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1. Introduction

Synthesis of 1,2,3-triazoles in the presence of mixed
Mg/Fe oxides and their evaluation as corrosion
inhibitors of APl 5L X70 steel submerged in HCl}

A. Espinoza-Vazquez, (2% F. J. Rodriguez-Gomez, (2° B. |. Vergara-Arenas,
L. Lomas-Romero, (2 D. Angeles-Beltran, G. E. Negron-Silva &
and J. A. Morales-Serna @2°

In this work, the catalytic capacity of a Mg/Fe layered double hydroxide (LDH) and its mixed oxides to
perform Huisgen cycloaddition was studied. The catalytic process was performed in the presence of
sodium ascorbate, which was determinant for the success of the 1,3-cycloaddition. The obtained
triazoles were evaluated as corrosion inhibitors using electrochemical impedance spectroscopy under
static conditions, showing an inhibition efficiency higher than 95% at 50 ppm for some of the triazoles
studied. According to the Langmuir isotherm, all the compounds synthesized and analysed exhibit
a chemisorption process. Finally, the corrosion process when submerging a steel bar in 1 M HCl was
studied using SEM-EDS. This experiment showed that the corrosion process decreases considerably in
the presence of 50 ppm of the organic inhibitor.

inhibitors.® In this context, this paper reports the synthesis

One of the main problems in heavy industry is the corrosion of
metallic materials, which is directly reflected in economic los-
ses for this productive sector." Usually, the industrial removal of
iron oxides is performed using mineral acids, of which the most
used is hydrochloric acid. However, their aggressiveness accel-
erates the degradation of materials, causing them to dissolve in
acid medium.”

Currently, the oil industry has resorted to organic inhibitors
containing N, O and S in their basal structure to counteract the
corrosion problem.® These types of inhibitors are obtained
efficiently using easy-access synthesis pathways and are usually
used at lower concentrations during the corrosion inhibition
process.*

Among this group of organic molecules, we find triazoles,
with 1,2,4-triazoles being the most used for this purpose.®
However, special attention has been recently focused on 1,2,3-
triazoles as inhibitors due to the ease with which they are
synthetically obtained and their notable efficiency as
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of 1-benzyl-4-phenyl-1,2,3-triazoles, as well as the
evaluation of their capacity to inhibit corrosion in an acid
aqueous medium. The study focuses on the analysis of
aromatic systems substituted with electron donor groups
(Fig. 1), which have not been previously studied for such
applications.

Another important point to be highlighted in this study is
the catalytic system used to obtain the triazoles, which are
commonly synthesized in the presence of catalytic systems
containing Cu(u) or Cu(r).” In this case, the synthesis of triazoles
was performed in the presence of a Mg/Fe layered double
hydroxide (LDH) (Mg/Fe hydrotalcite) and their mixed oxides.
Although the Mg/Fe LDH has been used in several organic

Fig. 1 Triazoles synthesised and evaluated as corrosion inhibitors.
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transformations, it has not been studied as a catalyst in
a Huisgen reaction to obtain triazoles.”

2. Experimental

2.1. API 5L X70 steel

API 5L X72 type steel was used, which has a metallographic
preparation with the following composition nominal (wt%): C,
0.025; Mn, 1.65; Si, 0.26; Ti, 0.015; V, 0.001; Nb, 0.068; Mo,
0.175; S, 0.0025; Al, 0.045; Ni, 0.08; Cr, 0.07; Cu, 0.21 and Fe,
balance.?

2.2. Solution preparation

A 0.01 M solution of the triazoles 1a-1h in DMF was prepared
(Fig. 1). Then, concentrations of 5, 10, 20 and 50 ppm of the
inhibitor were added to the 1 M HCI corrosive solution using
a Gill AC device.

2.3. Electrochemical evaluation

The potential was stabilized at 20 °C for approximately 1800 s
before electrochemical impedance spectroscopy (EIS) test.

EIS: a sinusoidal potential of +£20 mV was applied in
a frequency interval of 10~" Hz to 10" Hz, in an electrochemical
cell with three electrodes. The working electrode was API 5L X70
steel, the reference electrode was saturated Ag/AgCl, and the
counter electrode was graphite. The electrode surface was
prepared using conventional metallography methods on an
exposed area of 4.52 cm>.

