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In this study, the corrosion inhibition of monotriazoles derived from uracil and thymine was studied
with electrochemical impedance spectroscopy (EIS) on API 5L X52 steel in 1 M H2SOs. The addition
of compounds diminished the corrosion process of the steel, with MTBU-I and MTBT-Br being the
best corrosion inhibition compounds with an 7 of 91% at 15 ppm. Furthermore, the persistence of the
film showed that both compounds are effective up to 48 hours with an 7 above 90%, and at higher
temperatures, the MTBT-Br provides a resistant film over the metallic surface up to 50 °C.
Hydrodynamic conditions demonstrated that the MTBT-Br afforded good protection against corrosion
up to 100 rpm. According to their Langmuir isotherms, the adsorption process for these molecules is a
combination of physisorption and chemisorption. Finally, SEM images show a decrease in the
corrosion rate on the metallic surface in the presence of the MTBU-1 or MTBT-Br.
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1. INTRODUCTION

Corrosion, in general, is the slow and progressive destruction of a metal by the action of an
external agent. One of the factors that limit the life of the in-service metallic pieces is the chemical or
physicochemical attack that they suffer by the surrounding environment [1-3].
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Sulfuric acid has important applications in oil refining, the production of pigments, the
treatment of steel, the extraction of non-ferrous metals and the manufacture of explosives, detergents,
plastics and fibers, as well as in the elimination of oxides present on metallic surfaces. However,
metals tend to decay during oxide elimination [4-6].

To prevent or decrease the corrosion rate, an organic inhibitor is generally added in very small
proportions relative to the corrosive medium. This substance forms a protective, insoluble compound
over the metal surface [7-10]. On the other hand, some organic compounds such as pyrazine
derivatives [11-12], ionic liquids [13], thiazolo-pyrimidine derivatives [14], nitrile derivatives [15],
azole derivatives [16], benzoxazines[17], aminophosphonic derivatives [18], isatin derivatives [19],
Schiff bases [20], quinoxaline [21], thiophene derivatives [22], N-aminorhodanine [23], diamine
derivatives [24], and [N-substituted]p-aminoazobenzene derivatives [25,26] are reported as corrosion
inhibitors for steel in acidic media. However, they require high concentrations (>50 ppm) to achieve
inhibition efficiencies (#) as high as 80% under static conditions.

Nevertheless, the 1,2,3-triazoles are members of the azole family and have been broadly used
as heterocyclic inhibitors of steel corrosion caused by acid. These compounds display pharmaceutical
activities that are less harmful to the environment, such as di-alkyl and di-1,2,3-triazole derivatives of
uracil and thymine [27], connected benzyl glycoside-serine/threonine conjugates [28], triazolyl bis-
amino acid derivatives [29], triazolyl glycolipid derivatives [30], maleic acid [31], alkyl triazol
derivatives [32] and chalcones [33].

Recently, studies on corrosion inhibition using monotriazoles derived from thymine and uracil
(Fig. 1) evaluated in 1 M HCI revealed that the compounds exhibited a corrosion inhibition efficiency
of ~96% at a 25 ppm concentration [34].
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Figure 1. Chemical structures of the compounds evaluated as corrosion inhibitors: a) MTBU and b)
MTBT derivatives

Considering the demonstrated effectiveness of these compounds, the objective of this paper is
to evaluate the corrosion inhibition properties of monotriazoles derived from uracil and thymine in a
sulfuric acid medium, under conditions of laminar flow and different immersion times using
electrochemical impedance spectroscopy and scanning electron microscopy (SEM).
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2. EXPERIMENTAL
2.1 General synthesis of monotriazoles derived from uracil and thymine

