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ABSTRACT

Oxazole derivatives were investigated as corrosion inhibitors for 316L stainless steel (SS) in
sulfamic acid (NH,HSO;) solutions by potentiodynamic polarization, electrochemical
impedance spectroscopy, and electrochemical frequency modulation 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 2 x 10~* M concentration
of the inhibitors for the immersion period of 3 h. Langmuir was tested to describe the
adsorption behavior of inhibitor on 316LSS surface. Potentiodynamic polarization study
clearly revealed that these compounds act as mixed-type inhibitors. The results of the elec-
trochemical 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.

Keywords: Corrosion inhibition; Stainless steel; Sulfamic acid; Potentiodynamic polarization;

EIS; EFM

1. Introduction

Sulfamic acid (amido sulfuric acid) has long been
used as an industrial cleaning agent due to its remark-
able 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 in desalination plants for cleaning demis-
ters, heat exchangers, and cooling water systems.
Optimization in the sulfamic acid treatment is desir-
able in terms of plant efficiency and economic consid-
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erations. However, in spite of its capability as a
potential descaling and an excellent cleaner, the indus-
trial chemical treatment is somewhat qualitative due
to the lack of corrosion and dissolution data regarding
sulfamic acid [1]. Sulfamic acid behaves as a strong
acid in aqueous solution but the corrosion rates are
significantly lower in comparison to other acids [2].
The low corrosion rates can be reduced further by the
addition of corrosion inhibitors [3]. It can be used for
cleaning stainless steels with no problem of chloride-
induced SCC. Due to these formidable properties, acid
cleaners based on sulfamic acid are extensively used
in a large variety of household and industrial applica-
tions [4].
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Efficient inhibitors for 316 SS are heterocyclic
organic compounds consisting of a z-system and P, S,
N, or O heteroatom [5]. 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 [6-13], amines [14],
amino acids [15], organic derivatives also offer special
affinity to inhibit corrosion of various metals in differ-
ent acidic media [16-26] and many others.

In this study, the various electrochemical tech-
niques were used to investigate the effect of some oxa-
zole derivatives as corrosion inhibitors for 316L SS in
sulfamic acid solution.

2. Experimental
2.1. Composition of 316L SS samples
See Table 1.

2.2. Materials and solutions

Experiments were performed using 316L SS sam-
ples. These oxazole derivatives were synthesized as
before [27]. The structures, names, molecular formulas
and molecular weights of oxazole derivatives are
shown in Table 2. The aggressive solution used was
prepared by dilution of analytical reagent grade sulfa-
mic acid with bidistilled water. The stock solution (1 x
1072 M) of investigated compounds was used to pre-
pare the desired concentrations by dilution with bidis-
tilled water. The concentration range of investigated
compounds was 4-20 x 107> M.

2.3. Chemical measurements (weight loss measurements)

Six test pieces of 316L SS were cut into 2 x2 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.
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Weight loss measurements were performed for 3 h at
the temperature range from 25 to 55°C by immersing
316L SS pieces into 100 ml acid solution with and
without various concentrations of inhibitors. After the
specified period of time, the specimen were taken out of
the 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.

2.4. Electrochemical measurements

Electrochemical experiments were performed using
a typical three-compartment glass cell consisted of the
316L SS specimen as working electrode (1 cm?), satu-
rated 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 capil-
lary and the tip of the Luggin capillary is made very
close to the surface of the working electrode to mini-
mize IR drop. All measurements were done in solu-
tions open to atmosphere under unstirred conditions.
All potential values were reported vs. SCE. Prior to
every experiment, the electrode was abraded with suc-
cessive 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 0.2V vs. SCE) at open-circuit potential with a
scan rate of 1mVs . The corrosion current is per-
formed by extrapolation of anodic and cathodic Tafel
lines to a point which gives log i and the corre-
sponding corrosion potential (E.,,) for inhibitor free
acid and for each concentration of inhibitor.