After EIS measurements, the potentiodynamic polarization
curves of 5 and 50 ppm of inhibitors were obtained. The
measurements covered a range of —500 mV to 500 mV regarding
the open circuit potential (OCP), with a sweep velocity of
66.07 mV min ' using the ACM Analysis software for data
interpretation.

2.4. Characterization of surfaces by SEM-EDS

The API 5L X70 steel surface was prepared both without (blank)
and with inhibitor; a 50 ppm concentration was used for a 24 h
immersion time. After that experiment, the steel was washed
with distilled water, dried and the surface analysed using a Zeiss
SUPRA 55 VP electronic sweep microscope at 10 kv with a 300x
secondary electron detector.

3. Results and discussion

3.1. Synthesis of 1,2,3-triazoles

The Mg/Fe LDH was synthesized and characterized following
the steps described in the literature.’ Then, a comparative study
was performed on the use of the synthesized and calcined LDH
on the multi-component reaction to obtain the 1-benzyl-4-
phenyl-1,2,3-triazoles, from alkyne 2, benzyl chloride 3 and
sodium azide, in the presence or absence of sodium ascorbate
with an ethanol-water mixture as solvent. The best reaction
yields for each alkyne were obtained when the catalytic process
was performed with calcined LDH in the presence of sodium
ascorbate (Table 1). If the heterogeneous catalyst was not

This journal is © The Royal Society of Chemistry 2017
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Table 1 Synthesis of 1,2,3-triazoles in presence of LDH Mg/Fe”

NaN; =

R
N
/\/ \> — m@ LDH 10 mg N N
R= 2 3 EtOH-H,0 ‘ N'N
Sodium ascorbate 10 mg
R = H, OMe, NH, MW, 80°C, 30 min. 30 W 1ah \\©
Yield” (%)
Entry Triazole LDH dry LDH calcined
NﬁN\NH 40? 60¢
1¢ @//\/ 15° 30°
1a
487 65¢
p 15° 30°
2 O/K/
404 554
OMe N=N p 10° 35°
3 @
40? 55¢
p 10° 30°
4 \©/K/
457 60¢
p 10° 30°
5 /O//\/
304 507
p 10° 25°
6 ©/k/
25¢ 54
5¢ 25°¢
7 \O//w
g
254 557
38 /@/K/N
H,N 1h

“ Reagents: alkyne 2 (1 mmol), benzyl chloride 3 (1.2 mmol) NaNj; (1.2
mmol), catalyst (10 mg) and EtOH-H,0 (2 mL, 3 : 1). ? Yield of isolated
product after chromatographic puriﬁcation. “The reaction was
performed in the absence of benzyl chloride. ¢ The reaction was
performed in the presence of sodium ascorbate (10 mg). ° The
reaction was performed in the absence of sodium ascorbate.

calcined, the yield decreased considerably (Table 1). This result
is a consequence of the larger surface area of the calcined
material (mixed oxides) compared with the non-calcined
material (LDH).

It was also observed that the presence of sodium ascorbate
was determinant for obtaining excellent yields in the cycload-
dition process (Table 1). This result can be explained if we

RSC Adlv., 2017, 7, 24736-24746 | 24737
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consider that the sodium ascorbate sequesters Fe(u) from the
material to reduce it to Fe(1), which is more active during the
catalytic process. In this way, the global catalytic process
involves a heterogeneous catalyst (LDH or Mg/Fe mixed oxides)
containing Fe(u) and a homogeneous catalyst with Fe(i) associ-
ated with the ascorbate.

The above agrees with descriptions in the literature for the
same organic reaction using similar catalytic systems (LDH and
Cu/Al mixed oxides).'* However, the main contribution of this
work is the use of an LDH containing Fe(u) or its mixed oxides,
which had never previously been used as the catalyst in
a cycloaddition reaction of a terminal alkyne and a derived
azide. Another important point to highlight is that the catalyst
can be recovered and reused for three reaction cycles, with the
same efficiency as previously described. Then, the material
loses efficiency, and the yield of the organic reaction decreases
considerably.

