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INTRODUCTION

Austenitic stainless steels have chromium and nickel as
the main alloying elements and are well-known for their corro-
sion resistance. The resistance to corrosion attack originates
from a thin passive surface layer rich in chromium and iron
oxides. The presence of nickel in these alloys stabilizes the
face-centred cubic austenite phase and enhances the corrosion
resistance [1]. The austenitic stainless steels have been used
extensively for architectural and industrial applications. Their
corrosion resistance is further improved by the addition of
3 % molybdenum in type 316 stainless steels. This variety of
steel can be used to contain corrosive chemicals including acids
such as nitric acid and phosphoric acid. 316 SS is used for
making specialized process equipment for food, paper, mining,
pharmaceutical and petroleum industries [2]. However, 316
SS undergoes corrosion in the presence of chlorides which
attack the passive layer and damage it. 316 SS is resistant to
sulphuric acid at very low and very high concentrations but is
attacked at intermediate concentrations.
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The corrosion inhibition competence of 4-{[4-(dimethylamino)benzylidene]amino }-5-methyl-4H-1,2,4-triazole-3-thiol (DBTT) on 316 |
stainless steel (316 SS) in 2.5 M H,SO, was studied using various electrochemical as well as weight-loss measurements. The alloy surface |
was examined by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). Concentration effect on inhibition
efficiency was investigated by varying concentration from 5 to 2000 ppm in the temperature range 30-60 °C. Results indicated mixed-type |
inhibitory action of DBTT. The efficiency increased with the raise in concentration of DBTT and temperature, reaching a highest of 92.4 |
% at 60 °C. Langmuir adsorption isotherm is obeyed. Calculation of different thermodynamic factors suggests that the adsorption is via |
both physisorption and chemisorption. In addition to these, several global reactivity parameters were calculated using DFT method at |
B3LYP/6-311++(d,p) basis set. Theoretical calculations are in good concurrence with the experimental results. |
|
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Several methods have proved effective in reducing the
corrosion of stainless steel. These include alloying [3,4], appli-
cation of coatings [5,6] and use of inhibitors [7-15]. Both inor-
ganic [7,8] and organic [9-12] compounds have been reported
as corrosion inhibitors. Recently, eco-friendly chemicals such
as amino acids, plant extracts and natural wastes have shown
inhibitory actions [13-15].

Organic molecules used successfully as inhibitors are
compounds with w-electrons and/or hetero atoms such as N,
O, S or P. Heterocyclic compounds such as triazoles, thiazoles,
imidazoles, pyridines, pyrimidines, efc. and their derivatives
have exhibited excellent inhibiting action [ 16-20]. For instance,
the inhibitory action of isoquinoline derivatives on 316L SS
in H,SO, was reported by Atta et al. [21]. 2-Mercaptobenzo-
thiazole has been reportedly used as inhibitor for 316 SS in
citric acid by Goudarzi et al. [22]. Moreira et al. [23] noticed
the inhibitory behaviour of imidazole and benzimidazole on
the corrosion of 316 SS in NaCl solution. According to a study
conducted by Abdallah et al. [24], thiazole derivatives are
efficient inhibitors for 316 SS in HC]l medium.
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These organic compounds adsorb on the metal surface
and prevent the metal dissolution. The inhibitors may be classi-
fied as cathodic or anodic based on whether they affect cathodic
process or anodic process. In many cases, the adsorption of
inhibitors affects both cathodic and anodic processes although
to different extents.

Schiff bases derived from triazoles have been tested as
corrosion inhibitors for metals/alloys in various environments
and are reported to exhibit excellent inhibiting action [25-27].
Further, inhibition effect shown by them is observed to be
more than that of the constituent amines and aldehydes [28].
However, not much investigation is reported on the inhibiting
action of Schiff bases on the corrosion of 316 SS. Therefore,
in the present work, the corrosion inhibitory action of 4-{[4-
(dimethylamino)benzylidene]amino }-5-methyl-4H-1,2,4-
triazole-3-thiol (DBTT) a Schiff base derived from triazole
on the surface of 316 SS in 2.5 M H,SO4 medium is studied
both experimentally and theoretically. The inhibition efficiency
has been studied experimentally by means of potentiodynamic
polarization, electrochemical impedance spectroscopy (EIS)
and weight loss techniques and, theoretically by employing
DFT method at B3LYP/6-311++(d,p) basis set.

EXPERIMENTAL

Inhibitor: The synthesis of DBTT inhibitor and its FT-
IR spectrum has been already reported [29].

Medium: The experimental medium i.e., 2.5 M H,SO,
was prepared from AR grade 98 % H,SO, by dilution with
double distilled water. Solutions with varying concentrations
of the inhibitor (5 to 2000 ppm) were prepared by dissolving
suitable amounts of DBTT in 2.5 M H,SO,. Electrochemical
measurements were performed using 100 cm® of each of these
solutions, whereas, 200 cm® were used for weight loss methods.
All the solutions without de-aeration were employed. Cali-
brated thermostat was used to maintain constant temperature.

The 316 SS sample employed here contained (weight %):
C0.013%,Mn 1.4 %, S10.3 %, S 0.001 %, P 0.026 %, Cr 17.2
9%,N110.18 %, Mo 2.1 %, N 0.026 % and Fe is the remainder.