Impedance measurements were carried out in fre-
quency range from 100 kHz to 0.1 Hz with amplitude
of 5mV peak-to-peak using ac signals at open-circuit
potential. Before measurements, the electrode was
immersed in solution for 30 min until a steady state
was reached. The experimental impedance was ana-
lyzed 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 Cq.

Table 1

Chemical composition of 316L SS in wt.%

Element C Cr Ni Mo Mn Si P S N Fe
Wt.% 0.03 16-18 10-14 2-3 2 0.75 0.045 0.03 0.1 Balance
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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 1s. 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 intermodula-
tion spectra contain current responses assigned for
harmonical and intermodulation current peaks. The
larger peaks were used to calculate the corrosion cur-
rent density (icorr), the Tafel slopes (6. and f,), and the
causality factors CF-2 & CF-3.

All electrochemical measurements were performed
using Gamry Instrument (PCI 300/4) Potentiostat/Gal-
vanostat/ZRA. This includes a Gamry framework sys-
tem based on the ESA 400. Gamry applications
include DC105 software for potentiodynamic polariza-
tion, EIS300 software for electrochemical impedance
spectroscopy and EFM 140 software for EFM measure-
ments 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.
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3. Results and discussion
3.1. Weight loss method

Fig. 1 shows plots for the variation of weight loss
of 316L SS with time for the corrosion of 316L SS in
0.6 M NH,HSOj; containing various concentrations of
compound (D) at 25°C. Similar curves were obtained
for other inhibitors 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 com-
pound (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 concentra-
tions of compound (D). This indicates that compound
D is an adsorption inhibitor for the corrosion of SS in
solutions of NH,HSOs. In Table 3, values of the corro-
sion rates of 316L SS and inhibition efficiency of all
studied compounds in various media are presented.
The degree of surface coverage () and inhibition effi-
ciency (% IE) were calculated using Eq. (1):

% IE = 0 x 100 = [1 — CRipp/CRyree] x 100 M

where CR;,, and CRge. are the corrosion rates in the
absence and presence of inhibitor, respectively. It can

oxazole

Table 2
Chemical structures, names, molecular weights, and molecular formulas of oxazole derivatives
Molecular Chemical
Inhibitor Structures Names weights formulas
A @O (E)-2-styrylbenzo[d]oxazole 221.25 CisH1NO
/> N\ < >
N H
B 0 E)-2-(2-(naphthalene-2-yl)vinyl) 271.31 C19H13NO
benzo[d]oxazole
77N\
N
C o) (E)-2-(2-(phenanthren-2-yl)vinyl) 321.37 Cy3H1sNO
benzo[d] oxazole
77N\
N
D @ (E)-2-(2-(pyren-2-yl)vinylbenzo[d] = 345.39 CysH1sNO
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Fig. 1. Weight loss-time curves for the corrosion of 316L SS
in 0.6 M NH,HSO; in the absence and presence of differ-
ent concentrations of inhibitor (D) at 25°C.

be seen that the maximum of 90.6% inhibition effi-
ciency is achieved at 2 x 107* M of inhibitor concentra-
tion and % IE increases with increasing the inhibitor
concentrations [26]. This is mainly due to the active
chemical constituent of viz, = bonds, hetero atoms (O
and N). The almost greater than 90% of surface cover-
age () 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.

3.2. Effect of temperature on inhibition efficiency (% IE)

The inhibition efficiency (% IE) for 316L SS corro-
sion in the presence of various concentrations of the
investigated oxazole derivatives and at different tem-
peratures was calculated and is listed in Table 4. The
results of Table 4 illustrate the variation of corrosion
rate (CR) and % IE with inhibitor concentrations at
different temperatures. The obtained data revealed