The monotriazoles derived from uracil and thymine are 1-((1-benzyl-1H-1,2,3-triazol-4-
yl)methyl)pyrimidine-2,4-(1H,3H)-dione (MTBU), 1-((1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-
yl)methyl)pyrimidine-2,4(1H,3H)-dione(MTBU-F), 1-((1-(4-chlorobenzyl)-1H-1,2,3-triazol-4-
yl)methyl)pyrimidine-2,4(1H,3H)-dione (MTBU-CI), 1-((1-4-bromobenzyl-1H-1,2,3-triazol-4-
yl)methyl)pyrimidine-2,4(1H,3H)-dione (MTBU-BI), 1-((1-(4-iodobenzyl)-1H-1,2,3-triazol-4-
yl)methyl)pyrimidine-2,4-(1H,3H)-dione  (MTBU-I), 1-((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)-5-
methylpyrimidine-2,4-(1H,3H)-dione (MTBT), 1-((1-(4-fluorobenzyl)-1H-1,2,3-triazol-4-yl)methyl)-
5-methylpyrimidine-2,4-(1H,3H)-dione (MTBT-F), 1-((1-(4-chlorobenzyl)-1H-1,2,3-triazol-4-
yl)methyl)-5-methylpyrimidine-2,4-(1H,3H)-dione ~ (MTBT-CI),  1-((1-(4-bromobenzyl)-1H-1,2,3-
triazol-4-yl)methyl)-5-methylpyrimidine-2,4-(1H,3H)-dione  (MTBT-Br), 1-((1-(4-iodobenzyl)-1H-
1,2,3-triazol-4-yl)methyl)-5-methylpyrimidine-2,4-(1H,3H)-dione (MTBT-1). The monotriazoles were
prepared via a reaction among the nucleobase of monopropargyl, sodium azide, and several benzyl
halides in the presence of a catalytic amount of Cu (OAc). - H20 in EtOH-H20 (2:1 v/v) at room
temperature for 24 h to provide the desired products with good performance [34].

2.2 Solution preparation

A 0.01 M dissolution of the monotriazoles shown in Fig. 1, which was synthesized and
characterized, was prepared and dissolved in dimethylformamide (DMF).

2.3 Steel preparation

APl 5L X52 type steel was used with a metallographic preparation of the following
composition (wt. %): C, 0.080; Mn, 1.06; Si, 0.26; Ti, 0.003; V, 0.054; Nb, 0.041; P, 0.019; S, 0.003;
Al, 0.039; Ni, 0.019; Ceq, 0.274; and Fe, balance [35]. The steel samples employed for the tests using
electrochemical impedance spectroscopy had an exposed area of 0.196 cm? for the rotating disk.

Specimen preparation included being smoothed down using sandpaper of different grains, up to
1200, polished with AlO3 (1-mm particles), washed with tap water followed by distilled water,
degreased with acetone, dried and stored in a desiccator.

2.4 EIS measurements

Gill-Ac equipment was used for the EIS measurements by applying a sinusoidal potential of
+10 mV in with frequency interval from 10* to 10 Hz in a three-electrode electrochemical cell. The
working electrode was API 5L X52 steel with an exposed area of 0.196 cm? The counter electrode was
a graphite bar, and the reference electrode was Ag/AgCl saturated with KCI.
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A concentration scan was performed by varying the amount of inhibitor from 10 to 200 ppm
relative to the corrosive 1 M H2SO4 solution.

2.5 Evaluation of the hydrodynamic conditions and immersion time
The best inhibitors of both families derived from thymine and uracil, namely, MTBU-I and
MTBT-Br, were evaluated using a rotating disk electrode at 40 and 100 rpm using a Pine Research

Instrumentation MSRX module instrument with an exposed area of 0.196 cm?. The effect of the
immersion time was tested by taking measurements from 0.5 hours to 240 hours at 50 ppm.

3. RESULTS AND DISCUSSION
3.1 Effect of concentration

The Nyquist impedance diagram (Zre VS Zim) in the absence of the inhibitor (Fig. 2) presents
only one time constant and is observed to corresponding to the Bode plot related to a charge transfer
resistance of ~25 Q cm?.
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Figure 2. Nyquist diagram of the API 5L X52 steel immersed in 1 M H2SO3 at static conditions
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The impedance diagrams of the MTBU (Fig. 3a), MTBU-F (Fig. 3b), MTBU-CI (Fig. 3c) and
MTBU-I (Fig. 3e) present two time constants: one related to high frequencies with the charge transfer
resistance and the second related to low frequencies with the organic molecule resistance.

However, for the MTBU-Br (Fig. 3d), the system is controlled by the charge transfer resistance
since this inhibitor shows a depressed semicircular shape with only one time constant.