Test coupon preparation: Test coupons required for the
experiments were prepared as described earlier [29].

Weight-loss method: The test coupons were polished,
cleaned, dried and weighed accurately using an analytical
balance. The coupons were immersed in aggressive medium
(2.5 M H,SO, with or without different concentrations of DBTT)
for different intervals of time (24-72 h) at 30 °C. They were
removed from the solution, rinsed thoroughly with distilled
water, followed by acetone, dried and weighed again. The
weight differences prior to and after immersion in the medium
were noted. The experiment was repeated thrice and the average
weight-loss was calculated.

Electrochemical measurements: Electrochemical measu-
rements were conducted using a three-electrode glass cell of
100 ¢cm® capacity, connected to GillAC (ACM instruments)
electrochemical work-station (software version 5). Finely
polished 316 SS coupon was made the working electrode,
whereas, the reference and auxiliary electrodes were saturated
calomel and platinum electrodes respectively. The electrodes
were dipped in the corrosive medium (containing various

amounts of the inhibitor) and the open circuit potential (OCP)
was monitored till a constant reading was attained. Electro-
chemical impedance spectra were then recorded followed by
potentiodynamic polarization curves. The experiments were
repeated at different temperatures (30-60 °C).

Impedance values were measured by applying pertur-
bation of 10 mV sine-wave AC voltage at OCP in the frequency
range of 100000 Hz to 0.01 Hz. The Nyquist plots were analyzed
with the help of ZSimpwin 3.21 software.

The electrode potential was varied in the range of -250
mV to +250 mV with respect to OCP at a scan rate of I mV s™
for recording potentiodynamic polarization curves.

SEM-EDX studies: The surface characteristics of the 316
SS before and after exposure to corrosive medium were studied
by means of SEM and EDX techniques. Polished and cleaned
316 SS coupons were dipped in 2.5 M H,SO, devoid of or
containing 500 ppm DBTT for 24 h. The coupons were then
rinsed gently with distilled water, dried and images were recor-
ded using a scanning electron microscope (Carl Zeiss). EDX
profiles of the same surface were also recorded using an Energy
dispersive X-ray analyser (Oxford Instruments).

Quantum chemical calculations: To estimate the elec-
tronic and reactivity properties of DBTT, the geometry was
optimized in ground state in gas phase. All calculations were
done within DFT with exchange correlation hybrid functional:
B3LYP (three-parameter exchange functional of Becke B3 [30]
combined with the Lee-Yang-Parr correlation functional LYP
[31] using the extended basis sets with polarization and diffuse
functions 6-311++G(d,p) by using Gaussian 09 software package
[32]. For acuminous visualization, GaussView package was
employed [33].

RESULTS AND DISCUSSION

Weight-loss experiment: 316 SS was dipped in a solution
of 2.5 M H,SO, in the absence and presence of DBTT of varied
concentrations and the weight-losses were recorded at 30 °C.
The experiment was recurred for different immersion times.
The results are illustrated graphically in Fig. 1.
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Fig. 1. Plot of weight-loss versus time for 316 SS in 2.5 M H,SOy in the
absence and presence of various concentrations of DBTT at 30 °C

It is noted that in the presence of the DBTT (except at
5 ppm concentration) at all immersion times the loss of weight



Vol. 32, No. 5 (2020)

Schiff base derived from triazole as Corrosion Inhibitor for 316 Stainless Steel in 2.5 M Sulphuric Acid 1017

is significantly reduced than in the blank solution. Therefore,
DBTT is an able corrosion inhibitor for 316 SS in 2.5 M H,SO,
medium. As [DBTT] increases, there is a greater decline in the
weight-loss. Enhanced surface protection offered by the adsorbed
DBTT molecules leading to lowering of reaction between the
316 SS surface and H,SO; medium may be responsible for
this. Inhibitor concentration of 5 ppm is probably less than
the critical concentration of the inhibitor at this temperature
and this leads to greater weight-loss in 5 ppm solution than
the blank solution.
Eqn. 1 was used to calculate the corrosion rate [35].

K.W
R = aDT %
where, CR,, is the corrosion rate (mm year™), W is the weight
loss (mg), K =87.6 (a constant), T is the exposure time (h), D
is the density of the alloy (g cm™) and A is the exposed surface
area of the coupon to the medium (cm?).
The percentage inhibition efficiency was calculated using

eqn. 2:

CR},-CR,
CR?,
where, CR®,, and CR,, are respectively the rates of corrosion
of the specimen immersed in acid solutions in absence and

presence of DBTT for a given period.
CRyand IE,, (%) obtained for different [DBTT] by vary-
ing the immersion time are given in Table-1.

IE,, (%)= x100 ?)

