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The effect of the two compounds 2,4-dihydrazino-6-morpholino-1,3,5-Triaizne (DHMT) and 2,4-
dihydrazino-6-piperdino-1,3,5-triaizne (DHPT) for corrosion inhibition of steel in hydrochloric acid
solution was investigated using electrochemical techniques. DHMT and DHPT were prepared from
cyanuric chloride and completely characterized by IR, *H NMR, **C NMR, and elemental analysis.
The electrochemical results indicated good protection performance of the both tested materials towards
the corrosion of steel in the chloride-containing environment.  Polarization data indicated that the
tested DHMT and DHPT labeled as mixed type inhibitors. Nyquist plots composed of a capacitive
loop and its diameter increased with increasing inhibitor concentration. The calculated values of IE
from EIS method follow the same trend as those obtained from the polarization results. The results
indicated that DHMT and DHPT affects the electrochemical properties of steel surface and promoted
an insulating layer and strong modifications in the impedance response. At high concentration (225
ppm and 150 ppm) both showed the same performance, while at low concentration (25 ppm and 75
ppm) DHMT show better performance than DHPT. This behaves due to the presence of the oxygen
promotes a better film coating on steel.
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1. INTRODUCTION

The study of the steel corrosion phenomena in acidic media has become particularly important
because of the increased applications in the industry. Steel is broadly used in industries for acid
cleaning, acid descaling of boilers, pickling, heat exchangers, cooling towers, etc. [1,2]. The
hydrochloric acid is one of the most broadly agents used. The use of inhibitors is one of the most
practical methods for inhibition of corrosion, especially in acidic media. The research in the field of
““green’’ or ‘‘eco-friendly’’ corrosion inhibitors has been addressed toward the objective of using
cheap, effective compounds at low or “‘zero’’ environmental impact. Significant efforts are deployed
to find appropriate compounds to be used as corrosion inhibitors in various corrosive media. A vast
number of scientific studies have been dedicated to the subject of corrosion inhibitors for mild steel in
acidic media [3-12]. Organic inhibitors generally inhibit the corrosion of the metal by forming a film
on the surface of the metal. The efficacy of the inhibitors is dependent on the chemical composition,
the molecular structure and their affinities for the metal surface. These materials develop a protecting
film on the metal surface, which delivers a barrier to the dissolution of metal in electrolyte solution.
The most effective organic inhibitors are compounds having m-bonds in their structures. The
adsorption of these compounds are influenced by their electronic structure, steric factor, aromatic
character, electron density at donor site, and the presence of functional group such as —NH, -N=N-, -
C=N, -CHO, R-OH etc.[13-19].

Recently Xuehui et al. [20] reported the inhibition effect of 2,3,5-triphenyl-2H-tetrazolium
chloride (TTC; 1) and 2,4,6-tri(2-pyridyl)-s-triazine (TPT; 2) on the corrosion of mild steel in 1IN HCI
at room temperature. The results of SEM analysis showed that the metal had been protected from
violent corrosion by the addition of 1 and 2, which resulted in the formation of an adsorption coating
film on the surface. TTC (1) provided better protection corresponding to those observed in the
electrochemical and quantum chemical analyses.

TTC; 1 TPT; 2

More recently, five-triazine derivatives 3a-e were synthesized and reported as corrosion
inhibitors of mild steel in 1N HCI solution using weight loss, polarization resistance, Tafel polarization
and electrochemical Impedance spectroscopy techniques. The inhibiting effect of triazines was found
to depend on the electronic nature of the functional groups present in triazines ring [21].
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Later Yoo et al. [22] reported the corrosion inhibition properties of triazine polycarboxylate 4,
5, and 6. They investigated that the adsorption of the triazine ring enhanced the rust-preventing
properties obviously and was the Langmuir isotherm adsorption; the thermodynamic parameters of the
adsorption of the triazine derivatives indicated that the adsorption was spontaneous and mainly
physisorption.
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Herein we reported a new triazine derivatives namely 2, 4-dihydrazino, 6-morpholino-1,3,5-
triazine (DHMT) and 2, 4-dihydrazino, 6-piperidino-1,3,5-triazine (DHPT) as a new corrosion
inhibitors for steel in M HCI solutions using electrochemical technique.