The semicircle that has its center under the x axis is characteristic of solid electrodes. The
resulting frequency dispersion has been attributed to the roughness and other inhomogeneities of the
metallic surface [36-38]. Additionally, the presence of accumulated molecules or corrosion products
results in a depression of the semicircles.
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In general, it can be observed the diameter of the Nyquist diagrams increases after the addition
of the monotriazoles uracil derivatives to the 1 M H2SO4. This enhancement is observed when the
added structure element is electronegative.

These observations indicate that the adsorption of the monotriazole molecules on the mild steel
surface forms a protective film. This film reduces the active sites of the steel and enhances its
corrosion resistance [39].

The presence of a halogen element is important to inhibit the corrosion since the heteroatoms
with free lone pair electrons promote chemical adsorption. It can be observed at 50 ppm in Fig. 3(a)
that the value of Zre is ~218 Q cm?. In Fig. 3b, Zr reaches a value of 76 Q cm?, which is slightly larger
than the semicircle diameter compared with when the molecule lacks the halogen element.
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Figure 3. Nyquist diagrams measured as a function of the concentration of a) MTBU, b) MTBU-F, c)

MTBU-CI, d) MTBU-Br, and €) MTBU-I on API 5L X52 steel immerse in 1 M H>SO4 at static
conditions
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The electrochemical parameters of the organic compounds summarized in Fig. 1 were
determined using electrochemical impedance spectroscopy and analyzed with the electric circuits
shown in the Nyquist plots adjusted with the program Zsim.

To describe the independent phase of the frequency, an applied AC potential is changed, and
the response of the current for a constant phase element (CPE) is used to define the impedance
representation as:

Zepr = Q7 M (jw)™ (1)
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where Q is the pseudo capacitance, o is the angular frequency in rad s, j = -1 is the current
density, and a is the CPE exponent. Depending on n, the CPE may represent the resistance (Z (CPE) =
r, a = 0), capacitance (Z (CPE) = C, a = 1), the inductance (Z (CPE) = L, a = -1) or the Warburg
impedance for (a = 0.5). The CPE parameter Q cannot represent the capacitance when o < 1. In this
case, the capacitance is:

Ca = QY*(R)/* (2)

where Cq is the double layer capacity and Rs is the solution resistance, which is equivalent to
the equation reported by Brug for an ideally polarized electrode [40].

The value of the polarization resistance (Rp) can be obtained from the diameter of the
semicircle, which contains the charge transfer resistance (Rct) and the organic molecule resistance
(Rmol)-

The inhibition efficiency () was calculated using the sum of resistances (Rp) by [41]:

(%) s~ @5)
n (%) = Rp Blank Rp/inhibiter + 100 ©)
& gt

where Rp viank iS the polarization resistance in the absence of an inhibitor and Ry inhibitor iS for
when an inhibitor is present

The parameters obtained for each of the different evaluated MTBU derivative inhibitors are
shown in Table 1. In each case, the value of the charge transfer resistance increases as the inhibitor
concentration increases, and the impedance of the CPE was used to replace the double layer
capacitance (Cai) with a more accurate fit, as described below.

The decrease in Q is likely due to a decrease in the local dielectric constant and/or an increase
in the thickness of the protective layer at the electrode surface [42]. This would therefore enhance the
corrosion resistance of the studied API 5L X52 steel in the 1 M H2SOg.

Table 1. Electrochemical parameters of the MTBU derivatives as corrosion inhibitors in API 5L X52
steel immersed in 1 M H2SOq at static conditions

COM- C Rs a Ca Rt Q Rinol 7 X
POUND (ppm) «Q Q (UFecm?) «Q (S sec”a) «Q (%)
cm?) (S sec”a) cm?) cm?)
Blank 0 1.1 0.8 9.16x10* 163.2 25 - - - 0.0006
10 1.3 09 3.16x10* 88.5 37.3 - - 33.0 0.0077