TABLE-1
WEIGHT-LOSS STUDIES ON 316 SS IN 2.5 M H,SO, CONTAI-
NING DIFFERENT CONCENTRATIONS OF DBTT AT 30 °C

Immersion .Cor.lc.' ! - Corrosion Inhit_ﬁtion
fhiws () inhibitor loss (gng rate oy ) efficiency
(ppm) cm”) (%)
Blank 0.877 0.406 -
5 1.244 0.576 -
o 25 0.554 0.257 36.83
100 0.491 0.227 44.03
500 0.479 0.222 45.35
2000 0.475 0.220 45.80
Blank 1.232 0.285 -
5 2.082 0.482 -
48 25 1.069 0.247 13.23
100 0.792 0.183 35.67
500 0.707 0.164 42.61
2000 0.649 0.150 47.27
Blank 1.382 0.213 -
5 2.226 0.344 -
7 25 1.204 0.186 12.85
100 0.860 0.133 37.73
500 0.770 0.119 44.29
2000 0.705 0.109 48.94

It is clear from Table-1 that for a particular period of
immersion, there is a rise in IE, (%) with a rise in [DBTT].
This rise may be attributed to the enhanced adsorption of the
DBTT molecules on the surface of 316 SS with the rise in
concentration. However, no particular trend could be identified
in the variation of inhibition efficiency with the immersion
time. The inhibition efficiency increased slightly when the

immersion time varied from 24 to 72 h for solutions with
inhibitor concentrations 500 ppm and more.
Potentiodynamic polarization studies: Fig. 2 illustrates
the Tafel curves of 316 SS in 2.5 M H,SOy in the absence and
presence of different concentrations of DBTT at 40 °C.
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Fig. 2. Tafel polarization curves for 316 SS in 2.5 M H,SO, with different
concentrations of DBTT at 40 °C

Curves obtained at other temperatures were similar to
these curves. As there was no linear Tafel region in the anodic
polarization curve, corrosion current density icor was derived
from the extrapolation of the cathodic part of the polarization
curve to E.. The electrochemical parameters including
corrosion current density ic, corrosion potential E.. and
cathodic slope B. thus obtained are listed in Table-2.

The polarization curves shows that the presence of DBTT
leads to a substantial decrease in the i..,. However, at 30 °C,
some increase in the icor Was observed when [DBTT] =5 ppm.
Higher concentrations of DBTT led to greater decrease in
icor- The addition of DBTT moved the cathodic polarization
curves towards lower current density more than the anodic
curves suggesting that DBTT strongly influences the cathodic
reduction of H* ions. This was affirmed by the observed
shift of E.,.. values in the negative direction. Nevertheless,
these shifts were not significant enough to categorize DBTT
as a cathodic inhibitor. An inhibitor can be classified as a
cathodic or anodic inhibitor only when there is a shift of at
least 85 mV in the corrosion potential [35]. Thus, DBTT may
be regarded as a mixed-type inhibitor which shows predo-
minant cathodic control. Besides, the cathodic curves ob-
tained for the solutions with and without DBTT were almost
parallel to each other with only little fluctuations in B, values
indicating that the cathodic reaction was suppressed without
changing its mechanism [36]. This suggests that DBTT operates
through simple blocking mechanism by getting adsorbed on
the surface.

Eqn. 3 [37] was used to evaluate the corrosion rates.

_ kXEXi,,

VCOIT - (3)
p

where, k is a constant having value of 3270, E is the equivalent
weight of the alloy, icor is the corrosion current density (mA



1018 Shet et al. Asian J. Chem.
TABLE-2
POTENTIODYNAMIC POLARIZATION STUDIES ON 316 SS IN 2.5 M H,SO, CONTAINING DIFFERENT CONCENTRATIONS OF DBTT
Temp. (°C) [DBTT] (ppm) E.,, (mV/SCE) Teor (MA cm™) -B. (mV dec™) Veore (Mm y ™) 0 1E (%)
0 -274.4 53.54 138.97 0.6503 - -
5 -270.8 59.64 150.76 0.7245 - -
30 25 -276.6 33.18 127.10 0.4030 0.3803 38.03
100 -272.5 43.94 137.43 0.5337 0.1793 17.93
500 -287.5 42.40 141.60 0.5150 0.2081 20.81
2000 -296.8 37.23 146.33 0.4523 0.3045 30.45
0 -250.1 83.27 156.28 1.01146 - -
5 -245.3 69.71 169.92 0.8468 0.1628 16.28
35 25 -261.5 60.63 156.86 0.7364 0.2719 27.19
100 -264.2 58.06 169.43 0.7052 0.3028 30.28
500 -275.9 54.82 170.36 0.6659 0.3416 34.16
2000 -286.3 41.39 166.21 0.5028 0.5029 50.29
0 -274.5 258.02 119.04 3.1342 - -
5 -252.1 98.87 165.98 1.2009 0.6168 61.68
40 25 -264.6 79.12 153.75 0.9611 0.6934 69.34
100 -264.4 70.90 155.07 0.8612 0.7252 72.52
500 -284.5 68.00 158.81 0.8260 0.7365 73.65
2000 -287.8 49.35 162.87 0.5994 0.8088 80.88
0 -261.8 587.57 115.14 7.1372 - -
5 -250.1 126.60 148.93 1.5378 0.7845 78.45
50 25 -265.8 142.07 146.25 1.7257 0.7582 75.82
100 -265.9 127.14 151.25 1.5443 0.7836 78.36
500 -282.1 98.51 156.71 1.1966 0.8323 83.23
2000 -305.3 61.63 123.15 0.7486 0.8951 89.51
0 -257.4 1290.50 108.26 15.6756 - -
5 -253.3 269.99 117.31 3.2796 0.7908 79.08
60 25 -264.6 240.52 141.87 2.9216 0.8136 81.36
100 -266.7 181.69 148.84 2.2070 0.8592 85.92
500 -289.4 124.49 135.92 1.5121 0.9035 90.35
2000 -304.4 98.12 129.08 1.1918 0.9240 92.40

cm?) and p is the density of the alloy (kg m™) and V.o is the
corrosion rate (mm year™).