2. EXPERIMENTAL SECTION

2.1 Materials

The solvents used were of analytical reagent grade. Cyanuric chloride piperidine, morpholine,
and hydrazine hydrates 80% (purchased from Aldrich and used without further purification). The *H
NMR and **C NMR spectra were recorded on a JEOL 400 MHz spectrometer at room temperature.
The chemical shifts were measured using internal standard 6= O ppm. Elemental analyses were
performed on Perkin-Elmer 2400 elemental analyzer, and the values found were within £+ 0.3% of the
theoretical values. Melting points were determined with a Mel-Temp apparatus in an open capillary
and are uncorrected. The chemical composition, the method of electrode preparation of the working
electrode, the reference and the counter electrode are the same as used previously in our studies [23].
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2.2 General method for the synthesis (DCXT) of 8 and 9

In a 250 mL round bottom flask, a solution of cyanuric chloride 7 (16.59 g, 90 mmol) in 100
mL of acetone was taken and added to a solution of morpholine (7.83g, 90 mmol) or piperidine (7.65
g, 90 mmol) in 100 water at 0 °C followed by addition of NaHCO3 (7.56 g, 90 mmol) portionwise with
stirring at the same temperature. The reaction mixture further stirred at 0°C for 1h.Then ice water was
added and the white precipitate was collected by filtration and recrystalized from CH,Cl,/hexane to
afford the desired product

2.3. 2, 4-dichloro, 6-morpholino-1,3,5-triazine (DCMT, 8):

The product was obtained as white solid (19.8 g, 94 % yield); mp 157-158 °C [Lit. [24] mp
152-153 °C]. *H NMR (CDCls): & 3.69 (t, 4H, J = 5.4 Hz, 2-CH,N), & 3.73 (t, 4H, J = 5.4 Hz, 2 -
CH,0) ppm.

2.4. 2,4-dichloro-6-(piperidin-1-yl)-1,3,5-triazine (DCPT; 9):

The product was obtained as a white solid (19.3g, 90% vyield); m.p. 76 °C (lit.[25] 72-74 °C); *H
NMR (CDCls): & 1.60-1.65 (m, 2H, CH,), 1.69-1.72 (m, 4H, 2CHj), 3.80 (t, 4H, J = 6.1 Hz, 2CH,N)

ppm.

2.5. General method for the synthesis (DHXT)

The solution of DCMT 8 (4.7g, 20 mmol) or DCPT 9 (4.66 g, 20 mmol) in 50 mL acetonitrile
was added to a stirred solution of 20 mL hydrazine hydrate (80%) in 50 mL acetonitrile at room
temperature. The resulting mixture was stirred under reflux for 3 h, the solvent was removed under
reduced pressure and the resulting precipitate was filtered off and washed several times with
acetonitrile and then finally with diethyl ether and dried to afford the desired product.

2.6. 2, 4-dihydrazino, 6-morpholino-1,3,5-triazine (DHMT,10):

The product was obtained as a white solid in yield 4.3 g (95 %); mp. 215-217 °C; IR (KBr, cm’
1): 3296, 3199, 1584, 1548, 1497; *H NMR (D,O-drop TFA): & 3.42 (brt, 4H, 2xCH;,N), & 3.49 (brt,
4H, 2xCH,0) ppm; *C NMR (D,O-drop TFA): 5 44.0, 66.1, 114.7, 117.6, 162.3, 162.9 ppm; Anal.
Calcd for C;H14NgO: C, 37.16; H, 6.24; N, 49.53; found: C, 37.38; H, 6.41; N, 49.79.

2.7. 2, 4-dihydrazino, 6-morpholino-1,3,5-triazine (DHPT,11):

The product was obtained as a white solid in yield 4.2 g (93 %); m.p 160-162 °C. (lit.[26] 162
°C); IR (KBr, cm™): 3351, 3309, 2926, 1570, 1503, 1506, 1281; *H NMR (D,O-drop TFA): 5 1.44—
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1.59 (6H, m, 3CH,); 3.67 (4H, m, 2 CH,N) ppm; **C NMR (D,O-drop TFA): 5 23.5; 25.2; 45.8; 162.8;
163.2 ppm. Anal. Calcd for CgHigNg: C, 42.84; H, 7.19; N, 49.96; found: C, C, 43.06; H, 7.28; N,
49.68.