Once the triazoles 1a-1h were synthesized, they were evalu-
ated as corrosion inhibitors, as structurally they represent
a different triazole family from the ones previously reported in
the literature. In this case, the electron donor substituents are
present in the aromatic ring from the alkyne (Fig. 1), in contrast
to models that were previously studied in our research group,
where the substituents were found in the benzylic aromatic
ring.®

3.2. Electrochemical evaluation

The Nyquist diagram (Fig. 2) corresponds to the system without
inhibitor (blank) and the different concentrations of compound
1a. It can be observed that in the absence of the inhibitor, the
semicircle formed shows a time constant reaching only a Z,.
value of 50 Q cm?®. Moreover, for all concentrations studied,
a depressed circle is observed, denoting that the dissolution
process is controlled by the charge transference resistance.'
The deformation in the semicircles of the different concentra-
tions is due to the material's ruggedness, the active sites or the
non-homogeneity of the solids."> However, it shows a contin-
uous increase in the Z,. value.
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Fig. 2 Nyquist diagrams for different concentrations of 1la on API 5L
X70 submerged in 1 M HCL
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Then, using the equivalent electrical circuits, the impedance
diagrams shown in Fig. 3 were adjusted to obtain the corre-
sponding resistances and thus to calculate the inhibition effi-
ciency. Fig. 3a is used when the system has no inhibitor, and
Fig. 3b corresponds to the system when different concentra-
tions of the inhibitor have been added.

The efficiency of the proposed inhibitors (ngs%) can be
calculated using the following equation:

1 1., ..
(R_a) blank — (R_m) inhibitor

Ngis%o = 1
(R—) blank

% 100 (1)

ct

where R, blank = charge transfer resistance without inhibitor,
and R inhibitor = charge transfer resistance in presence of
inhibitor.

Table 2 shows the results obtained after fitting the experi-
mental data with the equivalent electrical circuits of Fig. 3. It
can be observed that the R, increases as the inhibitor concen-
tration increases, reaching a maximum at 50 ppm with an
inhibition efficiency of 96.1%, allowing triazoles 1a to be
considered an excellent corrosion inhibitor. On the other hand,
the capacitance value of the double electrochemical layer (Cq;)
decreases due to the gradual displacement of water molecules
with the compound 1a molecules in the working electrode,
which decreases the number of active sites and consequently
delays the corrosion phenomenon.*

After demonstrating the efficiency of compound 1a, triazole
1b, which has a benzyl group in position 1 of the triazole ring,
was studied. Fig. 4a shows the Nyquist diagram corresponding
to triazole 1b at different concentrations, with a continuous
increase in the Z,. value reaching a maximum of ~2000 Q cm? at
50 ppm. By comparing the Nyquist diagrams of inhibitors 1a
and 1b, it can be observed that from 5 ppm, the Z,. value is
higher for inhibitor 1b, reaching ~500 Q cm?, which is attrib-
uted to the presence of the benzyl group at position 1 of the
triazole ring.

Then, we examined the effect of the electron donor groups in
one of the aromatic rings (Fig. 1, compounds 1c-1h). First, we
considered the three isomers (ortho 1c, meta 1d and para 1e)
containing a methoxide group (-OCHj;). The Nyquist diagrams
for these three isomers are shown in Fig. 4.

Compound 1c shows a continuous increase in the Z,. value,
which is controlled by the charge transference resistance
(Fig. 4b).**

The diameters of the semicircles are lower than for the
compound without the methoxide group 1b, which is attributed
to the presence of oxygen with pairs of free, unshared electrons.

a) b)
Rmol Q

| Rtc |
Rtc

Fig. 3 Equivalent electrical circuits used in the system with and
without inhibitor.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Electrochemical parameters for 1a as corrosion inhibitor at
20 °C on API 5L X70 submerged in 1 M HCl

C/ppm 0 5 10 20 50
Ry/Q cm? 5.0 5.3 5.1 5.1 5.1
+SD 0.00 0.02 0.01 0.01 0.01

n 0.8 0.9 0.8 0.9 0.9
Cai/uF cm™> 1490.0 147.9 147.2 147.1 143.6
+SD 0.0 23.3 53.4 64.2 39.3
R /Q cm?® 50.0 167.3 437.3 919.9 1285.3
+SD 0.0 23.3 53.4 64.2 39.3
Ners/ % — 69.5 88.4 94.5 96.1
+SD — 4.4 1.4 0.4 0.1

These pairs of electrons can be located in a p orbital parallel to
the p orbitals forming the aromatic system, which allows the
generation of resonant structures with high electronic density
in the aromatic ring.