15 13 08 7.77x10% 995 383 7.96x105 19 347  0.0067
20 13 10 890x10* gggq 464 7.56x10° 55 461  0.0066
MTBU | 25 13 10 953x10* gsp5 635 7.82x10° 30 60.6  0.0074
30 13 10 9.80x10* g797 749 7.23x10° 19 66.6  0.0068
50 14 10 681x10* g349 784 681x10° 65 681  0.0059
100 14 10 924x10* goga 770 848x105 97 675  0.0059
200 14 10 1.03x10* ggao 948 6.38x10° 15 736  0.0065
10 19 10 1.94x10% 374 1683 3.22x10° 5179 841 0.0011
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15 19 07 173x10* 5,5 1679 325x10° 50 834 0.0013
20 19 07 174x10* ., 1787 3.02x10° 7.1 848  0.0010
MTBU-F | 25 20 07 180x10*  ,9 2058 3.10x10° 93 87.0 0.0009
30 20 08 180x10*  g34 2187 3.07x10° 123 881  0.0013
50 20 07 194x10* g3, 2340 3.05x10° 145 89.0  0.0009
100 19 07 202x10* 555 2734 299x10° 128 905  0.0016
200 20 07 193x10* 355 2920 291x10° 188 914  0.0008
10 09 09 48%x10% 1690 1140 133x10* 05 781  0.0011
15 10 08 4.93x10*  ggs 1490 431x10* 910 832 0.0014
20 09 09 482x10* 1694 1899 335x10° 10 868  0.0021
MTBU-Cl | 25 09 09 455x10% 4zeq 2181 474x10° 15 885  0.0020
30 09 09 449x10*  j4ee 2513 883x10° 23 901  0.0008
50 09 09 439%10* 14, 2485 7.3x10° 658 89.9 0.0008
100 10 09 445x10* 1354 4196 585x10° 657 940  0.0012
200 10 09 439%x10*  j,8g 5354 955x10° 580 953  0.0011
10 11 08 234x10* 454 650 - - 615 0.0016
15 14 10 208x10° 508 572 - - 563  0.0058
20 14 09 116x10* 358 1042 - - 760 0.0013
MTBU-Br | 25 15 08 990x10° 170 1381 - - 819  0.0043
30 16 09 114x10*  pg4 1491 - - 832  0.0012
50 16 09 125x10* 303 1576 - - 841  0.0021
100 17 09 954x10° 599 2889 - - 913 0.0103
200 18 09 9.82x10° g8 3485 - - 928 0.0019
10 07 10 373x10° 3,5 1304 243x10* 42 808  0.0026
15 07 10 601x10°  s59 2850 1.23x10* 133 912  0.0019
20 07 09 693x10° gz 3021 140x10* 95 917  0.0018
MTBU-I | 25 08 09 764x10° 5,9 3546 1.23x10* 169 929  0.0011
30 07 10 580x10° 3,5 3541 1.62x10* 110 929  0.0014
50 08 09 931x10° 337 3931 1.02x10* 222 936  0.0013
100 0.6 08 1.00x10°  gg; 4045 126x10* 27.2 938  0.0029
200 10 08 175x10° 5,33 3959 6.24x10° 292 937  0.0014

Structurally, the non-halogenated monotriazole derived from the uracil provided a low
inhibition to corrosion. Thus, at concentrations up to 50 ppm and higher, the presence of the
electronegative halogen atom is an important element to incorporate into the corrosion inhibitors, as
shown by the inhibition efficiencies above 90% exhibited by the halogenated monotriazoles.

It has been demonstrated that halide ions inhibit the corrosion of some metals in strong acids
and that this effect depends on the size and the ionic charge, as well as on the electrostatic field created
by the negative charge of the anion in the adsorption site. This can be attributed to the fact that the
radius and the electronegativity of the ions have an influence on the corrosion inhibition [43].

In the case of the monotriazoles derived from thymine (Fig. 4), MTBT-F (Fig. 4b)exhibited a
noticeable increase in Zr from 50 Qcm? at 10 ppm up to 200 Qcm? at 15 ppm. However, above this
concentration, the Zr gradually increased up to 250 Qcm? In this case, the MTBT (Fig. 4a),
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fluorinated (MTBT-F) and iodized (MTBT-I) compounds are controlled by the charge transfer
resistance.

The MTBT-CI (Fig. 4c) showed similar behavior but with a Zre of ~190 Qcm? and the MTBT-
Br (Fig. 4d) showed a depressed semicircle attributed to the presence of two time constants, reaching a
Zre value of ~600 Qcm?. In Fig. 4e, corresponding to MTBT-I, a Zre value of ~300 Qcm? was observed.