Table 3
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that the inhibition efficiency decreased with an
increase in the inhibitor concentration. This suggests
that the inhibitor species are adsorbed on the 316L
SS/solution interface where the adsorbed species
mechanically form a protected film on the metal sur-
face which inhibits the action of the corrosion. A close
comparison between Tables 2 and 3 revealed that
weight loss of SS increases with increasing tempera-
ture indicating that the rate of corrosion of SS
increases with increase in temperature. The value of
inhibition efficiency was decreased with rise in tem-
perature suggesting physical adsorption mechanism
[28]. These results indicate that the adsorption of
investigated compounds shield the metal surface at
room temperature [29]. However, it may be deshield-
ed from the surface with rise in temperature. It is also
clear that corrosion rate of 316L SS in the absence and
presence of inhibitors obey Arrhenius type equation
as it increases with raising solution temperature. The
dependence of corrosion rate (ko) on the temperature
can be expressed by Arrhenius Eq. (2):

icorr (keorr) = A exp (—E./RT) 2

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 compound (D) is shown
in Fig. 2. E; values determined from the slopes of
these linear plots are shown in Table 5. The linear
regression (R?) is close to 1 which indicates that the
corrosion of 316L 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 316L SS is slow in the presence of
inhibitor. It is known from Eq. (2) that the higher E’

Corrosion rate (kqor) and inhibition efficiency (% IE) at different concentrations of inhibitors for the corrosion of 316L SS

after 120 min immersion in 0.6 M NH,HSOj5 at 25°C

A B C D
Conc. X keorr X107, % keorrx107°, % keorrx1077, % keorrx 1077, %
10°, M mg cm™> min”~' I[E  mgcm > min™’ I[E  mgcm > min™’ I[E  mgcm > min™’ IE
4.0 3.24 724 347 70.5 4.07 654 291 75.2
8.0 2.63 776 2.82 76.0 3.28 720 217 81.5
12 2.12 81.9 212 81.9 2.59 78.0 1.66 85.8
16 1.66 85.8 1.43 87.8 217 81.5 1.38 88.2
20 1.48 874 1.25 89.4 1.89 83.9 1.11 90.6
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Table 4
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Variation of inhibition efficiency (% IE) and corrosion rate (k) for various concentrations of the studied inhibitors at

different temperatures

A B C D
Temp., Conc.x ke X107, % Keorr 1072, % Keorx 1075, % Keorr 1072, %
C 105, M mg cm 2 min? IE mg cm 2 min~ 1IE mg cem 2 min? IE mg cem 2 min ! 1IE
35 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
12 5.23 789 5.32 78.5 6.43 74.0 3.98 83.9
16 4.62 81.3 3.98 83.9 541 78.1 3.37 86.4
20 3.75 849 291 88.2 4.58 81.5 273 89.0
45 4 17.87 65.3 17.68 65.6 18.84 63.4 15.55 69.8
8 14.72 71.4 15.00 709 17.26 66.5 11.48 77.7
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
55 4 37.31 63.3 38.05 62.5 44.30 65.4 31.29 69.2
8 31.11 69.4 3222 68.3 36.08 63.8 24.21 76.2
12 26.34 741 26.11 743 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

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 corro-
sion [30].

Enthalpy and entropy of activation (AH, AS) of
the corrosion process were calculated from the transi-
tion state theory as given from Eq. (3) (Table 5):

3)

keorr = (RT/Nh) exp(AS*/R) exp (—AH*/RT)

2.0
1.8
_ 16
= i
E 14
N
e 12+
5 i
o 1.0+
1S 4
t 0.8
o
X (]| m blank 0.6 M H,NSO,
4 1| @ 4x10°M
= 044 8x10°M
b -4
0.2 v1.2x104M
i 1.6x10™*M
004 | p»2x10*M

where 1 is the Planck’s constant and N is the Avoga-
dro’s number. A plot of log (keore/T) vs. 1/T for car-
bon steel in 0.5M sulfamic acid with different
concentrations of compound (D) gives straight lines as
shown in Fig. 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

>

T T T T T T T T T T T T T T T 1
0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340
1T, K!