The inhibition efficiency IE, (%) at different temperatures
and different [DBTT] were determined from eqn. 4 [38]:

IE, (%) =VC°”VO—VW><100 @
where, V°.orr and V.o are respectively the corrosion rates in the
absence and presence of DBTT.

The values of v, and IE, (%) obtained by polarization
studies are listed in Table-2. In the absence of DBTT, at low
temperatures (30 and 35 °C), the corrosion rate of 316 SS in
2.5 M H,SOy is similar to its corrosion rate in 2 M HCI (0.52
and 1.01 mm year" at 30 and 35 °C respectively) reported in
recent work [29]. At higher temperatures, however, 316 SS
dissolution is much faster in 2.5 M H,SO, than in 2 M HCI. In
the presence of DBTT, the corrosion rate in 2.5 M H,SO, is
observed to be higher than that in 2 M HCI at all studied
temperatures.

Further, it is evident from Table-2 that IE, (%) increases
with increasing [DBTT]. This may be the result of development
of a barrier film which prevents the alloy surface from being
attacked by the acid [39]. On comparison of these IE, (%) values
with those for the same inhibitor in 2 M HCl medium [29], we
can deduce that DBTT exerts better inhibitive action in 2 M
HCI than in 2.5 M H,SOs (Maximum inhibition efficiency
reported in 2 M HCI was 91.77 % at 50 °C with [DBTT] =2000

ppm, whereas, in 2.5 M H,SO, at the same temperature and
inhibitor concentration, the efficiency is 8§9.51 %).

Effect of temperature: The effect of temperature on the
rate of corrosion was studied in the range 30-60 °C. The corro-
sion rate showed an increase with the increasing temperature.
This is due to the rise in conductivity of the medium with increase
in temperature which further increases the rate of diffusion of
H" ions to the alloy surface [40]. Arrhenius equation (eqn. 5)
[41] expresses the relation between rate of corrosion and tempe-
rature and is given as:

Eﬂ
Inv, =B RT (5)
where, B is a constant - whose value depends on the nature
of the metal/alloy, R is the universal gas constant, T is the
temperature and E, is the apparent energy of activation of the
reaction. Straight lines were obtained for In Vo vs. 1/T plots
(Fig. 3a).

The slopes of these lines give the values of E, (Table-3).
The E, values for inhibited solutions are lower than those for
uninhibited solutions. The observed decrease in E, values points
towards low rate of adsorption of inhibitor at lower tempe-
ratures and this may be associated with chemisorption mecha-
nism [42].

Activation parameters, AH” and AS” for the corrosion
process were obtained with the help of transition state equation
(eqn. 6) [43].
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Fig. 3. Arrhenius plots (a) and transition state plots (b) for the corrosion of 316 SS in 2.5 M H,SO, containing different concentrations of

DBTT

TABLE-3
ACTIVATION PARAMETERS FOR THE DISSOLUTION
OF 316 SS IN 2.5 M H,SO, CONTAINING DIFFERENT

CONCENTRATIONS OF DBTT
Concentration E, AH” AS*
(ppm) (kJ mol™) (kJ mol™) (J mol' K™
0 90.97 88.33 43.50
5 40.66 38.02 -122.74
25 52.90 50.26 -85.56
100 40.45 37.80 -125.45
500 30.13 27.49 -159.41
2000 26.41 23.77 -173.57
v R AS” AH”
In—&r = (ln—j+[—j:|— (6)
T hN R RT

where, AS” and AH” are the entropy and enthalpy of activation
respectively, h is Planck’s constant and N is Avogadro’s number.

Straight lines are obtained when In (V.or/T) is plotted against
1/T, -AH”/R being the slope and (In R/hN) + (AS?/R) being the
intercept (Fig. 3b).

Enthalpy and entropy of activation were calculated from
the slope and the intercept respectively. Positive values of AH*
(Table-3) point out endothermic nature of the corrosion reaction.
Further, negative sign of AS” suggests decrease in system’s
disorder on departing from reactants to the activated complex
in the presence of DBTT. Therefore,in the rate determining
step, the activated complex formed should be as a result of
association rather than dissociation [44].