The Nyquist diagram for triazoles 1d and 1e (Fig. 4c and d)
shows the sweep of the different concentrations analysed. In
both cases, two time constants can be observed, one attributed
to the charge transference resistance and the other to the
inhibitor's molecules.* Likewise, it can be observed that the Z,,
value does not show large variation. Based on these results, it
can be inferred that the presence of a methoxide group in the

2000

4 = 5ppm
1800 4 a) e 10 ppm
1 A 20 ppm
1600 v 50 ppm
1400 +
1200
g 1000—- 855mHz
S 4
N’E 800 4.41Hz y v Y vov, 210mHz
) E v v ¢
600 | iy A A A 4, v
400.] ‘v".:ooo.. AAAA e
4 s Aa
{ 'o...
200 .--...|I|I||h
0 1 ¥ T T T
0 500 1000 1500 2000
2
Z_(Qcm’)
500
= 5ppm
C) ® 10 ppm
A 20 ppm
400 v 50 ppm
300
S
o
S5 4.41Hz
NE 200 ‘
! 18 Hz - ¥ 855 mHz
¢ B Peoo o, ™ F R
100 'y e MYV
4 A v
» 0.\ Ay,
0 T T T T T
0 100 200 300 400 500
2.
Z (@cm’)

Fig. 4 Nyquist diagrams for different concentrations of (a) 1b, (b) 1c, (c
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ortho, meta and para positions of the aromatic ring is not
involved in the increase of the inhibition capacity, based on
comparison to triazole 1b.

Table 3 shows the different results obtained after fitting to
the experimental data, revealing that the corrosion inhibition
increases when the inhibitor concentration increases. In
contrast, the presence of a methoxide group in the chemical
structure decreases the charge transfer resistance value, and
therefore, the corrosion inhibition decreases.

Next, the 1,2,3-triazoles where the methoxide group (-OMe)
was substituted with an amine (-NH,) were evaluated. The
Nyquist diagrams for triazoles 1f, 1g and 1h are shown in Fig. 5.
All these diagrams show an increase in the Z. value as the
inhibitor concentration increases. Based on these diagrams, it
can be deduced that the amine group (-NH,) in the ortho
position favourably influences the corrosion process (Fig. 5).

Again, after the experimental data fitting, Table 4 shows the
electrochemical parameters for triazoles 1f, 1g and 1h. The R,
values increase as the inhibitor concentration increases, in
contrast to what happens to the Cq4, values, which decrease. This
result is attributed to the displacement of water molecules by
the inhibitor molecules.’® On the other hand, the second time
constant proposed in the Nyquist diagrams is attributed to the
resistance of organic molecules (R,,) for compounds 1f and 1g.

1000
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=) 3.49Hz 536mHz
£ 400 | 'Y ¥ g
N
' v YA 4, Vv l
a ® 0 o A
® v
200 \‘o = ®e = A v
ﬁl.....l % s vw
0 T .x T \l T T
0 200 400 600 800 1000
Z_(Qcm’)
300
= 5ppm
d ® 10 ppm
250 4 ) A 20 ppm
v 50 ppm
200 |
g 150 4
a
N
" 100+ 11.2Hz 1.73Hz S
s v gy, v wb
50 | ‘,AAAAAAAAA““AAﬂAff‘."‘.‘ L O
| "
0 . : : - :