2.8. Electrochemical measurements

Cathodic, anodic curves and EIS data were conducted using the Solartron 1470E (multichannel
system) with the Solartron 1455A as FRA. The polarization curves were recorded with a sweep rate of
1 mV/ s. EIS measurements were measured in the frequency range of 0.01-10 kHz.

3. RESULTS AND DISCUSSION

3.1. Synthesis of DHXT 10 and 11

The chlorine atoms of cyanuric chloride 7 were replaced first by the amine (morpholine or
piperidine), while the second and third chlorine had been replaced by two hydrazine group.
Accordingly, 2,4-dihydrazinyl-6-(morpholino-1-yl)-1,3,5-triazine (DHMT, 10) and 2,4-dihydrazinyl-
6-(piperidin-1-yl)-1,3,5-triazine (DHPT, 11) were prepared by subsequent displacement of chlorine
atoms.

First Cyanuric chloride 7 was reacted with the amine at 0 °C for 1h to afford the products 8 and
9 in high yields and purities (Scheme 1). The spectral data were in good agreement with the reported
data [24, 26]. The dichloro derivative 8 and 9 was reacted with hydrazine hydrate under reflex using
acetonotrile as a solvent to afford the products 10 and 11 (Scheme 1). The spectral data (IR, *H NMR
and *C NMR) proved their structures.

H
N
Clw_N._Cl HoNHN N NHNH,
ClYNYQ [xj \I/ Y NH,NH,/CH,CN T Y
b4 e e
—
Y Na,CO3, 0-5 °C ?\l/ reflux 3h I
Cl acetone-water [ j [ ]
X X
7 X = O; DCMT; 8 X = O; DHMT; 10
X =CH,; DCPT; 9 X = CH,; DHPT; 11

Scheme 1. Synthesis of DCXT and DHXT.

3.2. Open-circuit potential measurements (OCP)

Figures 1a and 1b represent the dependence of OCP of the steel electrode on concentrations of
DHMT (10) and DHPT (11). The results showed an initial shift in OCP to more negative values with
immersion time in the uninhibited and inhibited solutions then slowly and gradually shifts to more
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noble values as immersion time elapsed. The initial shift to less noble values can be attributed to the
direct attack of the steel surface by the aggressive chloride ions in the medium, which enhances the
steel dissolution. As immersion time elapsed, the amount adsorbed DHMT (10) and DHPT (11)
increases and causes a shift in potential to more positive values. In addition, OCP values are highly
dependent upon the 10 and 11 concentrations and the shift in OCP values to more noble values
increases with increasing 10 and 11 concentrations. The results can be explained based on DHMT (10)
and DHPT (11) adsorption on steel surface.
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Figure la. The effect of DHMT concentration on the monitoring data of the open circuit potential of
steel in the acidic chloride solution.
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Figure 1b. The effect of DHPT concentration on the monitoring data of the open circuit potential of
steel in the acidic chloride solution.
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3.3. Potentiodynamic polarization measurements

The effect of DHMT (10) and DHPT (11) concentrations on the polarization curves of steel in
acidic chloride solutions are shown in Figures 2a and 2b. A significant reduction in the current density
of both branches of the polarization curves was observed. This behavior implies that 10 or 11 displays
a high corrosion protection performance and can be labeled as a mixed type inhibitor [27-30]. The
addition of 10 or 11 to the acidic chloride solution suppressed both the anodic and cathodic reactions.
It is clear that the anodic and cathodic current densities of the inhibited solution containing high
DHMT (10) or DHPT (11) concentration were lowered to small value than that experience by low
concentration. It seems that DHMT (10) and DHPT (11) are adsorbed on anodic and cathodic active
sites of the steel surface and thus prevent the anodic and the cathodic reactions. All the estimated
electrochemical parameters are given in Table 1. It is expected that the lowering in the values of Icorr
in presence of 10 and 11 may be attributed to the adsorption of 10 and 11 on the steel surface by the
geometric blocking effect [31].

The results in Table 1 showed that both 10 and 11 gave almost the same results at high
concentration (150 and 250 ppm), while DHMT (11) gave better results the DHPT (12) at low
concentration (75 ppm) which indicates that the presence of the oxygen atom in DHMT (11) makes it
absorbed on the steel surface better than DHPT (11).
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Figure 2a. The effect of DHMT concentration on the polarization curves of steel in acidic chloride
solutions.