Adsorption isotherm: Data obtained from potentiodyna-
mic polarization studies were fitted graphically into various
adsorption isotherms, namely, Langmuir, Temkin, Frumkin and
Flory-Huggins. Since inhibitory action of organic inhibitors
is through adsorption on the metal surface, the nature and extent
of adsorption can be studied from these isotherms. Langmuir
isotherm gives the best fit for the experimental data. Langmuir
isotherm is given by the equation (eqn. 7) [45].

inh (7)

In the above equation, Ci,, stands for the concentration of
the inhibitor in mol L, K, is the equilibrium adsorption
constant and 0 is the degree of coverage of the surface by
DBTT at different concentrations. Based on potentiodynamic
polarization studies, © was calculated with the help of eqn. 8:

_IE (%)

0= 100 ®)

where, IE, (%) is the inhibition efficiency. Straight lines at diffe-
rent temperatures were obtained for a plot of Cipn/0 vs. Ci.
In each case, correlation coefficient (R?) was close to value
of one-indicating linearity relationship between the variables.
The obedience of Langmuir’s isotherm is generally associated
with chemisorption [46]. The K, values were obtained from
intercepts of these lines. At each temperature, standard free
energy of adsorption AG®, was calculated using eqn. 9 [46]:

AGS, =-RTIn (55.5K ) ©9)

where, 55.5 denotes the concentration of water in solution in
mol L. The K,q and AG®, values obtained are tabulated in
Table-4.

TABLE-4
THERMODYNAMIC PARAMETERS FOR THE
ADSORPTION OF DBTT ON 316 SSIN 2.5 M
H,SO, AT DIFFERENT TEMPERATURES

Temp. Kuss AG® g R? AH® AS®ys
(°C) (mol ! L) (kJ mol™) (kJmol") (I mol! K1)
30 1.72 x 10° -28.88 0.982
35 224 x 10° -30.04  0.983
40 1.83 x 10* -36.00  0.999 96.37 414.99
50 2.29 x 10* -37.75 1.000
60 5.21 x 10* -41.19 1.000

Higher temperature appears to favour stronger adsorption
of the inhibitor as revealed by the increase in the K4 values
with the increase in temperature. At high temperature, the inter-
action between the alloy surface and the adsorbed molecules
happens to be stronger, thereby, facilitating more adsorption.
This elucidates the noted enhancement in inhibition efficiency
with temperature and, also indicates that adsorption of the
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inhibitor is by chemisorption. The values of K. obtained for
the same inhibitor in 2 M HCI medium were much higher
[29], implying a stronger adsorption of the inhibitor in 2 M
HCI than 2.5 M H,SO..

Since all the AG®,q values are negative, it may be inferred
that DBTT is spontaneously adsorbed on the steel surface
forming a stable layer. Further, as temperature increases, adsor-
ption is more favourable as the AG®°,4,becomes more negative
at high temperatures [47]. The values of AG°, range from
approximately -28 to -41 kJ mol, indicating that the adsorption
of DBTT on 316 SS involves both physisorption and chemi-
sorptions, with chemisorption being predominant [21]. Similar
metal-inhibitor interaction was observed in 2 M HCI medium
earlier [29].

According to eqn. 10 [48]:

AGst = AHst - TAS:&JS (10)

where, AH®,q is standard enthalpy of adsorption and AS®.
is standard entropy of adsorption, the values of AG®, were
plotted against T to obtain a straight line.

Slope and intercept of the graph were used to derive the
values of AS®,q, and AH®,q values, respectively (Table-4). The
adsorption here is an endothermic process which is evident
from high positive value of AH®q [49]. Further, this obser-
vation is consistent with the conclusions drawn with AG®q,
and K, values that the adsorption involves chemisorption.
AS° 4 also has a high positive value which is due to the increase
in disorder of the system during adsorption. This causes easy
adsorption of DBTT.

EIS studies: EIS spectra of 316 SS immersed in uninhi-
bited 2.5 M H,SO, solution at 30 and 35 °C showed a semi-
circular capacitive arc at high-frequency region followed by a
Warburg tail at low-frequency region (Fig. 4a). The capacitive
arc corresponds to the charge-transfer process across the oxide
layer formed on the alloy surface whereas the low-frequency
Warburg impedance suggests that the corrosion is limited by
a diffusion process [50]. At higher temperatures (40 °C and
above), the Warburg impedance was replaced by an inductive
loop (Fig. 4b).

The EIS spectra of all inhibited solutions exhibited a well-
defined capacitive arc at high frequency region and an inductive

600
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loop at the low frequency region. The capacitive loop may be
assigned to the charge-transfer between alloy and electrolyte
whereas the inductive loop may be linked with the formation
of Fe(I) and Fe(Il) adsorbed intermediate species [51]. It may
also be ascribed to the adsorption of inhibitor [52] or to the
redissolution of the oxide-layer on the steel surface at low fre-
quencies [53].

Another small inductive loop is observed at very high
frequencies in some of the spectra which may be attributed to
the actual physical inductance of the wires and possibly of
the electrode itself [52]. The capacitive loops show a slightly
depressed nature with their centres lying below the real axis
which may be because of frequency dispersion. This is usually
related with porous/heterogeneous nature of the electrode
surface resulting in a diversion from ideal capacitive behaviour.

A large increase in impedance observed in inhibited solu-
tions compared to blank solutions especially at high temperatures
points out to strong inhibition of corrosion process, probably
due to adsorption of the inhibitor on the alloy surface.