T T T
150 200 250

2
Z_(Qcm’)

T
0 50 100 300

) 1d and (d) 1e on API 5L X70 submerged in 1 M HCL
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Table 3 Electrochemical parameters for 1b—1e as corrosion inhibitors at 20 °C on API 5L X70 submerged in 1 M HCL¢
Triazole C/ppm R/Q cm? +SD n Ca/pF cm ™2 +SD R./Q cm?® +SD Ners/% +SD
1b 0 5 0 0.8 1490 0 50 0
5 4.3 0.0 0.9 112.4 5.9 683.7 126.9 92.4 1.5
10 4.1 0.0 0.9 107.8 1.8 1350.0 66.4 96.3 0.2
20 4.1 0.0 0.9 110.0 3.8 1693.0 101.4 97.0 0.2
50 4.2 0.0 0.9 116.9 1.9 2306.0 174.4 97.8 0.2
1c 5 4.2 0.0 0.8 119.7 9.9 416.7 56.9 87.8 1.7
10 4.2 0.0 0.9 125.8 4.3 638.9 42.6 92.1 0.5
20 4.2 0.0 0.8 127.4 3.3 820.6 29.8 93.9 0.2
50 4.2 0.0 0.8 129.6 4.5 1046.8 68.4 95.2 0.3
1d 5 1.6 0.4 0.8 106.6 13.3 420.5 33.8 88.0 0.9
10 1.7 0.3 0.7 103.3 21.1 421.1 26.0 88.1 0.8
20 2.4 0.5 0.7 112.9 12.9 471.5 14.0 89.4 0.3
50 3.0 0.3 0.7 117.0 11.9 498.5 5.9 90.0 0.1
1le 5 0.6 0.0 0.6 273.4 34.5 131.2 14.0 73.3 2.2
10 0.7 0.2 0.9 309.1 157.7 240.4 19.6 79.1 1.8
20 0.8 0.1 0.9 391.4 157.8 248.7 77.2 78.0 6.3
50 0.9 0.1 0.9 369.5 88.0 237.0 13.9 78.8 1.2
% SD = standard deviation of at least three measurements.
2000
= 5ppm 250
a) e 10 ppm = 5ppm
A 20 ppm b) : 10 ppm
v 50 ppm 2004 20 ppm
1500 v 50 ppm
= 150
5 1000 g
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Fig. 5 Nyquist diagrams for different concentrations of (a) 1f, (b) 1g and (c) 1h on API 5L X70 submerged in 1 M HCL.

Fig. 6 shows the comparison of the different 1,2,3-triazoles.

24740 | RSC Adv., 2017, 7, 24736-24746

compound 1b (n ~ 96.8% at 50 ppm, Fig. 6a). The presence of
The presence of the benzyl group at position 1 of the triazole ring methoxide or amine electron donor groups at the meta or para
is determinant for obtaining excellent inhibition results with position in one of the aromatic rings does not have a notable

This journal is © The Royal Society of Chemistry 2017
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Table 4 Electrochemical parameters at different concentrations for 1f—1h as corrosion inhibitors at 20 °C on API 5L X70 in 1 M HCl

2

Triazole C/ppm RJ/Q cm? +SD n Cq/WF cm™ +SD Re/Q cm? +SD Rinol/Q cm? +SD Ners/ %o +SD
1f 0 5.0 0.0 0.8 1490.0 0.0 50.0 0.0 0.0 —
5 10.7 0.1 0.9 66.7 19.1 419.4 210.4 117.7 91.3 80.5 5.2
10 10.7 0.2 0.9 72.3 17.6 1937.0 131.1 170.1 85.1 97.4 0.2
20 5.3 0.1 0.9 138.8 26.8 1076.2 100.5 205.9 10.2 95.3 0.4
50 5.3 0.1 0.9 143.4 72.3 1545.0 28.3 115.9 8.6 96.8 0.1
1g 5 7.3 0.0 0.9 187.2 45.2 336.9 93.1 26.0 13.2 83.6 5.5
10 7.4 0.0 0.9 170.0 12.6 376.7 88.6 95.6 76.2 85.9 3.4
20 6.7 0.5 0.9 163.3 5.2 473.7 23.0 1.0 0.2 89.4 0.5
50 7.0 0.0 0.9 167.1 1.7 460.2 36.9 3.2 3.0 89.1 0.8
1h 5 1.6 0.0 0.7 336.7 11.7 164.5 3.6 — — 69.6 0.7
10 1.7 0.1 0.7 283.2 16.3 220.8 11.0 — — 77.3 1.1
20 1.8 0.0 0.7 296.5 18.7 238.8 11.8 — — 79.0 1.0
50 1.7 0.1 0.7 331.2 17.1 237.9 1.9 — — 79.0 0.2
100
b) S S
R -
80 /\j_,—/x
o e
I |
@ g 60
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Fig. 6 Variation of the inhibition efficiency by EIS technique of 1a, 1b and derivatives 1c—1h as a function of API 5L X70 steel concentration

submerged in 1 M HCL.

impact on the efficiency of the system when inhibiting corrosion
(Fig. 6b and c). However, electron donor groups at the ortho
position to influence the corrosion inhibition process; the best
inhibitors are 1¢ with  ~ 93.6% and 1f with 7 ~ 96.8% at 50 ppm.

