% Research Journal of Chemical Sciences

ISSN 2231-606X

Vol. 4(8), 62-74, August (2014)

Res. J. Chem. Sci.

Oazole Derivatives as Corrosion Inhibitors for 316L Stainless Steel in

Sulfamic Acid Solutions

Fouda A.S.", Elmorsi M.A.%, Fayed T.? and El saidM."

'Department of Chemistry, Faculty of Science, El-Mansoura University, El-Mansoura-35516, EGYPT
*Department of Chemistry, Faculty of Science, Tanta University, Tanta, EGYPT

Available online at: www.isca.in, www.isca.me
Received 3™ August 2014, revised 12" August 2014, accepted 17" August 2014

Abstract

Oxazole derivatives were investigated as corrosion inhibitors for 316L stainless steel (SS) in sulfamic acid (NHHSOj3)
solutions by potentiodynamic polarization, electrochemical impedance spectroscopy (EIS) and electrochemical frequency
modulation (EFM) techniques. The results showed the variation in inhibition performance of the inhibitors with varying
concentrations and temperatures. The maximum efficiency was found to be 91% at 2x10™* M concentration of the inhibitors
for the immersion period of 3 hours. Langmuir was tested to describe the adsorption behavior of inhibitor on 316L SS
surface. Potentiodynamic polarization study clearly revealed that these compounds act as mixed type inhibitors. The results
of the electrochemical impedance study showed a decrease in double layer capacitance and increase in charge transfer
resistance.The results of various electrochemical techniques show good agreements with each other.
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Introduction

Sulfamic acid (amido sulfuric acid) has long been used as an
industrial cleaning agent due to its remarkable property of
solubilizing hard scales and most of the deposits. Furthermore,
it can be used on stainless steels with no problem of pitting or
chloride - induced stress corrosion cracking (SCC). Sulfamic
acid finds application indesalination plants for cleaning
demisters, heat exchangers and cooling water systerns.
Optimization in the sulfamic acid treatment is desirable in terms
of plant efficiencyand economic considerations. However, in
spite of its capability as a potential descaling and an excellent
cleaner, the industrial chemical treatment is some what
qualitative due to the lack of corrosion and dissolution data
regarding sulfamic acid'. Sulfamic acid behaves as a strong acid
in aqueous solution but the corrosion rates are significantly
lower in comparison to other acid®. The low corrosion rates can
be reduced further by the addition of corrosionInhibitors®. It can
be used for cleaning stainless steels with no problem of chloride
induced stress corrosion cracking. Due to these formidable
properties, acidcleaners based on sulfamic acid are extensively
used in a large variety of house hold and industrial
applications®.

Efficient inhibitors for 316 SS are heterocyclic organic
compounds consisting of a m-system and P, S, N, or O
heteroatom. It is noticed that the presence of these functional
groups and heteroatom in the organic compound molecules
improves its action as stainless steel corrosion inhibitor because
they enable chemisorptions, such as azoles® '3, amines'*, amino
acids'”, organic derivatives also offer special affinity to inhibit
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corrosion of various metals in different acidic media and

many others.

In this study the various electrochemical techniques was used to
investigate the effect of some oxazole derivatives as corrosion
inhibitors for 316L SS in sulfamic acid solution.

Experimental

Materials and solutions: Experiments were performed using
316SS sampleswith the following composition (weight %): C
0.0.03%, Mn2%, P 0.045%, Si 0.75%, Ni 10-14%, Mo 2-3%, Cr
16-18%, S, N 0.1%, S 0.03%and balance Fe. The aggressive
solution used was prepared by dilution of analytical reagent
gradesulfamic acid with bidistilled water. The stock solution
(1x10™ M) of investigated compounds was used to prepare the
desired concentrations by dilution with bidistilled water. The
goncentration range of investigated compounds was (4-20 x 10
M).

Electrochemical measurements: Six test pieces of 316SS were
cut into 2 x 2 x 0.2 cm. They were abraded with emery papers
(a coarse paper was used initially and then progressively finer
grades were employed), degreased in acetone, rinsed with
bidistilled water and finally dried between two filter papers
and weighed. The test pieces were suspended by suitable
glass hooks at the edge of the basin, and under the surface of
the test solution by about 1 cm. Weight loss measurements
were performed for 3 hours at the temperature range from 25 —
55°C by immersing 316SS pieces into 100 ml acid solution
with and without various concentrations of inhibitors. After the
specified periods of time, the specimen were taken out of the
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Table-1
Composition of 316L SS samples
element C Cr Ni Mo Mn Si P S N Fe
weight% 0.03 16-18 10-14 2-3 2 0.75 0.045 0.03 0.1 balance

test solution, rinsed with bidistilled water, dried as before and
weighed again accurately. The average weight loss at a certain
time for each set of the six samples was taken. The weight loss
was recorded to nearest 0.0001 g.