Nevertheless, when the compound does not contain any halogen (Fig. 4e), the value of Zr is
lower than when halogen is present. The presence of halogens in the chemical structure of the
compound is thought to produce a higher availability of electrons. These electrons are able to adhere
more easily to the metallic surface since they coordinate with the steel-free electrons from the vacant
orbitals [44].
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Figure 4. Nyquist diagrams measured as a function of the concentration of a) MTBT, b) MTBT-F, c)
MTBT-CI, d) MTBT-Br, and e) MTBT-I on API 5L X52 immersed in 1 M H>SO;4 at static
conditions

The Bode plots shown in Fig. 5 indicate that the increase in the absolute impedance (log |Z|) at
low frequencies confirms the corrosion protection with presence of the inhibitors (Fig. 5a and 5c¢),
which is related to the adsorption of monotriazoles on the surface of API 5L X52 steel. In Fig. 5b, it is
noted that there are two coupled time constants, as also noted from the Nyquist plots.
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The single peak obtained in Bode plots, see Figs. 5b and 5d, with non-inhibitor (blank) and the
presence of MTBU-Br, MTBT, MTBT-F and MTBT-I indicates that the electrochemical impedance
measurements were well fit in the one-time constant equivalent model with a constant phase element
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Figure 5. Bode diagrams of a) MTBU and b) MTBT derivatives at 25 ppm on API 5L X52 steel
immerse in a H2SO4 solution at static conditions

In Table 2, the data obtained from the electrochemical measurements at different inhibitor
concentrations are shown. From the MTBT derivatives, it was observed that, similar to the MTBU
derivatives, the higher the concentration is, the higher is the inhibition efficiency and the lower is the
capacitance of the double layer. This is due to the gradual replacement of water molecules and other
ions originally adsorbed on the surface by the adsorption of the inhibitor molecules on the metal
surface [45].

The low chi-squared values (X?) obtained for all the fitting results indicate that the
experimental data were effectively fit using the proposed equivalent circuits in Figs. 3 and 4.

On the other hand, it is possible to observe that the best inhibitor compounds at low
concentrations (15 ppm) is MTBU-I (7 > 91%) and MTBT-Br (1 > 92%), while the least efficient
compound is the MTBU. Accordingly, these inhibitors are fit to protect the PEMEX ducts.
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Table 2. Electrochemical parameters of the MTBT derivatives as corrosion inhibitors in APl 5L X52

steel immersed in 1 M H2SOq at static conditions

Compound C Rs a Cai Ret Q Rmol n X?
(ppm)  (Q cm?) Q (WFecm (Qcem?  (Ssec”a) (Qemd) (%)
(S sec”a) ?)
10 134 0.8 6.42 x10° 10.9 79.3 - - 68.5 0.00060
15 140 08 843x105 156 96.2 . . 740 0.00032
20 145 09 853x105 313 101.4 ; ; 753 0.00035
MTBT 25 12.5 0.9 9.24 x10® 33.6 105.8 - - 76.4 0.00093
30 14.7 0.9 9.13 x10° 31.1 100.6 - - 75.1 0.00052
50 134 09 991x105  3gs 109.5 ; ; 772 0.00086
100 14.1 0.9 1.09 x10* 415 113.5 - - 78.0 0.00078
200 146 09 105x104 433 118.0 ; ; 788  0.00055
10 1.1 0.9 1.86 x10* 47.0 54.4 - - 54.1 0.00245
15 1.2 09  183x104 412 54.7 ; ; 543  0.00122
MTBT-F 20 1.2 0.8 1.85 x10* 37.0 190.9 - - 86.9 0.00119
25 1.2 0.8 1.89 x10* 38.0 215.5 - - 88.4 0.00154
30 12 08 200x10% 362 222.1 ; ; 88.7  0.00164
50 1.2 08 209x104 398 2445 ; ; 89.8  0.00142
100 1.3 0.8 2.33 x10* 39.9 251.6 - - 90.1 0.00302
200 13 08  234x10% 437 229.8 ; ; 89.1  0.00158
10 1.1 0.9 4.88 x10° 18.9 190.2 8.69 x10* 22.7 46.2 0.00319
15 11 09  483x105 210 1482  378x10° 182 831  0.00108
20 1.0 09 503x105 2592 1741 342x104 127 85.6  0.00093
MTBT-CI 25 1.1 0.9 6.53 x10° 28.0 166.6 5.48 x10* 6.3 85.0 0.00114
30 11 0.9 7.43 x10° 32.5 173.7 6.55 x10* 10.7 85.6 0.00033
50 1.2 0.9 1.36 x10* 60.5 111.7 1.82 x10* 3.7 60.2 0.00043
100 1.3 1.0 3.90 x10°° 39.0 99.5 1.20 x10* 10.2 74.9 0.00041
200 13 09  122x10% 461 883  156x10° 88 717 0.00064
10 3.0 0.9 3.99 x10° 15.2 161.2 6.18 x10* - 84.5 0.00044
15 25 0.8 4.25 x10°% 43 283.9 7.91 x10* 27.2 91.2 0.00086
20 15 08  472x105 43 4231  635x10% 443 941  0.00065
MTBT-Br 25 15 0.8 4.57 x10° 4.2 445.7 7.84 x10* 43.5 94.4 0.00055
30 15 0.9 4.86 x10° 15.0 425.1 8.39 x10* 60.0 94.1 0.00038
50 1.6 0.9 4,62 x10° 15.9 547.0 9.88 x10* 51.3 95.4 0.00062
100 1.6 0.9 5.27 x10° 16.0 610.0 9.48 x10* 65.8 95.9 0.00043
200 1.8 0.9 6.23 x10°® 16.9 579.5 9.83 x10* 70.8 95.7 0.00036
10 6.5 08 7.21x10° 106 116.1 - - 785  0.00144
15 6.6 08  9.98x105 111 140.0 ] ] 821  0.00242
MTBT-I 20 6.6 0.8 6.83 x10°® 11.6 151.3 - - 83.5 0.00225
25 7.1 08 7.94x105 108 170.4 ; ; 853  0.00176
30 7.3 0.8 7.61 x10° 11.6 164.7 - - 84.8 0.00279
50 7.6 0.8 8.88 x10® 12.7 177.9 - - 85.9 0.00397
100 1.7 0.8 7.62 x10° 11.8 227.4 - - 89.0 0.00588
200 7.5 0.8 7.36 x10°° 11.2 261.0 - - 90.4 0.00534