3.3. Polarization curves

Tafel polarization curves of API 5L X70 steel at 5 and 50 ppm of
triazoles are shown in Fig. 7. The corrosion potential (E.or),

This journal is © The Royal Society of Chemistry 2017

corrosion current density (i.orr), Tafel anodic slopes (8,), Tafel
cathodic slopes (8.), and inhibition efficiency (n), are shown in
Table 5.

The inhibition efficiency of the organic compounds (tri-
azoles) were calculated by:

Mpol = (1 -

Icorr inhibitor

7> x 100 2)
Leorr uninhibitor

RSC Adlv., 2017, 7, 24736-24746 | 24741
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Fig. 7 Potentiodynamic polarization curves at different 1,2,3-triazoles derivatives concentrations for APl 5L X70 steel submerged in 1 M HCL.

Table 5 Electrochemical parameters by the potentiodynamic polarization technique for API 5L X70 steel submerged in 1 M HCl in the presence

of 1,2,3-triazoles derivatives

Ecorr/mV
Inhibitor C/ppm vs. Ag/AgCl Ba/mV dec™* B./mV dec ! fcore/MA cm 2 Npoll %o
BLANK — —330.97 173.4 125.1 0.5303 —
1a 5 —428.7 84.5 132.9 0.1320 75.1
50 —377.5 99.0 36.4 0.0518 90.2
1b 5 —385.7 156.0 52.1 0.0561 89.4
50 —373.7 111.0 59.2 0.0602 88.7
1c 5 —385.0 155.0 63.8 0.0841 84.1
50 —393.9 111.0 76.8 0.0640 87.9
1d 5 —405.4 184.1 79.9 0.1159 78.1
50 —371.2 215.1 65.5 0.0743 86.0
1e 5 —377.7 118.6 35.9 0.0688 87.0
50 —425.0 195.8 129.2 0.1160 78.1
1f 5 —421.0 113.0 88.0 0.1354 74.5
50 —264.5 142.4 50.9 0.0338 93.6
1g 5 —265.4 141.5 67.5 0.0336 93.7
50 —309.3 127.7 88.1 0.1050 80.2
1h 5 —432.1 127.6 95.0 0.1127 78.7
50 —472.0 113.5 137.1 0.1035 80.5

where i.orr inhibitor 1S the corrosion current density with inhibitor
and Zcorr uninhibited 1S the corrosion current density in the

absence of inhibitor.

In Fig. 7a—c for triazoles derivatives under static conditions,
it can be observed how the current density decreases in their

24742 | RSC Adv., 2017, 7, 24736-24746

metallic surface."”

presence, which suggests that it is retarding the corrosion
process due to the protective film formed by the inhibitor on the

The results shown in Table 5 correspond to the corrosion
potential (E.or;) in the presence of the inhibitor 1b, 1¢, 1d and

This journal is © The Royal Society of Chemistry 2017
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1g. The difference between the values of blank and the inhibi-
tors is less than 85 mV, which suggests*® that triazoles show
a mixed predominantly anodic type inhibition. On the other
hand, inhibitors 1f and 1h show a cathodic type behaviour.

3.4. Adsorption process

After calculating the electrochemical parameters for the
different organic compounds under static conditions, it is
necessary to describe the interaction of the inhibitor with the
metallic surface, calculating the surface coverage () using the
eqn (3) employing the inhibition efficiency () from eqn (1).*°
NE1s

0= 100 (3)
where: ng;s is inhibition efficiency by EIS technique.

In the literature, there are several adsorption models relating
the coating degree to the metallic surface; including the Tem-
kin, Freundlich, Frumkin® or Langmuir models.* The latter
was used in this study. Once the fitting was performed with the
Langmuir adsorption model (eqn (4)), it was observed that it
possesses a linear fit, given that it obtained a correlation coef-
ficient (R?) close to 1.

C 1

== c
0 kads *

(4)

where C = concentration and k.qs = adsorption constant.
Fig. 8a-c show the Langmuir isotherm model for each of the
corrosion inhibitors, showing that the AG,,, value of organic

compounds 1b-1e is higher than —40 k] mol~* (Table 6). These
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Table 6 Adsorption parameters of derivatives of 1,2,3-triazoles
submerged in 1 M HCl

