H NMR spectrum of the product

3.3. Weight loss measurements

The corrosion inhibition efficiencies of HOTAT for 10# carbon steel in 2% NH4Cl solution at
different concentrations and temperatures are listed in Table 1.

The corrosion rate of 10# carbon steel in the 2% NH4Cl solution increased with increasing
temperature in the absence of the corrosion inhibitor. As shown in Table 1, HOTAT exhibited good
inhibition performance for 10# carbon steel in the 2% NH4Cl solution at various temperatures. The
corrosion rate of 10# carbon steel in the presence of the inhibitor decreased with increasing concentration
and increased with increasing temperature. Increasing the temperature facilitated the desorption of the
corrosion inhibitor molecules from the surface of the carbon steel. As a result, the corrosion rate of
carbon steel increased with increasing temperature.
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Table 1. Corrosion inhibition efficiency of HOTAT for 10# carbon steel in NH4Cl at different
concentrations and temperatures

. 50 °C 60 °C 70 °C 80 °C
Concentration
(mM) v |Ew v IEw v IEw v IEw

(mm/a) (%) (mm/a) (%) (mm/a) (%) (mm/a) (%)

0 1.0609 - 1.0861 - 1.4268 - 1.8441 -
0.03 0.5474 48 0.6097 44 0.8832 38 1.2743 31
0.06 0.4201 60 0.4855 55 0.7319 49 1.0493 43
0.09 0.3215 70 0.3921 64 0.5978 58 0.8833 52
0.12 0.2429 77 0.3085 72 0.5265 63 0.8096 56

3.4. Potentiodynamic polarization curve

450 |
——0.00 MM
500} |——0.03mM
——0.06 MM
S50 F | —~—0.09mM
S gool L-—012mM
£
W -650 |
3
s -700 -
>
W 750 |
-800 |
-850 |
1 1 1 1 1 1 1 1 1

9 8 7 6 5 4 3 2 1 0
logl (A.cm?)

Figure 4. Potentiodynamic polarization curves for 10# carbon steel in 2% NH4Cl solution in the absence
and presence of different concentrations of the inhibitor at 50 °C

Fig. 4 shows the potentiodynamic polarization behavior of 10# carbon steel in 2% NH4Cl solution
in the absence and presence of different concentrations of the corrosion inhibitor at 50 °C. The corrosion
potential (Ecorr), corrosion current density (lcorr), and anodic and cathodic Tafel’s constant values (ba and
be, respectively) were calculated from the polarization plots and are summarized in Table 2.



Int. J. Electrochem. Sci., Vol. 14, 2019 11158

As shown in Table 2, the corrosion current density decreased significantly in the presence of the
inhibitor, which indicated that HOTAT is an effective inhibitor of the corrosion of 10# steel. The
corrosion potential (Ecorr) decreased slightly in the presence of the inhibitor at all concentrations. The
anodic and cathodic Tafel’s constant values for 10# steel in 2% NH4Cl solutions containing the inhibitor
varied to some extent. These results indicated that the presence of the inhibitor did not change the
corrosion mechanism [36-37]. Both observations suggested that the inhibitor is a mixed-type inhibitor
for 10# steel in 2% NH4CI solution.

Table 2. Potentiodynamic polarization parameters for 10# carbon steel corrosion in 2% NH4Cl solution
in the absence and presence of different concentrations of the synthesized compound at 50 °C

Concentration Ecorr lcorr -be ba IEi
(mM) (mV) (MAcm? (mVdec-1l) (mV dec-1) (%)
0.00 -665 0.6897 143.0 33.7 -
0.03 -667 0.3521 187.3 34.3 49
0.06 -693 0.2295 132.5 42.3 67
0.09 -687 0.2209 106.4 459 68
0.12 -688 0.1937 181.3 38.9 72

3.5. Electrochemical impedance spectroscopy measurements

Electrochemical impedance spectroscopy measurements were used to evaluate the influence of
HOTAT on the corrosion behavior of 10# carbon steel in 2% NH4Cl solution. The Nyquist and Bode
plots are shown in Figs. 5 and 6, respectively. The semicircles (Nyquist plot) and low-frequency values
of the impedance (Bode plot) obtained in the presence of the inhibitor were higher than those obtained
in the blank solution, indicating the good inhibitive behavior of HOTAT.