Equivalent circuits fitting the impedance data were obtained
(Fig. 5a-c) using ZSimpwin 3.21 software and the parameters
obtained are given in Table-5. The impedance data correspon-
ding to the corrosion of 316 SS in 2.5 M H,SO, without DBTT
at low temperatures (30 and 35 °C) were analyzed in terms of
the equivalent circuit presented in Fig. 5a. The circuit includes
R;, Rg, Ry, Cr, Quand W. R represents solution resistance, Reand
R.: represent the resistance of the oxide film covering the alloy
surface and charge-transfer resistance respectively. C;represents
the capacitance of the oxide film, Qa is a constant phase element
denoting the double-layer and W is the Warburg element.

Equivalent circuit shown in Fig. 5b was used to fit the
EIS results obtained for blank solution at higher temperatures
(40 °C and above). The circuit consists of R, Ry, Qa, Ry, Qr
(constant phase element corresponding to the oxide-film), L,
and L, (inductive elements) and R, (inductive resistance).

The results of EIS measurements of inhibited solutions
were fitted using the equivalent circuit shown in Fig. 5c. The
elements included in the circuit are R, R, Qa, Li, L, and R;..

In most places in these equivalent-circuits, an ideal capa-
citor was replaced by a constant phase element to obtain a better
fit. At higher temperatures (40-60 °C), inhibited solutions show

350
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“c 2004

—r T T T T T T T
100 150 200 250 300 350
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Fig. 4. Nyquist plots of 316 SS in 2.5 M H,SO, with different concentrations of DBTT at (a) 35 °C and (b) 40 °C
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TABLE-5
IMPEDANCE DATA FOR THE CORROSION OF 316 SS IN 2.5 M H,SO, CONTAINING DIFFERENT CONCENTRATIONS OF DBTT

Temp. (°C) [DBTT] (ppm) R, (chm cm?) Y, x 10* (S s" cm™®) n Cy x 10* (Fcm?) 1E (%)
Blank 531.1 5.90 0.544 2.55 -
5 363.2 3.33 0.868 2.72 -46.23
30 25 4717.3 2.68 0.928 2.29 -11.27
100 485.5 248 0.905 2.02 -9.39
500 512.9 2.34 0.891 1.85 -3.55
2000 523.7 1.82 0.863 1.29 -1.41
Blank 389.0 6.38 0.546 2.39 -
5 159.9 2.54 0.942 2.16 -143.3
35 25 182.2 3.08 0.924 2.54 -113.5
100 236.8 2.00 0.928 1.59 -64.27
500 367.9 243 0.869 1.75 -5.74
2000 426.4 1.02 0.897 0.73 8.77
Blank 31.7 11.65 0.858 7.11 -
5 131.6 3.32 0.926 2.70 75.88
40 25 144.4 3.58 0.937 3.06 78.02
100 155.5 3.23 0.914 2.54 79.59
500 190.2 2.25 0.901 1.64 83.31
2000 224.0 1.07 0.897 0.74 85.83
Blank 21.7 27.90 0.831 15.49 -
5 92.8 5.51 0.907 4.11 76.61
50 25 100.1 4.74 0.922 3.80 78.31
100 108.2 5.32 0.874 3.57 79.94
500 150.9 4.08 0.855 2.71 85.61
2000 198.7 1.98 0.892 1.41 89.07
Blank 11.3 34.92 0.863 20.73 -
5 49.6 18.44 0.813 8.49 77.28
60 25 53.9 9.18 0.918 7.29 79.10
100 65.3 5.69 0.900 4.15 82.74
500 94.9 4.66 0.874 3.13 88.13
2000 124.1 1.99 0.874 1.23 90.92
@) — a barrier for mass and charge-transfer [54]. R is inversely
C proportional to corrosion current density i (and thus to corro-
& — sion rate) as per the Stern-Geary equation (eqn. 11) [37]:
Rs 1
Q. - BB an
R —— o 23036, PR,
R w Therefore, the increase in R in the presence of the DBTT
(b) _ — — means decreased rate of corrosion.
Qq Q However, at lower temperatures (30 and 35 °C), R, values
ST R —o  shown by blank solution were higher than some of the inhibitor
' ) — R, solutions. This is probably due to the stability of the passivating
R, R, oxide-film at these temperatures. Higher temperatures increased
L, the dissolution of the oxide layer causing a rapid increase in
(©) ’Q_d.l the corrosion rate.
Inhibition efficiency, IE. (%) was calculated by using eqn.
o} :
- =~ . 0 12:
R, R —R°
— IE, (%) = ———%x100 (12)
Rct 1 RCI
L
L, where, R and R¢ are the charge-transfer resistances in the

Fig. 5. Equivalent circuits used for fitting the EIS results of 316 SS in 2.5
M H,SO,(a) at 30 and 35 °C in the absence of inhibitor (b) at 40,
50 and 60 °C in the absence of inhibitor and (c) in the presence of
inhibitor at all temperatures

a greater charge-transfer resistance than uninhibited solutions
(Table-5). Further, there is a steady increase in R, with the
increase in [DBTT]. This may be due to the formation of a
protective layer on the electrode surface, thereby, developing

presence and absence of the DBTT.
Double layer capacitance Ca, was computed from circuit-
fitting results using eqn. 13 [55]:

C, =Y,@nf,, )" (13)

max
Here, Y, is an admittance parameter, fi.. is the frequency at

which the imaginary component of the impedance has maximum
value and n is the constant phase element exponent.
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The values of Cq at many temperatures displayed a steady
decline with the increase in [DBTT]. Drop in Cq value is a
result of upsurge in the dielectric constant and/or an increase
in the width of the electric double layer due to the adsorption
of the DBTT [56]. Thus, reduction in Cy values with the increa-
sing [DBTT] implies that there is adsorption of the inhibitor
at the metal-electrolyte interface and the degree of adsorption
rises with the rise in [DBTT]. The approach of values of n to
unity in the presence of DBTT indicates the enhancement of
homogeneity of the surface owing to the adsorption of DBTT
molecules [36].

SEM-EDX studies: The surfaces of the 316 SS samples
were checked by SEM and EDX techniques to obtain a greater
insight into the inhibition ability of DBTT. Fig. 6a-c displays
the SEM images of the surfaces before exposure to 2.5 M H,SO,
and after immersion in 2.5 M H,SOy in the absence and presence
of 500 ppm of DBTT for 24 h at 30 °C. The surface of the freshly
polished specimen is smooth without any pits and cracks (Fig.
6a). After immersion in 2.5 M H,SO, the surface has some
pits and cracks due to corrosion (Fig. 6b). Later, in the presence
of DBTT, the surface again appears uniform (Fig. 6c) as it is
protected by a layer of DBTT molecules that suppresses the
attack by 2.5 M H,SO..

EDX analyses were further carried out to identify the
composition of the acid exposed metal surface in the absence
and presence of DBTT. The corresponding data is presented
in Table-6. The EDX spectrum of the freshly polished specimen
(Fig. 7a) showed peaks corresponding to all major elements
present in the alloy except molybdenum. But the EDX spectrum
of the specimen immersed in blank 2.5 M H,SO, (Fig. 7b)
clearly showed the presence of molybdenum. This may be
due to the formation of insoluble MoOs layer on the surface
[51] as the dissolution of 316 SS progresses in sulphuric acid
leading to substantial quantity of Mo on the surface. However,
there was no peak representing Mo in the EDX profile of the
sample surface exposed to the inhibitor solution (Fig. 7c). This
suggests that the dissolution of surface is restricted in the
presence of inhibitor.

Also, an examination of the EDX profile revealed a slight
increase in the percentages of sulphur and nitrogen on the surface
of the inhibited sample when compared to that of the freshly
polished alloy and the alloy immersed in blank solution. This
indicates that the corrosion inhibition is due to adsorption of
DBTT molecules via sulphur- and nitrogen-containing sites.

Mechanism of corrosion inhibition: The Tafel studies
have proved that DBTT is an inhibitor with predominant cathodic

L ¥ D 3 b b
agn B K Temm 181 8F

Fig. 6. SEM micrographs of (a) Freshly polished 316 SS (b) 316 SS exposed to 2.5 M H,SO, in the absence of DBTT and (c) 316 SS exposed

to 2.5 M H,SO; in the presence of 500 ppm DBTT

0 2 4 6 8 10 12 14
keV

Fig. 7. EDX Spectra of 316 SS (a) freshly polished (b) exposed to 2.5 M H,SO, in the absence of DBTT and (c) exposed to 2.5 M H,SO, with

500 ppm DBTT
TABLE-6
EDX DATA OF 316 SS SURFACE UNDER DIFFERENT CONDITIONS
Element (Wt %) C N (0] S Cr Fe Ni Mo
Polished 1.32 0.31 1.33 0.36 16.22 65.53 14.93 -
Uninhibited 1.58 0.31 1.12 - 19.45 64.88 11.50 1.16
Inhibited 2.01 0.46 - 0.42 22.78 61.76 12.58 -
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control. The cathodic protection by DBTT can be described
on the basis of adsorption. DBTT gets adsorbed on the cathodic
sites of the steel and thus decreases the hydrogen evolution
reaction [17]. The mechanism proposed for the evolution of
hydrogen in acidic media is as follows [21]:

Step-1: M + H;O" + ¢ === MH.qs + H,O

Step-2: MH.4 + H;0*+ ¢ —= M + H, + H,O
Step-3: MH,q + MH,y —>2M + H,

Thus, the protonated inhibitor molecules compete with
the H;O* for adsorption on the alloy surface and thereby, deter
the formation of MH,q (Step-1). This in turn decreases the H,
liberation by step 2 or 3.

Other factors, for instance, the nature of corrosive medium,
the pH, the concentration of the inhibitor and the different
functional groups present in the inhibitor will also influence
the adsorption of a given inhibitor [13]. The hetero atoms of
DBTT can act as active adsorption centres at the metal surface.
The strength of adsorption is determined by the electron-density
of the atoms and polarizability of the groups. The methyl groups
present in the molecule are electron-donating and thus increase
the localization of the lone-pair on nitrogen atoms. This enhances
adsorption and subsequently corrosion inhibition [57].