Electrochemical measurements: Electrochemical experiments
were performed using a typical three-compartment glass cell
consisted of the 316SS specimen as working electrode (1 cm?),
saturated calomel electrode (SCE) as a reference electrode and a
platinum foil (1 cm?) as a counter electrode. The reference
electrode was connected to a Luggin capillary and the tip of the
Luggin capillary is made very close to the surface of the
working electrode to minimize IR drop. All the measurements
were done in solutions open to atmosphere under unstirred
conditions. All potential values were reported versus SCE. Prior
to every experiment, the electrode was abraded with successive
different grades of emery paper, degreased with acetone and
washed with bidistilled water and finally dried. Tafel
polarization curves were obtained by changing the electrode
potential automatically from (-1.0 to 0.2 V vs. SCE) at open
circuit potential with a scan rate of 1 mVs". The corrosion
current is performed by extrapolation of anodic and cathodic
Tafel lines to a point which gives log i and the corresponding
corrosion potential (E.,,) for inhibitor free acid and for each
concentration of inhibitor.

Impedance measurements were carried out in frequency range
from 100 kHz to 0.1Hz with amplitude of 5 mV peak-to-peak
using ac signals at open circuit potential. The experimental
impedance was analyzed and interpreted based on the equivalent

circuit. The main parameters deduced from the analysis of
Nyquist diagram are the charge transfer resistance R, (diameter
of high-frequency loop) and the double layer capacity C;.

Electrochemical frequency modulation, EFM, was carried out
using two frequencies 2 and 5 Hz. The base frequency was 0.1
Hz, so the waveform repeats after 1 s. The higher frequency
must be at least two times the lower one. The higher frequency
must also be sufficiently slow that the charging of the double
layer does not contribute to the current response. Often, 10 Hz is
a reasonable limit. The Intermodulation spectra contain current
responses assigned for harmonical and intermodulation current
peaks. The larger peaks were used to calculate the corrosion
current density (i), the Tafel slopes (B. and f,) and the
causality factors CF-2 and CF-3

All electrochemical measurements were performed using Gamry
Instrument (PCI 300/4)Potentiostat / Galvanostat /ZRA. This
includes a Gamry framework system based on the ESA 400.
Gamry  applications  include @ DC105  software  for
potentiodynamic polarization measurements, EIS300 software
for electrochemical impedance spectroscopy and EFM 140
software  for  electrochemical  frequency  modulation
measurements along with a computer for collecting data. Echem
Analyst 6.03 software was used for plotting, graphing, and
fitting data.

To test the reliability and reproducibility of the measurements,
duplicate experiments were performed in each case at the same
conditions.

Table-2
Chemical structures, names, molecular weights and molecular formulas of oxazolederivatives
Inhibitor Structures Names M“(])‘l;iegcllll::r Eol:fl::::lc:sl
(0]
A NNQH (E)-2-styrylbenzo[d]oxazole 221.25 CysH;{NO
0]
P O (E)-2-(2-(naphthalene-2-
B @N yl)ViIlyl)benzo[d]oxazole 271.31 C19H13NO
; ¢ )
(E)-2-(2-(phenanthren-2-
Vs
c ©:N yl)vinyl)benzo[d] oxazole 321.37 Co3HisNO
o}
©: 27N {_p (E)-2-(2-(pyren-2-
b N ylvinyl)benzo[d] oxazole 345.39 CosHisNO
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Results and Discussion