The equivalent circuit used to fit the electrochemical impedance spectroscopy data is shown in
Fig. 7 and is in accordance with other studies [38-39]. The electrochemical impedance spectroscopy
parameters determined from the equivalent circuit are shown in Table 3. In Fig. 7 and Table 3, Rs is the
solution resistance. The constant phase element representing the double-layer capacitance (Cal) is CPEn,
and Ret is the charge transfer resistance. The parameter CPE: consists of the film capacitance Cr and the
deviation parameter ni. The inhibitive film resistance is denoted R:. The values of Ca and Ct were
calculated using eqluations (4) and (5) [40-41], respectively:

Cr=Y5.R." 4)

1 1-n

Ca =Yg (%)T ®)

According to these results, the Rct and Rt values increased with increasing concentration of the
inhibitor. It was proposed that the inhibitor molecules adsorbed on the metal surface, forming a layer
that hindered the process of charge transfer [29].

When the inhibitor was added, the Cr values decreased due to the adsorption of the inhibitor
molecules on the metal surface [29, 42-43]. The decreasing trend in the Caivalues indicated that the local
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dielectric constant decreased and/or the thickness of the electrical double layer increased due to the

formation of a protective layer [44].

The corrosion inhibition efficiency (n) values were calculated from the electrochemical
impedance spectrum using equation (6) [45-46]:

n = ReFet 100 (6)

ct

where R’ and Rct are the charge transfer resistances of the solution in the presence and absence
of the corrosion inhibitor, respectively.

As shown in Table 3, HOTAT exhibited good inhibition performance on 10# carbon steel in 2%
NH4Cl solution. The corrosion inhibition efficiency () increased with increasing concentration of

HOTAT.

600 -

0.00 mM
0.03 mM
0.06 mM
0.09 mM
0.12 mM
— fitted

500 -

® 0 A D>

400

300 |-

Z" (@ cm?)

200

100

0 100 200 300 400 500 600
Z' (@ cm’)

Figure 5. Nyquist plots for 10# carbon steel immersed in 2% NH4Cl solution with and without the
inhibitor
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Figure 6. Bode plots for 10# carbon steel immersed in 2% NH4Cl solution with and without the inhibitor
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Figure 7. Equivalent electrical circuit

Table 3. Electrochemical impedance spectroscopy parameters for 10# carbon steel in 2% NH4Cl solution
without and with the addition of the inhibitor at different concentrations

Inhibitor concentration Rs R¢ Ret Cs N Cai N n
(mM) Qcm?) (Qcm?) (Qcm?) (uF cm?) ! (uF cm?) 2 (%)
0.00 1.06 28.99 87.83 86.40 1 92.23 0.8 -
0.03 2.35 32.71 207.73 69.96 0.8 67.77 0.8 58
0.06 1.22 55.78 337.62 44.85 1 65.29 0.7 74
0.09 1.68 67.75 460.02 43.02 1 50.64 0.7 81
0.12 2.76 89.41 492.35 38.47 1 26.95 0.8 82

3.6. SEM analysis

The surface morphologies of 10# carbon steel in 2% NH4Cl solution at different temperatures
are shown in Fig. 8. The surface of the 10# carbon steel was seriously corroded in the 2% NH4Cl solution
in the absence of the inhibitor at different temperatures (Figs. 8a, b, c and d).

Figure 8. Surface morphology of 10# carbon steel in 2% NH4Cl solution at different temperatures (a-50
°C, 0.00 mM; a’-50 °C, 0.12 mM; b-60 °C, 0.00 mM; b’-60 °C, 0.12 mM; ¢-70 °C, 0.00 mM; ¢’-
70 °C, 0.12 mM; d-80 °C, 0.00 mM; d’-80 °C, 0.12 mM)
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The samples retrieved from solutions containing the inhibitor had comparatively smoother
surfaces (Figs. 8a’, b’, ¢’ and d’) and were only somewhat degraded. However, the surface was less
corroded and more uniform at lower temperatures than at higher temperatures, demonstrating the
superior anti-corrosion performance of the inhibitor at lower temperatures. The micrographs also
confirmed the results of the electrochemical and gravimetric analyses.