The significant decreases in corrosion current density clearly show the effectiveness of DHMT
(10) and DHPT (11) in inhibiting steel corrosion in HCI solution. The amount of 10 and 11 adsorbed
increased with increasing their concentrations. The results can be accounted to more adsorption of 10
and 11 on the steel surface. The inhibition efficiency (IE %) can be computed as [31-33]:

IE% =1 — icorr (inh)/ ic)corr (uninh) X 100 (1)

Where icorr inny @nd i%orr are corrosion current densities in the inhibited and uninhibited solution,
respectively. The dependence of IE% values on DHMT and DHPT concentrations are quoted in Table
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1. It is expected that IE% decreased with increasing the concentration of DHMT and DHPT and has a
maximum value of IE% (97%) at 225 ppm. The results can be accounted to formation of an inhibitive
film, which act as a barrier film for diffusion of the aggressive ions. It can be stated that the presence
of DHMT and DHPT suppresses the corrosion rate of steel by the geometric blocking the available
active sites on steel surface. Again, The DHMT gave better performance than DHPT at low
concentration (75 ppm) 92.2% vs 80.4%, respectively which indicates that the presence of oxygen in
DHMT help it to form a better inhibitive film on the steel surface.
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Figure 2b. The effect of DHPT concentration on the polarization curves of steel in acidic chloride
solutions.

Table 1. The effect of DHMT and DHPT concentration on the 1E% values for steel in acidic chloride
solutions using electrochemical methods.

Polarization Method EIS Method

Conc. (ppm) Ba Bc Ecorr Icorr IE% | Ry Cdl IE%
mV) | (mV) | (V) | uAlcm? Ohm | (uF/cm?)

Blank 69 120 | -0.3955 839 | ----- 1.80 334 | ------
DHMT 25 57 138 | -0.3589 73 91 21 109 91.42
(10) 75 59 131 | -0.3584 62 92 23 107 92.17
150 56 96 | -0.3687 30 96 38 104 95.26
225 50 92 -0.3586 19 98 57 101 96.87
DHPT 25 71 266 | -0.3449 174 79 9 137 80.00
(11) 75 66 245 | -0.3443 160 81 9.2 135 80.43
150 57 112 | -0.3529 47 94 29 105 93.79
225 51 89 | -0.3628 23 97 56 102 96.78
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3.4. EIS studies
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Figure 3a. The influence of DHMT concentrations on the the Nyquist plots of steel in acidic chloride

solution.
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Figure 3b. The influence of DHPT concentrations on the the Nyquist plots of steel in acidic chloride
solution.

The influence of DHMT and DHPT concentrations on the the Nyquist plots of steel in acidic
chloride solution is shown Figure 4a and 4b. The plots composed of one capacitive loop and its
diameter increases with increasing DHMT (Figure 3a) and DHPT (Figure 3b) concentration. This
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result indicated that DHMT and DHPT have been adsorbed on the steel surface and the amount of
adsorbed DHMT and DHPT increased with increasing its concentration.

The processes occurring at the steel/solution interface can be obtained by detailed analysis of
impedance spectra using suitably an equivalent circuit shown in Figure 5, which fits the EIS data. Rs
represent the solution resistance, CPE is the constant phase element and Rct represents the charge
transfer resistances. The impedance of the CPE is described as [34-36]:

CPE
_- _
Rs
)
|
Rct

Figure 4. Equivalent circuit employed in fitting EIS data.

The same circuit was used in previous studies [23]. It consists of (Rs), a constant phase element
(CPE) in parallel with (Rct). CPE was used instead of Cdl to estimate the EIS data due to heterogeneity
and surface roughness [37-39]. The impedance, Zcpg, are given and expressed as [40-42] :

Zere = Yo' (Jo)™" (2)