Weight loss method: Figure-1 shows plots for the variation of
weight loss of 316L SS with time for the corrosion of SS in
0.6M NH, HSO; containing various concentrations of
compound (D) at 25°C. Similar curves were obtained for other
inhibitor but not shown. From the plots, it is evident that the
weight loss of SS was also found to decrease with increase in
the concentration of compound (D). The weight loss of SS in the
blank solution was also found to be higher than those obtained
for solutions of NH,HSO; containing various concentrations of
compound (D). These indicate that compound D is an
adsorption inhibitor for the corrosion of SS in solutions of
NH,HSO;. In table-3, values of the corrosion rates of SS and
inhibition efficiency of all studied compounds in various media
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are presented. The degree of surface coverage (0) and inhibition
efficiency (% IE) were calculated using equation (1):
% 1E = 0 x100 = [1-CRjp1/ CRgee) x 100 @)
Where CR;,, and CRg.. are the corrosion rates in the absence
and presence of inhibitor, respectively. It can be seen that the
maximum of 90.6% inhibition efficiency is achieved at 2 x 10™
M of inhibitor concentration and %IE increases with increasing
the inhibitors concentrations”®. This is mainly due to the active
chemical constituent of viz, ® bonds, hetero atoms (O and N).
The almost greater than 90% of surface coverage (0) is due to
the co-ordination between the metal and the hetero atom present
in the inhibitor. From the calculated values of %IE, the order of
the inhibition efficiency of inhibitors was as follows: D >B > A
>C.

Table-3
Corrosion Rate (C.R.) and inhibition efficiency ( %IE) at different concentrations of inhibitors for the corrosion of
316L SS after 120 min immersion in 0.6 M NH,HSO; at 25°C

A B C D
Conc., x C.R.x10’° C.R.x10’ C.R.x10’° C.R.x10’°
10°M mg cm > min™! %1E mg cm > min” %I1E mg cm > min™ %I1E mg cm” min! %I1E
4.0 3.24 72.4 3.47 70.5 4.07 65.4 291 75.2
8.0 2.63 77.6 2.82 76.0 3.28 72.0 2.17 81.5
12 2.12 81.9 2.12 81.9 2.59 78.0 1.66 85.8
16 1.66 85.8 1.43 87.8 2.17 81.5 1.38 88.2
20 1.48 87.4 1.25 89.4 1.89 83.9 1.11 90.6
1.8
| [~m—blank 0.6 M H3NSO,
1.6 — ®—4x105m
|l Fa—sx10%m
144 Fwt12x10tm
1 Fe—16x10%m
-4
o 127 E»—2x10" ™
£ J
o1.0 -
SR
80.8 -
% -
0.6
; -
0.4 —
0.2 —
0.0 ) ) ) )

20 40 60

Time . min

Figure-1

Weight loss-time curves

for the corrosion of 316SS in 0.6 M NH,HSO; in the absence and presence of different

concentrations of inhibitor (D) at25°C
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Effect of temperature on inhibition efficiency (% IE): The
inhibition efficiency (% IE) for 316SS corrosion in the presence
of various concentrations of the investigated oxazolederivatives
and at different temperatures was calculated and is listed in
table-4. The results of table-4 illustrate the variation of
corrosion rate (C.R.) and %IE with inhibitors concentrations at
different temperatures. The obtained data revealed that, the
inhibition efficiency decreased with an increase in the inhibitor
concentration. This suggests that the inhibitor species are
adsorbed on the 316SS /solution interface where the adsorbed
species mechanically form a protected film on the metal surface
which inhibits the action of the corrosion. A close comparison
between tables 2 and 3 revealed that weight loss of SS increases
with increasing temperature indicating that the rate of corrosion
of SS increases with increase in temperature. The value of
inhibition efficiency was decreased with rise in temperature
suggests that physical adsorption mechanism®. These results
indicate that the adsorption of investigated compounds shield
the metal surface at room temperature”. However it may be de-
shielded from the surface with rise in temperature.It is also clear
that corrosion rate of 316SSin the absence and presence of
inhibitors obeys Arrhenius type equation as it increases with
raising solution temperature. The dependence of corrosion rate
(keorr) on the temperature can be expressed by Arrhenius
equation 2:

icorr =A exp (-E, 7 RT) ()

where A is the pre-exponential factor and E,” is the apparent
activation energy of the corrosion process. Arrhenius plot
obtained for the corrosion of carbon steel in 0.5 M sulfamic acid
solutions in the presence of different concentrations of
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compound (D) is shown in figure-2. E*a values determined from
the slopes of these linear plots are shown in table-5. The linear
regression (Rz) is close to 1 which indicates that the corrosion of
316 SS in 0.5 M sulfamic acid solutions can be elucidated using
the kinetic model. Table-5 showed that the values of E, for
inhibited solution is higher than that for uninhibited solution,
suggesting that dissolution of 316 SS is slow in the presence of
inhibitor. It is known from Eq. 2 that the higher E", values lead
to the lower corrosion rate. This is due to the formation of a
film on the carbon steel surface serving as an energy barrier for
the carbon steel corrosion™.