Fig. 2. Arrhenius plots for 316L SS rates (ko) after 120 min immersion in 0.6 M H,NHSO; in the absence and presence

of various concentrations of inhibitor (D).
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Table 5
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Activation parameters for 316L SS surface corrosion in the absence and presence of various concentrations of investigated

inhibitors in 0.6 M H,NHSO;3

Activation parameters

Inhibitor Conc. x10°, M —E!, kK] mol ™! AH", k] mol ™ —AS", Jmol ' K!
Blank 0.0 58.1 55.9 36.9
A 4 65.9 63.3 225
8 66.6 64.0 21.7
12 68.2 65.6 18.4
16 714 68.8 9.4
20 72.9 70.3 5.7
B 4 64.7 62.1 26.0
8 66.0 63.4 234
12 67.8 65.6 18.4
16 69.2 66.7 17.8
20 70.2 67.6 16.3
C 4 64.1 615 27.1
8 65.6 63.0 23.7
12 67.1 64.8 19.5
16 68.2 65.6 18.3
20 69.1 66.5 16.4
D 4 64.0 61.4 29.7
8 65.0 62.4 28.8
12 65.8 63.2 28.6
16 66.5 63.9 27.6
20 67.2 64.6 27.2

step, indicating that a decrease in disorder takes place,
going from reactants to the activated complex [31].

3.3. Adsorption isotherms

Adsorption isotherm values are important to
explain the mechanism of corrosion inhibition of
organo-electrochemical reactions. The most frequently
used isotherms are Langmuir isotherm (Fig. 4). Ther-
modynamic parameters for the adsorption of different
inhibitors on 316L SS surface in 0.6 M H,NHSO; at dif-
ferent temperatures was listed in Table 6. From Table 6
it was found that: the negative values of AG,, reflect
that the adsorption of studied oxazole derivatives on
316L SS in 0.6 M H,NHSO; solution is a spontaneous
process [32]. AG;,, values increase (become less nega-
tive) with an increase in temperature which indicates
the occurrence of exothermic process at which adsorp-
tion was unfavorable with increasing reaction tempera-
ture as the result of the inhibitor desorption from the
stainless steel surface [33]. It is usually accepted that
the value of AGS,, around —20 k] mol™' or lower indi-
cates the electrostatic interaction between charged
metal surface and charged organic molecules in the
bulk of the solution [34]. The negative sign of AH

ads
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Fig. 3. Transition state plots for 316L SS (keore/T vs. 1/T)
after 120 min immersion in 0.6 M H,NHSOj in the absence
and presence of various concentrations of compound (D).

reveals that the adsorption of inhibitor molecules is an
exothermic process. Generally, an exothermic adsorp-
tion process suggests either physisorption or chemi-
sorption while endothermic process is attributed to
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Table 6
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Thermodynamic adsorption parameters for the adsorption of oxazole derivatives on 316L SS in 0.6 M sulfamic acid at

different temperatures

Inhibitor Temp., C Kags, M7! —~AG, K mol™ —AH,, kJ mol ™ —AS%, Jmol ' K™!
A 25 28.04 18.21 22.38 61.04

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
B 25 40.18 19.10 15.16 64.06

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
C 25 21.11 17.51 15.91 58.70

35 16.58 17.48 15.91 56.70

45 12.70 17.34 1591 54.48

55 12.05 17.74 15.91 54.04
D 25 40.42 19.12 10.81 64.12

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
chemisorptions [35]. Generally, enthalpy values up to
41.9 kJ mol " are related to the electrostatic interactions 97 [wasc R 0,991
between charged molecules and charged metal (physi- 9 '
sorption) while those around 100 k] mol ™" or higher are 1 R = 0.995
attributed to chemisorption. The unshared electron ¢ .
pairs in investigated molecules may interact with d- 74 " . 0099
orbitals of Fe to provide a protective chemisorbed film o6 6. Riz09%4

[36]. In the case of investigated compounds, the abso-
lute values of enthalpy are relatively low, approaching
those typical of physisorption. The values of AS;, in
the presence of investigated compounds are large and
negative that is accompanied with exothermic adsorp-
tion process. [37]. 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 in
temperature from 25 to 55°C (Fig. 5).