Mode of adsorption: The adsorption of sulphate ions
from the medium leads to the development of negative charge
on the stainless steel surface. In H,SO, solution, DBTT may
exist either in the form of cations DBTTH" with a positive charge
on nitrogen of the amino group or as neutral molecules. The
neutral DBTT molecules get adsorbed on the steel surface
displacing water molecules whereas the positively charged
DBTTH" may be adsorbed through electrostatic interaction
between positively charged N-atoms and the negatively charged
alloy surface [58]. The mode of adsorption of DBTT and
DBTTH" on steel surface is similar to the one described for
HCI1 medium elsewhere [29]. The adsorption of DBTT on the
electrode surface generates a barrier for transport of mass and
charge. This leads to the shielding of the surface from the attack
of aggressive ions.

However, at low concentrations of the inhibitor, the amount
of DBTT is insufficient to cover the metal surface completely.
As a result, the surface layer readily dissolves in the acidic
environment. With the increase in concentration, more inhibitor
molecules get adsorbed on the metal surface which subse-
quently reduces the solubility of the surface layer, leading to
improved inhibiting effect.

Frontier molecular orbital analysis: Highest occupied
molecular orbital (HOMO) energy depicts the electron dona-
ting capacity, while, energy of lowest unoccupied molecular
orbital (LUMO) illustrates the electron accepting capacity. The
combination of these two orbitals being called as Frontier mole-
cular orbitals (FMOs). Therefore, higher energy value of HOMO
suggests greater ability for electron(s) donation to the acceptor
molecule with lower energy and empty molecular orbital [59],
while, lower energy values of LUMO describes the electron
accepting tendency of the [60,61]. The chemical behaviour of
amolecule is better understood in terms of AE = Eyomo-Evumo.
Further, the chemical reactivity of DBTT is described in terms

of various global reactivity parameters which were calculated
by DFT method using B3LYP/6-311++g(d,p) basis set.

For DBTT, Enomo (MO: 69) and ELymo MO: 70) values
are -5.5081 and -1.5400 eV, respectively. The global chemical
descriptors such as ionization potential I = (-Exomo), electron
affinity A = (-ELumo), electronegativity y = (I + A)/2, global
hardness n = (I - A)/2, chemical potential u = —(I + A)/2 and
electrophilicity index, 0= (u%/21) [62] are calculated (Table-7).
The HOMO-LUMO orbitals are shown in Fig. 8. The HOMO
is confirmed over entire DBTT except the methyl group of triazole
ring, whereas, the LUMO is confirmed over entire DBTT and
partially on thiol and methyl groups.

TABLE-7
ENERGY VALUES OF DBTT CALCULATED
BY DFI/B3LYP/6-3++G(d,p) METHOD

Parameter Ll RIS
(DFT/B3LYP/6-3++G(d,p))

SCF energy (a.u) -1138.2134
Eromo (69) (eV) -5.5081
ELumo (70) (eV) -1.5409
Eyomo — ELumo (AE) (eV) 3.9600
Tonization potential (I) = -Eyomo 5.5081
Electron affinity (A) = -E, ymo 1.5409
Electronegativity (y) = (I + A)/2 3.5245
Global hardness () = (I - A)/2 1.9836
Chemical softness (V) = 1/n) 0.5041
Chemical potential (u) =-(I+ A)/2 -3.5245
Electrophilicity index (®) = u%/2n 3.1312

Fig. 8. (a) Optimized geometry, (b) HOMO, (c¢) LUMO, (d) electrostatic
potential map of the title molecule

From the analysis of MEP (Fig. 8) and Mulliken atomic
charges, it can be concluded that the electron rich regions have
greatest ability to bind the metal surface (marked as red colour
in MEP and represented with more negative value in Mulliken
atomic charges), whereas, the electron poor regions have greatest
ability to accept electrons (marked as blue regions in MEP as
well as represented with positive value in Mulliken atomic
charges). According to HSAB concept the hard acids tend to
react with hard bases and soft acids actively react with soft
bases. In the present case Fe (soft acid) reacts with nitrogen
atoms (C=N) of triazole ring (soft base).

Summarizing the above results, it is concluded that the
DBTT is able to give electrons to unoccupied d orbitals of metal
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surface to form coordinate covalent bonds and can also accept
free elec-trons from the metal surface by using their
antibonding orbitals to form feedback bonds and thus,
explaining its good corrosion inhibition property.
Conclusion

e 4-{[4-(Dimethylamino)benzylidene]amino }-5-methyl-
4H-1,2,4-triazole-3-thiol (DBTT) is an effective corrosion inhi-
bitor for 316 SS in 2.5 M H,SO..

e DBTT exhibits mixed-type inhibition with predominant
cathodic control.

e The inhibition efficiency enhances with the increase
in [DBTT] and temperature.

* Inhibition is due to the adsorption phenomenon obeying
Langmuir isotherm.

e Adsorption is through both physisorption and chemi-
sorption but chiefly chemisorption.

e DBTT alters the surface morphology of 316 SS as
evidenced by SEM-EDX studies.

 Results of potentiodynamic polarization and EIS methods
are in concordance with the results of weight-loss method.

e Theoretical calculations accord the good inhibition
efficiency of DBTT.
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