3.7. Adsorption isotherms

The adsorption isotherm of the corrosion inhibitor describes its adsorption law at a given
temperature. It mainly depends on the nature of the corrosion inhibitor itself (polar groups, nonpolar
groups, spatial structure) and the metal surface state (non-uniformity). It is generally believed that when
the shapes of the anion and anodic polarization curves do not change considerably, the coverage value 6
of the corrosion inhibitor on the metal surface is equal to the value of the corrosion inhibition rate.

Fig. 9 shows that the plots of C/8 vs C gave straight lines, suggesting that the adsorption of the
inhibitor at the 10# carbon steel/NH4Cl solution interface obeys the Langmuir adsorption isotherm,
which is described by the following equation [47-49]:

Cinh _ 1, -~
0 Kads + th (7)

where @ is the surface coverage, Cinn is the inhibitor concentration, and Kags is the adsorption
equilibrium constant.

The adsorption equilibrium constants (Kags) at different temperatures were estimated from the
intercepts of the straight lines in the Cinn/8 vs Cinn plots (see Fig. 9) and are reported in Table 4. The Kads
value decreased with increasing temperature, which was attributed to the increasing desorption of the
inhibitor from the metal surface.
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Figure 9. Langmuir adsorption plots for 10# carbon steel in 2% NH4Cl with different concentrations of
the inhibitor at different temperatures
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The standard free energy of adsorption (4GCads) could be calculated from the adsorption constant

(Kags) using equation (8) [50-51]:
AG®

K=exp(-7)/555 (8

The AGP°ads values of the inhibitor were negative (Table 4), indicating spontaneous adsorption of
the inhibitor on the steel surface. These 4G%uds values ranged from —38 to —40 kJ mol™ (Table 4), which
indicated that the inhibitor was adsorbed on the mild steel surface as a consequence of physisorption and
chemisorption processes [52].

The adsorption heat (4HCuds) was determined using the van’t Hoff equation (equation (9)) [53]
and was obtained from the In Kags vs. 1/T slopes (Fig. 10). The negative AHuds value revealed that the
adsorption of the inhibitor was exothermic [54]:

InK,4s = (%fds) + constant 9)

The entropy of the inhibitor adsorption (AS°uds) was obtained using the following equation [55-
56]:

AGggs = AHggs — TAS3ys (10)

The positive AS%ds values (Table 4) were related to the increase in the inhibitor adsorption
disorder. This result indicated that the inhibitor molecules adsorbed on the mild steel surface as water
molecules desorbed.
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Figure 10. The relation between In Kads and 1/T for 10# carbon steel in 2% NH4Cl solution with different
concentrations of the inhibitor at different temperatures
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Table 4. Standard thermodynamic parameters for the adsorption of the synthesized compound on the
10# carbon steel surface in 2% NH4Cl solutions with different inhibitor concentrations at various

temperatures
Temperature K AGPOds AHP%ds AS%ds
(°C) e (kJ molL) (kJ molL) (J molt K'Y
50 29559 -38 63
60 25018 -39 18 63
70 20488 -40 63
80 16739 -40 63

4. CONCLUSIONS

HOTAT was synthesized, and its corrosion inhibition performance for 10# carbon steel in 2%
NHa4Cl solution was studied by weight loss and electrochemical methods. According to the results, the
following conclusions can be drawn:

1. HOTAT was successfully synthesized, and its chemical structure was characterized by FTIR
and 'H NMR.

2. The inhibition efficiency of HOTAT on 10# carbon steel in 2% NH4Cl solution increased with
increasing inhibitor concentration. Furthermore, HOTAT exhibited mixed-type inhibitor efficiency.

3. The mechanism of corrosion inhibition involved the adsorption of the inhibitor on the 10#
carbon steel surface as described by the Langmuir adsorption isotherm.

4. The HOTAT adsorption process was spontaneous and exothermic as revealed by the negative
AG’ads and AH’ags values.
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