3.2 Thermodynamic Analysis

The adsorption mechanisms of organic compounds reported in the literature involve studies
using adsorption isotherms, including works from Frumkin, Langmuir, Temkin and Freundlich [46-
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49]. These studies contain the common parameter, the degree of cover, which is related to the
inhibition efficiency using equation (4):
S
9= 100 (4)
In the plot of CO™ vs C as shown in Figs. 6a and 6b, the red line presents a linear adjustment
that responds to the Langmuir isotherm and is represented by equation (5):
f=_~ 4c (5)

0 kads
where C = concentration (mol/L), kass= adsorption constant (mol/L).

However, the adsorption constant is related to the Gibbs standard energy (AG°ags), which can
be calculated with:

AG®,4s = —RT In 55.5k,qs (6)

where R is the gas constant and T is the absolute temperature (K). The concentration of water in
solution in mol Lt is 55.5.

The values of In(kadgs) and AG°ags provide insight into the adsorption mechanism. Values higher
than -20 KJ/mol indicate a physisorption process for the inhibitors due to an electrostatic interaction
between the molecule and the charged surface [50]. In contrast, values higher than -40 KJ/mol indicate
a chemisorption process [51-52].

These parameters are summarized in Table 3. It should be noted that all the monotriazoles
derived from uracil and thymine exhibited a AG°as between -20 KJ/mol and -40 KJ/mol, which
indicates the simultaneous physical and chemical adsorption of these molecules on the mild steel
surface from the H>SO4 with predominantly physical absorption [53-55].
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Figure 6. Adsorption isotherm at different concentrations of MTBU and MTBT derivatives on APl 5L
X52 steel immersed in 1 M H2SO4
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Table 3. Electrochemical parameters of MTBU and MTBT derivatives determined by the Langmuir

isotherms
Compound Inkads AG®ads Compound LnKads AG®ads
(KJ/mol) (KJ/mol)
MTBU 16.44 -37.34 MTBT 16.04 -36.42
MTBU-F 16.22 -36.84 MTBT-F 16.22 -36.84
MTBU-CI 15.75 -35.77 MTBT-CI 16.44 -37.34
MTBU-Br 14.43 -32.77 MTBT-Br 17.13 -38.92
MTBU-I 17.13 -38.92 MTBT-I 16.22 -36.84

3.3. Rotation rate effect

To assess the conditions under which the hydrocarbons are transported (laminar or turbulent
flow) according to the ASTM G170 and ASTM G-185 standards, the best inhibitor of each family was
tested under laminar flow conditions.