Enthalpy and entropy of activation (AH', AS") of the corrosion
process were calculated from the transition state theory as given
from equation 3 (table-4):

Keorr = (RT/ Nh) exp (AS'/R) exp (-AH/RT) (3)

where h is Planck’s constant and N is Avogadro's number. A
plot of log (kKeon/ T) vs. 1/ T for carbon steel in 0.5 M sulfamic
acid with different concentrations of compound (D) gives
straight lines as shown in figure-3. Similar curves were
obtained for other compounds but not shown. Values of AH are
positive. This indicates that the corrosion process is an
endothermic one. The entropy of activation AS™ is large and
negative. This implies that the activated complex represents
association rather than dissociation step, indicating that a
decrease in disorder takes place, going from reactants to the
activated complex'.

Table-4

Variation of

inhibition efficiency (%IE) and corrosion Rate (C.R.) for various concentrations of the studied

inhibitors at different temperatures

A B C D
T?gp. Conl\c/ix 0’ C.R.§10'.3 L C.R.§10'_3 L %E C.R.;§10'_3 N aE C.R.§10:3 e
mg cm™” min mg cm™” min mg cm’™” min mg cm™” min
4 8.28 66.5 8.05 67.5 9.02 63.5 7.407 70.1
8 6.66 73.1 6.57 73.5 7.59 69.3 5.324 78.5
35 12 5.23 78.9 5.32 78.5 6.43 74.0 3.98 83.9
16 4.62 81.3 3.98 83.9 5.41 78.1 3.37 86.4
20 3.75 84.9 291 88.2 4.58 81.5 2.73 89.0
4 17.87 65.3 17.68 65.6 18.84 63.4 15.55 69.8
8 14.72 71.4 15.00 70.9 17.26 66.5 11.48 77.7
45 12 12.17 76.3 12.08 76.5 14.63 71.5 8.70 83.1
16 10.41 79.8 8.51 83.5 12.54 75.6 7.59 85.3
20 9.35 81.8 7.45 85.5 10.92 78.8 6.20 88.0
4 37.31 63.3 38.05 62.5 44.30 65.4 31.29 69.2
8 31.11 69.4 32.22 68.3 36.08 63.8 2421 76.2
55 12 26.34 74.1 26.11 74.3 31.20 69.3 19.07 81.2
16 23.75 76.6 19.02 81.3 26.89 73.5 16.20 84.0
20 21.76 78.6 16.29 83.9 24.21 76.2 13.28 78.0
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Figure-2
Arrhenius plots for 316SS rates (K.,) after 120 min. immersion in 0.6 M H,NHSO; in the absence and presence of various
concentrations of inhibitor (D)

B blank 0.6 M HgNSO5

® 4x10°5Mm
8x10°°Mm
v 12x10%m
1.6x 10" %M
> 2x10°4 m

T T T T T T T T T T T T T T T

17T,K'
Figure-3

Transition state plots for 316SS (k.,/ T vs 1/T) after 120 min. immersion in 0.6 M H,NHSO; in the absence and presence of

various concentrations of compound (D)
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Adsorption isotherms: Adsorption isotherm values are parameters for the adsorption of different inhibitors on 316SS
important to explain the mechanism of corrosion inhibition of surface in 0.6 M H,NHSOsat different temperatureswas listed in
organo-electrochemical reactions. The most frequently used table -6.

isotherms are Langmuir isotherm (figure-2). Thermodynamic

Table-5
Activation parameters for 316SS surface corrosion in the absence and presence of various concentrations of
investigated inhibitors in 0.6 M H,NHSO;

Activation parameters

5
Inhibitor C"“;',[X 10 E, AH -AST
kJ mol! kJ mol™ Jmol’ K!
Blank 0.0 58.1 559 36.9
4 65.9 633 225
8 66.6 64.0 217
12 632 65.6 18.4
A 16 714 63.8 9.4
20 72.9 70.3 57
4 64.7 62.1 26.0
8 66.0 63.4 23.4
12 67.8 65.6 18.4
B 16 69.2 66.7 17.8
20 70.2 67.6 163
4 64.1 615 271
8 65.6 63.0 237
12 67.1 64.8 195
C 16 68.2 65.6 183
20 69.1 66.5 16.4
4 64.0 61.4 297
8 65.0 62.4 28.8
12 65.8 63.2 286
D 16 66.5 63.9 27.6
20 67.2 64.6 272
Table-6