Where Y is a proportional factor, j° = -1, and ® is the angular frequency (w= 2xf). The factor n
determines the significant of the parameters in the circuit. When n # 1 the investigated system may be
attributed to the surface heterogeneity [43] or to the charge-transfer reactions [44-48]. The impedance
is corresponding to pure capacitance when n = 1. It is clear that Cdl and Rct have an opposite trend
with each other. The increase in Rct value with increasing inhibitor concentration can be attributed to
the adsorption of DHMT (11) and DHPT (12) on steel surface. It was established that Rct is inversely
proportional to the corrosion rate and consequently corrosion protection performance. The higher the
Rct value is, the greater the corrosion protection performance of the tested material. The addition of
DHMT or DHPT to the aggressive solution is accompanied by a decrease in double layer capacitance.
DHMT and DHPT molecules were adsorbed on the steel surface by displacement of the adsorbed
water molecules from the surface [49-54]. This is turn blocked the active sites on the surface with a
formation of an inhibitive and insulating layer, which hinder the diffusion of the aggressive ions. The
IE% was calculated as [55]:

IE% = 1- Rt (1)/ Rct(g) x 100 (3)

Where, Ret 1) and Re (2 are the charge transfer resistances in uninhibited and inhibited
solution, respectively. The influence of DHMT and DHPT concentrations on the values of IE% are
quoted in Table 1 and it showed that %IE significantly increases with increasing DHMT and DHPT
concentrations. The calculated values of IE from EIS method follow the same trend as those obtained
from the polarization results.
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3.5. Adsorption isotherm

Two types of adsorptions occur through adsorption processes of DHMT and DHPT molecules
on the steel surface. Physical adsorption associates with the electrostatic attraction between electrically
charged exposed surface and charged ions in the bulk solution. Chemisorption arises from the charge
transfer or charge sharing from the adsorbed DHMT and DHPT molecules to the surface of steel. The
interaction between the adsorbed DHMT or DHPT molecules and the steel surface is provided by
studying the various adsorption isotherm models. The fitting results of the experimental data showed
that Langmuir isotherm is the best fit among the other isotherms based on the correlation coefficient,
R2 (0.999) and can be described as [56]:

Ciinny/ 0 = 1/Kags + Cinn) 4)

Where, Cgnny is inhibitor concentration and Kads is the equilibrium constant for the adsorption
process. The linear plot of C/6 versus C shown in Figure 6a and 6b clearly indicated that the
adsorbed molecules of DHMT and DHPT on the steel surface follows the Langmuir isotherm as
presented in Figure 6a and 6b with a slope close to unity (0.999). The relation between equilibrium
constant of adsorption Kugs and the standard free energy of adsorption (AG%gs ) can be given by the
following equation [57,58]:

AG®gs = -RT In (55.5Kqs) (5)

The computed value of AG®qs on steel was -40.74 kJ mol™ and -38.03 kJ mol™ for DHMT and
DHPT, respectively. Generally, the values of AG%gs up to -20 kJ mol™ were considered as physical
adsorption, while chemisorption is around -40 kJ mol™ [59,60]. Therefore, the high negative values of
AG,gs indicate that the adsorption of DHMT and DHPT on steel might be a combination of both
physisorption and chemisorption.
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Figure 5a. Langmuir’s isotherm adsorption model of DHMT on steel surface in 1 M HCI solution.
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Figure 5b. Langmuir’s isotherm adsorption model of DHPT on steel surface in 1 M HCI solution.

4. CONCLUSIONS

e 2, 4-Dihydrazino-6-morpholino-1,3,5-triaizne (DHMT) and 2,4-dihydrazino-6-piperdino-1,3,5-
triaizne (DHPT) displayed an excellent inhibitive properties towards the corrosion of steel in
the acidic chloride containing solution solutions.

e The inhibitive effect increased by increasing the concentration of the investigated 2, 4-
dihydrazino-6-morpholino-1,3,5-triaizne (DHMT) and 2,4-dihydrazino-6-piperdino-1,3,5-
triaizne (DHPT).

e Polarization data revealed that the studied DHMT and DHPT can be labeled as mixed type
inhibitors

e The corrosion inhibition of DHMT and DHPT can be interpreted by the geometric blocking of
the available active sites on steel surface.

e EIS data indicated that the higher the Rct value is, the greater the corrosion protection
performance of the investigated DHMT and DHPT.

e The calculated values of IE from EIS method follow the same trend as those obtained from
the polarization results.

e The adsorption of DHMT and DHPT on steel occurs via physisorption and chemisorptions.

e The presence of the oxygen atom in DHMT increase its performance than DHPT for corrosion
inhibition at low concentration (25 ppm and 75 ppm), while both DHMT and DHPT has the
same performance at high concentration (150 ppm and 250 ppm)
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