In Fig. 1s, the impedance diagrams obtained at two rotation rates are shown for different
concentrations of the inhibitor. Figs. 1s(a) and (b) correspond to the moment at which the MTBU-I
was gradually added to the corrosive medium. Comparing the diagrams, it is observed that the
diameter of the semicircle increases for concentrations from 50 ppm to 200 ppm at a rotation rate of
100 rpm. When the MTBT-Br was evaluated, a continuous increase in the value of Z, was observed
with the increasing concentration of the inhibitor, presenting similar behaviors at both rotation rates.
Two time constants were observed, and the Nyquist diagrams indicate that one time constant at high
frequencies is attributed to the formation of a film composed of the corrosion products that the
inhibitor molecules are attached, while the second time constant, a semicircle at low frequencies, is
attributed to the charge transfer resistance in the pores or defects of the film formed by the corrosion
products [56].

Table 4 shows the characteristic parameters obtained from the experimental data with the
equivalent electric circuits shown in Fig. 1s. For both evaluated compounds, Rct increases with the
increasing concentration at both rotation rates. For the MTBU-I, it was observed that the best
conditions were at 40 rpm because the efficiencies are greater than 80% from concentrations greater
than 20 ppm. This suggests that this compound has a quicker adsorption-desorption process at higher
rotation rates [57]. The MTBT-Br shows good protection against corrosion for both 40 and 100 rpm at
concentrations greater than 15 ppm, with 7 values greater than 85%. This result can be attributed to the
fact that apart from having a halogen in its chemical structure, the MTBT-Br contains a methyl group,
which is an important structural feature to decrease the corrosion of metallic surfaces [58]. This
indicates that under static conditions, both compounds exhibit some degree of inhibition efficiency.
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However, under laminar flow conditions, increased protection against corrosion is observed for
inhibitor concentrations above 50 ppm.

Table 4 Adjustment parameters of different concentrations of MTBU-1 and MTBT-Br obtained at 40

and 100 rpm

Inhibitor Rotation C Rs o Ret Rmol /]

rate  (ppm) (%)
(rpm) Q (Q em?) Q Q
(Q cm?) (S sec”a) (Ssec”a) cm?)

10 0.70 1.00 1.75x10° 139.1 - - 78.4
15 0.70 1.00 1.77 x10° 139.1 - - 78.4
40 20 0.72 1.00 1.09 x10° 145.6 - - 79.4
50 4.45 1.00 9.64 x10® 224.0 2.10x10*  16.9 87.5
100 1.51 0.70 1.48x10%  280.4 6.23x10* 15.6 89.9
MTBU-I 10 0.70 1.00 2.01x10°% 94.8 - - 68.4
15 0.99 1.00 2.31x10° 136.6 - - 78.0
100 20 1.03 1.00 1.61x10° 130.0 - - 76.9
50 1.77 098 1.03x10° 2238 154x10* 5.8 86.6
100 1.71 1.00 3.92x10% 3095 254x10* 35 90.3
10 10.1 091 3.31x10° 125.7 - - 80.1
15 11.99 092 3.78x10° 143.6 - - 82.5
40 20 13.57 094 4.74x10° 127.6 - - 80.4
MTBT- 50 14.78 0.93 9.93x10°% 131.9 - - 81.0
Br 100 12.26 093 1.10x10* 146 - - 82.8
10 8.64 091 4.83x10° 105.00 - - 76.1
100 15 14.96 096 3.45x10° 165.10 - - 84.8
20 15.91 093 4.84x10° 159.30 - - 84.3
50 16.95 093 9.10x10° 170.00 - - 85.2

Table 5. Parameters obtained for different immersion times and static conditions of the MTBU-I and