Inhibitors In kaqs AG 4, kJ mol™
la 15.88 —38.71
1b 17.83 —43.46
1c 17.13 —41.77
1d 18.05 —44.00
1f 17.13 —41.77
1g 17.83 —43.46
1h 17.04 —41.53
1e 17.83 —43.46

values, according to the literature reports,* represent a chemi-
sorption interaction of the inhibitor with the metallic surface. It
is noteworthy that the inhibitor 1a exhibits a AG, ;. between —20
k] mol * and —40 k] mol %, which indicates the simultaneous
physical and chemical adsorption of this molecule on mild steel
surface immersed in HCL

3.5. SEM-EDS

Fig. 9 shows the microscopy pictures and the corresponding
chemical analysis for the polished metal, in the presence and
absence of the inhibitor, to confirm the efficiency of each
compound obtained by the EIS. The polished steel consists of
Fe, Mn, C and Si (Fig. 9a). When the metal was submerged in
hydrochloric acid, it was observed that in addition to the steel
composition, O and Cl are present as a consequence of the
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Fig. 8 Langmuir isotherm of triazoles 1a—1h as corrosion inhibitors of
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the surface of API 5L X70 submerged in 1 M HCL.
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Fig.9 SEM-EDX spectra of API 5L X70 steel: (a) polished steel, (b) in presence of corroding medium, and in presence of 50 ppm (c) 1b, (d) 1c and

(e) 1f.

corrosion phenomenon (Fig. 9b). In the microscopy pictures
corresponding to samples with the inhibitor (Fig. 9c-e),
a decrease in corrosion can be observed.

To determine the elements present in API 5L X70 steel
surface after 5 hours of exposure to 1 M HCI, EDX analysis were
used. Before the corrosion test, the peaks are related to the
elements present in the API 5L X70 steel (Table 7). In the
absence of inhibitors, the spectra exhibit the peaks of oxygen
and chloride which regarding to polished API 5L X70 do not
have. The spectra of API 5L X70 steel immersed in 1 M HCI
containing 50 ppm of 1b, 1c¢ and 1f inhibitors show that the
amount of oxygen and chloride decreases, probably due to the
formation of a triazole derivative film on the surface of steel.

3.6. Inhibition mechanism

In the inhibition mechanism two main types of interaction exist
that can describe the adsorption of the inhibitors: phys-
isorption and chemisorption. Several authors describe the
inhibition mechanism by protonated species in acid medium

24744 | RSC Adv., 2017, 7, 24736-24746

(Scheme 1a), which are attracted toward the solid/liquid inter-
face to form a protective film, preventing the metal from
interacting with the aggressive medium (physisorption).?® On
the other hand, the adsorption of 1,2,3-triazoles can also occur
due to the interactions between the d-orbital of iron atoms
(coordinate type bond), with the lone sp” electron pairs present
on the heteroatoms of the inhibitor (chemisorption, Scheme

Table 7 Content of elements obtained from EDX spectra

% atomic
Steel +

Element Steel HCI 1b 1c 1f
C 14.21 9.51 15.84 11.49 12.57
(0] — 51.62 7.09 16.11 19.31
Si 0.45 0.3 1.23 1.19 1.2
Cl — 0.67 0.1 — 0.24
Mn 0.82 0.31 — — —
Fe 84.5 37.59 92.53 71.21 66.67

This journal is © The Royal Society of Chemistry 2017
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a)

]
Cl

win- Chemical adsorption

wwn - Physical adsorption

Scheme 1 (a) Protonation and (b) schematic adsorption model of the
triazole 1c on API 5L X70 surface in 1 M HCL

1b). In this case, both models can help to explain the behaviour
of triazoles as corrosion inhibitors.

4. Conclusions

The synthesis of 1,2,3-triazoles is usually performed in the
presence of Cu(r) and Cu(n) salts. However, in this study, we
demonstrated that a solid catalytic material such as a Mg(u)/
Fe(m) hydrotalcite and its mixed oxides can catalyse the Huisgen
cycloaddition with good yields. After the catalytic process, it is
possible to recover the heterogeneous catalyst for reuse in two
additional reaction cycles with the same efficiency.

On the other hand, the 1-benzyl-4-phenyl-1,2,3-triazoles ob-
tained were evaluated as corrosion inhibitors, demonstrating
that the presence of activator groups in the ortho position of one
of the aromatic rings in the inhibitor system influences the
corrosion inhibition process of API 5L X70 steel submerged in
1 M HCI. The adsorption of the studied compounds, using the
Langmuir equation, reveals that the inhibitor molecule blocks
the active sites by a chemisorption process.
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