Thermodynamicadsorption parameters for the adsorption of oxazole derivatives on carbon steel in (0.6 Msulfamic acid at
different temperatures

Inhibitor Temp. Kags -AG 46 -AH 4 -AS L4
C M kJ mol™ kJ mol™ Jmol' K

25 28.04 18.21 22.38 61.04

A 35 22.16 18.22 22.38 59.09

45 16.73 18.07 22.38 56.75

55 12.26 17.79 22.38 54.17

25 40.18 19.10 15.16 64.06

B 35 33.22 19.25 15.16 62.48

45 26.51 19.29 15.16 60.60

55 23.28 19.53 15.16 59.53

25 21.11 17.51 1591 58.70

C 35 16.58 17.48 1591 56.70

45 12.70 17.34 15.91 54.48

55 12.05 17.74 1591 54.04

25 40.42 19.12 10.81 64.12

D 35 35.31 19.42 10.81 63.00

45 30.70 19.68 10.81 61.84

55 27.18 19.96 10.81 60.83
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From table-6 it was found that the negative values of AG®,;
reflect that the adsorption of studied oxazole derivatives on
316SS in 0.6 M H,NHSO; solution is spontaneous process’-.
G . values increase (become less negative) with an increase of
temperature which indicates the occurrence of exothermic
process at which adsorption was unfavorable with increasing
reaction temperature as the result of the inhibitor desorption
from the stainless steel surface®. It is usually accepted that the
value of AG h around -20 kJ mol” or lower indicates the
electrostatic interaction between charged metal surface and
charged organic molecules in the bulk of the solution®. The
negative sign of AH®,4 reveals that the adsorption of inhibitor
molecules is an exothermic process. Generally, an exothermic
adsorption  process suggests either physisorption or
chemisorption while endothermic process is attributed to

25 °C
35°C
45 °C
55 °C

4> on

6
6/1-6
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chemisorptions®. Generally, enthalpy values up to 41.9 kJ mol™
are related to the electrostatic interactions between charged
molecules and charged metal (physisorption) while those around
100 kImol™ or higher are attributed to chemisorption. The
unshared electron pairs in investigated molecules may interact
with d-orbitals of Fe to provide a protective chemisorbed film*®.
In the case of investigated compounds, the absolute values of
enthalpy are relatively low, approaching those typical of
physisorption. The values of AS 4 in the presence of
investigated compounds are large and negative that is
accompanied with exothermic adsorption process®. The
experimental data give good curves fitting for the applied
adsorption isotherm as the correlation coefficients (R?) were in
the range 0.950-0.997 K,4s value decreases with the increase of
temperature from 25 to 55 C.

T T T T T T T T T T T T T
0.00003 0.00006 0.00009 0.00012 0.00015 0.00018 0.00021

C,M
Figure-4
Langmuir adsorption isotherm of inhibitor (D) on 316SS in0.6 M H,NHSO; at different temperatures
2
1 60 ] = Inhibitor A R " =0.999
] ® |Inhibitor B -
1.55 - Inhibitor C R"=0.989
1 v Inhibitor D
1.50
1457 RZ=0.987
1.40 —-
8 1.35
s ] R2=0.928
> 1.30 -
o J
1.25 4
1.20 4
1.15 4
1.10 4
1.05 T T T T T T T T T T T T . !
3.00 3.05 3.10 3.15 3.20 3.25 3.30 3.35 3.40
1000/T , K
Figure-5