MTBT-Br
Inhibitor Immersion Rs o Ret Rmo n X
Time «Q Q (Q cm?) Q «Q (%)
(h) cm?) (S sec”a) (Ssec”a) cm?)
0.5 0.7 0.9 2.11 x10* 360.0 6.01 x10° 775 94.3 0.00051
1 1.1 1.0 1.30x10* 681.5 9.74 x10°® 2.3 96.3 0.00056
24 1.0 0.9 1.50x10* 507.1 4.27 x10° 109.1 95.9 0.00051
MTBU-I 48 3.0 0.8 1.72 x10* 322.7 2.31x10° 155 92.6 0.00077
72 2.6 0.9 2.18 x10° 271.4 1.96 x10°  11.2 91.2 0.00130
120 2.0 0.9 2.73 x10* 217.2 2.45 x10* 8.9 88.9 0.00130
168 0.8 0.8 1.99x10°% 45.1 5.16 x10* 4.1 49.2 0.00045
240 2.5 0.9 2.69 x10°3 28.3 3.26 x103 6.9 28.9 0.00100
0.5 1.5 0.8 4.57x10° 445.7 7.84x10* 435 94.4 0.00055
1 6.5 0.9 1.56x10° 443.8 1.11 x10°® 0.9 94.4 0.00057
24 6.8 0.8 3.07 x10* 210.9 4.05x10° 450 90.2 0.00601
MTBT-Br 48 6.4 0.7 2.81 x10* 219.7 2.43x10* 313 90.0 0.00077
120 9.1 0.8 1.25 x10* 71.5 5.56 x10* 4.3 67.0 0.00036
168 0.7 0.7 2.19 x10°3 68.1 1.14x10° 193 71.4 0.00212
240 0.5 0.8 1.97 x10¢ 76.4 3.90 x10°6 0.4 67.4 0.00196
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Another important parameter to consider regarding the efficiency of the corrosion inhibitors is
the durability of the film formed by the chemical compound according to the ASTM G48 or G78.

Table 5 shows the results corresponding to different immersion times of MTBU-I and MTBT-
Br at 50 ppm. For the MTBU-I, the value of Ry increases immediately following immersion and then
gradually decreases over time to 306.8 Qcm? after 72 hours. On the other hand, the value Ry of the
MTBT-Br decreased to 231.2 Q cm? after 48 h. In both cases, the decreased polarization resistance
over time can be attributed to the deterioration of the protective layer of the inhibitor. This suggests
that the protective film formed by the inhibitor is not compact enough to provide corrosion resistance
over long immersion periods [59-61].

However, the MTBT-Br offers a superior n over time compared to the MTBU-I. This is
because the former loses its inhibition performance gradually up to 250 hours of immersion, with the »
remaining above 70%.

3.4 Characterization by SEM-EDS

SEM images of the metal surface are shown in Fig. 7 revealing differences in the roughness
resulting from having surface treatment or not. Fig. 7a corresponds to the polished surface, while Fig.
7b shows the metal surface after 24 hours of immersion in 1 M H2SOas, revealing the effects of the
damage imparted by the corrosive medium. In contrast, Figs. 7c and 7d correspond to the metal surface
in the presence of the inhibitors MTBU-I and MTBT-Br, respectively, and shows that the corrosive
effects are proportionally lower due to film formation of the inhibitor on the metallic surface.

b) [

EHT=10.00kV  Signal A=SE2 DCBI UAM-A EHT=10.00kV  Signal A=SE2 DCBI UAM-A
WD=4.6 mm Mag =300 X =4.9 mm Mag =300 X

20 pm

b ’ - T s > G { £ St e L
20 um EHT=5.00kV  Signal A=SE2 DCBI UAM-A 20 pm EHT=10.00kV  Signal A=SE2 DCBI UAM-A
WD=2.6 mm Mag =300 X WD=3.3 mm Mag =300 X

Figure 7. SEM images of steel that is a) polished, b) immersed in H2SOs, ¢) with MTBU-I and d) with
MTBT-Br
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4. CONCLUSIONS

Evaluation of the inhibition efficiency of the MTBU derivatives as corrosion inhibitors for API
5L X52 steel in 1 M H2SO4 shows the following trend:

MTBU-I > MTBU-F > MTBU-CI> MTBU-Br

Furthermore, the best performer of the monotriazoles derived from thymine that were
investigated was the MTBT-Br.

The adsorption process associated with the investigated molecules was determined to be a
simultaneous physisorption-chemisorption process, as described by the Langmuir isotherms.

A study of the immersion time demonstrated that the monotriazoles derived from uracil with
bromide (MTBU-Br) provides a moderately effective corrosion inhibition after 250 hours, with an # of
~T7%.
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