(log K, 4) vs. (1/T) for the corrosion of 316SS in 0.6 M H,NHSO;in the presence of different inhibitors
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Potentiodynamic Polarization Measurements: Polarization
measurements were carried out in order to gain knowledge
concerning the kinetics of the cathodic and anodic reactions.
Figure-5 presents the results of the effect of compound (D) on
the cathodic and anodic polarization curves of 316SS in 0.6 M
H,NHSO;. Similar curves for other compounds were obtained
but not shown. It could be observed that both the cathodic and
anodic reactions were suppressed with the addition of
investigated compounds, which suggested that these compounds
reduced anodic dissolution and also retarded the hydrogen
evolution reaction. Electrochemical corrosion Kkinetics
parameters, i.e. corrosion potential (E...), cathodic and anodic
Tafel slopes (B., Bc) and corrosion current density (i) obtained
from the extrapolation of the polarization curves, were given in
table-6. The parallel cathodic Tafel curves in figure-5 suggested
that the hydrogen evolution is activation-controlled and the
reduction mechanism is not affected by the presence of the
inhibitor. The region between linear part of cathodic and anodic
branch of polarization curves becomes wider as the inhibitor is
added to the acid solution. Similar results were found in the
literature®™. The values of B, and P. changedslightly with
increasing inhibitor concentration indicated the influence of
these compounds on the kinetics of metal dissolution and of
hydrogen evolution. Due to the presence of some active sites,
such as aromatic rings, hetero-atoms in the studied compound

Res. J. Chem. Sci.

for making adsorption, they may act as adsorption inhibitors.
Being absorbed on the metal surface, these compounds
controlled the anodic and cathodic reactions during corrosion
process, and then their corrosion inhibition efficiencies are
directly proportional to the amount of adsorbed inhibitor. The
functional groups and structure of the inhibitor play important
roles during the adsorption process. On the other hand, an
electron transfer takes place during adsorption of the neutral
organic compounds at metal surface®. As it can be seen from
table-6, the studied inhibitor reduced both anodic and cathodic
currents with a slight shift in corrosion potential (47 mV).
According to Ferreira and others®, if the displacement in
corrosion potential is more than 85mV with respect to corrosion
potential of the blank solution, the inhibitor can be seen as a
cathodic or anodic type. In the present study, the displacement
was 47 mV which indicated that the studied inhibitor is mixed-
type inhibitor. The results obtained from Tafel polarization
showed good agreement with the results obtained from weight
loss method. The surface coverage (0) and % IE were calculated
using equation 4.

%lIE = 0 x 100 = [1-(icon/1%o0n)] X 100 “)

Where i and i° ..are the current densities in presence and
absence of inhibitor, respectively.

0.01
w ]
W 1E3
(77}
o blank 0.6 M H3NSO4
2
> 1E-4 4x105m
E 8x10° M
w -4
——12x10""M
1E-5 -4
——1.6x10""M
2x10% m
1E-6
' I ' I ' I ' I ' I ' I ' |
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
- -2
logi_. ,Acm
Figure-5

Potentiodynamic polarization curves for the dissolution 0f316SS in 0.6 M H,NHSO; in the absence and presence of different
concentrations of compound (D)at 25°C
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Effect of concentrations of various compounds on the free corrosion potential (E,,,) , corrosion current density (i..), Tafel
slopes (B, Ba), corrosion rate (k.) , degree of surface coverage (0) , and inhibition efficiency (%IE) of 316SS in ( 0.6 M )

H,NHSO;
[Inh]x10° “Ecorr fcorr Be Ba Keorr
Inh M mVvsSCE pA cm? mV dec’! mV dec”! mmy’ 0 %lE
blank 0.0 446 1160 241 186 1064 -- --
433 475 179 109 433.9 0.591 59.1
8 474 261 282 144 238.1 0.775 77.5
A 12 480 191 202 107 174.6 0.835 83.5
16 465 131 150 56 120.1 0.887 88.7
20 466 95.4 135 53 87.2 0.918 91.8
436 362 186 107 330.6 0.688 68.8
8 456 233 176 88 212.8 0.799 79.9
B 12 457 189.0 184 79 172.9 0.837 83.7
16 463 131.0 180 78 119.3 0.887 88.7
20 477 93.6 145 49 85.5 0.919 91.9
448 500.0 109 33 457.4 0.569 56.9
8 460 272.0 225 114 248.9 0.766 76.6
C 12 473 192.0 205 93 175.9 0.834 83.4
16 464 126.0 163 55 114.9 0.891 89.1
20 472 106.0 147 54 97.0 0.909 90.9
466 292.0 190 97 266.6 0.748 74.8
8 459 206.0 162 33 188.4 0.822 82.2
D 12 475 159.0 202 79 144.9 0.863 86.3
16 464 126.0 163 55 114.9 0.891 89.1
20 480 91.0 141 46 83.2 0.922 92.2

Electrochemical Impedance Spectroscopy Measurements:
Nyquist plots of 316SS in uninhibited and inhibited acid
solutions containing different concentrations of compound (D)
are presented in figure-6. EIS spectra obtained consists of one
depressed capacitive loop (one time constant in Bode-phase
plot). The increased diameter of capacitive loop obtained in 0.6
M H,NHSO; in presence of compound(D) indicated the
inhibition of corrosion of 316SS. The high frequency capacitive
loop may be attributed to the charge transfer reaction. Corrosion
kinetic parameters derived from EIS measurements and
inhibition efficiencies are given in table-8. Double layer
capacitance (Cy) and charge transfer resistance (R,) were
obtained from EIS measurements as described elsewhere®'. It is
apparent from table 8 that the impedance of the inhibited system
amplified with the inhibitor the Cgy values decreased with
inhibitor. This decrease in Cy results from a decrease in local
dielectric constant and/or an increase in the thickness of the
double layer, suggested that inhibitor molecules inhibit the iron
corrosion by adsorption at the metal/acid interface®. The
depression in Nyquist semicircles is a feature for solid
electrodes and often referred to as frequency dispersion and
attributed to the roughness and other inhomogeneities of the
solid electrode®. In this behavior of solid electrodes, the parallel
network: charge transfer resistance-double layer capacitance is
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established where an inhibitor is present. For the description of
a frequency independent phase shift between an applied ac
potential and its current response, a constant phase element
(CPE) is used which is defined in impedance representation as
in equation (5)

Zepe =Y, (@)™ (5)

where, Y, is the CPE constant, w is the angular frequency (in rad
s1), i* = -1 is the imaginary number and n is a CPE exponent
which can be used as a gauge of the heterogeneity or roughness
of the surface™. Depending on the value of 1, CPE can represent
resistance (n = 0, ¥, = R), capacitance (n = 1, ¥, = O),
inductance (n = -1, Y, = L) or Warburg impedance (n=0.5, Y, =
W).

Figure-7 showed the electrical equivalent circuit employed to
analyze the impedance spectra. Excellent fit with this model was
obtained for all experimental data. The surface coverage (0) and
% IE were calculated using equation 6:

%IE = 6 x 100 = [1-(Re/Re%cor)] x 100 (6)

Where R, and R.,° are the charge transfer resistances inabsence
and presence of inhibitor, respectively.
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Figure-6
The Nyquist plots for the corrosion of 316SS in 0.6 M H,NHSO; in the absence and presence of different
concentrations of compound (D)at 25°C

R, CPE
Rnl
Figure-7

electrochemical equivalent circuit used to fit the impedance measurements that include a solution resistance (Rs), a constant
phase element (CPE) and a polarization resistance or charge transfer (Rct)

Table-8
EIS parameters for the corrosion of 316SS in0.6 M H,NHSO; in the absence and presence of different concentrations of

investigated compound at 25°C

Inhibitor C"";'; 0 Y FCZ”n_Z 91131 ) 0 %e1E
Blank 0.0 452.33 3157

4 9123 66.61 0.52 526

8 85.02 124.0 0.74 745

A 12 53.84 1288 0.75 755
16 47.18 1634 0.80 80.7

20 45.98 200.5 0.84 843

4 305.47 7228 0.563 56.3

8 237.07 11750 0.731 731

B 2 109.09 140.00 0.775 775
16 90.75 172.00 0.816 81.6

20 75.10 210.00 0.850 85.0

4 116.72 37.46 0.157 157

8 92.14 116.40 0.729 72.9

C 2 90.09 135.00 0.766 76.6
16 84.83 177.20 0.822 822

20 80.07 206.10 0.847 84.7

4 107.07 9241 0.658 65.8

g 93.15 130.70 0.758 758

D 12 90.61 147.20 0.786 78.6
16 72.99 178.80 0.823 823

20 67.93 224.70 0.860 86.0
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The results obtained from weight loss, potentiodynamic
polarization and impedance techniques are in a good agreement
but it is of interest to note that, the values of % IE given by
electrochemical techniques are higher than those obtained by
weight loss measurements; this may be due to the fact that the
electrochemical measurements were carried out on freshly
prepared solutions.

Electrochemical Frequency Modulation Measurements:
EFM is a nondestructive corrosion measurement like EIS; it is a
small signal ac technique. Unlike EIS, however, two sine waves
(at different frequencies) are applied to the cell simultaneously.
The great strength of the EFM is the causality factors which
serve as an internal check on the validity of the EFM
measurement®. With the causality factors the experimental
EFM data can be verified. The results of EFM experiments are a
spectrum of current response as a function of frequency. The
spectrum is called the intermodulation spectrum. The spectra
contain current responses assigned for harmonical and
intermodulation current peaks. The larger peaks were used to
calculate the corrosion current. The inhibition efficiencies, % IE
calculated from equation 3 increase with increasing the studied
inhibitor concentrations. The two frequencies may not be
chosen at random. They must both be small, integer multiples of

1.000 mA
100.0 uA
10.00 uaA

1.000 uA

Current (A)

100.0 nA

10.00 nA

0.000 Hz 500.0 mHz

Res. J. Chem. Sci.

a base frequency that determines the length of the experiment.
Intermodulation spectra obtained from EFM measurements were
constructed for iron 0.6 M H,NHSO; solutions as a function of
2x10™ M of compound (D) at 25°C. Each spectrum is a current
response as a function of frequency; data not shown here.
Corrosion kinetic parameters, namely corrosion current density
(icoms Tafel constants (B, B.) and causality factors (CF-2, CF-3)
were listed table-8 as a function of concentrations of
investigated compounds at 25°C. The causality factors in table-
8, which are very close to theoretical values according to the
EFM theory, should guarantee the validity of Tafel slopes and
corrosion current densities. The standard values for CF-2 and
CF-3 are 2.0 and 3.0, respectively*.

Conclusion

In this study, corrosion inhibition efficiency of Oxazole
derivatives on in 316SS in 0.6 M H3NSO; was determined by
chemical and electrochemical measurements. Electrochemical
impedance spectroscopy data reveals increase in Rct values,
which accounted for good inhibition efficiency. The polarization
studies showed that these compounds behave as mixed type
inhibitors. These compounds adsorbed on SS surface followed
Langmuir adsorption isotherm.

1.000 Hz 1.500 Hz

Frequency (Hz)

e tbiShortFFT

Figure-8
EFM spectra for 316SS in 0.6 M H;NSO; (blank)

100.0 uA

10.00 uA
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100.0 nA

Current (A)

10.00 nA

1.000 nA

100.0 pa

0.000 Hz 5.000 Hz

10.00 Hz 15.00 Hz 20.00 Hz

Frequency (Hz)

e tbiShortFFT

Figure-9
EFM spectra for 316SS in 0.6 M H;NSOj; in the presence of 2x10"* M inhibitor D)
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Table-9

Res. J. Chem. Sci.

Electrochemical Kkinetic parameters obtained from EFM technique for 316SS in (0.6 M) H;NSO; in the absence and
presence of different concentrationsof investigated compound.

Inh. Conc. icorrw Ba’ BC ’ %IE
M nA cm’? mV dec’! mV dec’! CF-2 CF-3 v
Blank 0.0 666.0 104 117 2.012 4.579 --
4x10°7 297.3 90 112 1.957 3.000 55.4
8 x10 173.9 73 122 2.016 2.872 73.9
A 1.2x 107 145.6 63 126 1.952 2.134 78.1
1.6 x10* 138.4 72 137 1.973 2.859 79.2
2x 107 124.0 81 144 1.973 2.830 81.4
4x10°7 275.6 105 140 1.984 3.392 58.6
8 x10°7 161.8 59 136 1.942 3.009 75.7
B 1.2x 10" 137.4 62 122 1.898 3.236 79.4
1.6 x10* 1354 73 158.4 1.965 2.956 79.7
2x10° 116.8 70 155 1.953 2.936 82.5
4x10° 322.5 98 116 1.961 2.151 51.6
8§x10°7 228.2 88 145 1.962 4.086 65.7
C 1.2x 107 164.7 74 136 2.000 2.771 75.3
1.6 x10™ 159.2 85 115 1.981 3.138 76.1
2x10° 128.4 68 133 1.966 2.801 80.7
4x10° 214.3 88 110 1.917 2.9 67.8
8 x10 144.0 71 126 1.965 2.842 78.4
D 12x107 129.0 74 119 1.981 3.089 80.6
1.6 x10* 116.0 69 142 1.957 3.183 82.6
2x 107 59.36 70 198 3.455 2.75 91.0
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