3.4. Potentiodynamic polarization measurements

Polarization measurements were carried out in
order to gain knowledge concerning the kinetics of the
cathodic and anodic reactions. Fig. 6 presents the
results of the effect of compound (D) on the cathodic
and anodic polarization curves of 316L SS in 0.6 M
HoNHSO;. Similar curves for other compounds were
obtained but not shown. It could be observed that
both the cathodic and anodic reactions were sup-
pressed with the addition of investigated compounds,
which suggested that these compounds reduced
anodic dissolution and also retarded the hydrogen

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

Fig. 4. Langmuir adsorption isotherm of inhibitor (D) on
316L SS in 0.6 M H,NHSO; at different temperatures.

evolution reaction. Electrochemical corrosion kinetics
parameters, ie. corrosion potential (E..,), cathodic
and anodic Tafel slopes (f,, f.), and corrosion current
density (icory) Obtained from the extrapolation of the
polarization curves, were given in Table 7. The paral-
lel cathodic Tafel curves in Fig. 6 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
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Fig. 5. (log K,as) vs. (1/T) for the corrosion of 316L SS in
0.6 M H,NHSQO; in the presence of different inhibitors.
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Fig. 6. Potentiodynamic polarization curves for the dissolu-
tion of 316L SS in 0.6 M H,NHSO; in the absence and
presence of different concentrations of compound (D) at
25°C.

solution. Similar results were found in the literature
[38]. The values of B, and P. changed slightly with
increasing inhibitor concentration indicated the influ-
ence of these compounds on the kinetics of metal dis-
solution and of hydrogen evolution. Due to the
presence of some active sites, such as aromatic rings,
hetero-atoms in the studied compound for making
adsorption, they may act as adsorption inhibitors.
Being absorbed on the metal surface, these com-
pounds 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
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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 [39]. As it
can be seen from Table 7, the studied inhibitors
reduced both anodic and cathodic currents with a
slight shift in corrosion potential (47 mV). According
to Ferreira and others [40], if the displacement in cor-
rosion potential is more than 85 mV with respect to
corrosion potential of the blank solution, the inhibitor
can be seen as a cathodic or anodic type. In the pres-
ent study, the displacement was 47 mV which indi-
cated 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 (6)
and % IE were calculated using Eq. (4):

% IE = 0 x 100 = [1 — (icon/iC

corr

)] x 100 @

(e}

where i, and i}, are the current densities in pres-
ence and absence of inhibitor, respectively.

3.5. Electrochemical impedance spectroscopy measurements

Nyquist plots of 316L SS in uninhibited and inhib-
ited acid solutions containing different concentrations
of compound (D) are presented in Fig. 7. Electrochem-
ical impedance spectroscopy (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 pres-
ence of compound (D) indicated the inhibition of cor-
rosion of 316L SS. The high frequency capacitive loop
may be attributed to the charge transfer reaction. Cor-
rosion kinetic parameters derived from EIS measure-
ments and inhibition efficiencies are given in Table 8.
Double layer capacitance (Cgq) and charge transfer
resistance (R.) were obtained from EIS measurements
as described elsewhere [41]. It is apparent from Table 7
that the impedance of the inhibited system amplified
with the inhibitor the Cg; values decreased with inhib-
itor. This decrease in Cq; 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 [42]. The depression in Ny-
quist semicircles is a feature for solid electrodes and
often referred to as frequency dispersion and attrib-
uted to the roughness and other in homogeneities of
the solid electrode [43]. In this behavior of solid
electrodes, the parallel network: charge transfer
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Table 7
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Effect of concentrations of various compounds on the free corrosion potential (E ), corrosion current density (ico,), Tafel
slopes (f.f,), corrosion rate (keorr), degree of surface coverage (6), and inhibition efficiency (% IE) of 316L SS in (0.6 M)

H,NHSO,

Inh [nh] x 10>, M —Ecorr, mV v SCE iy, MA cm™> i, mV dec' S, mV dec ' keor, mmy ' 6 % IE

Blank 0.0 446 1,160 241 186 1,064 - -

A 4 433 475 179 109 433.9 0591 59.1
8 474 261 282 144 238.1 0.775 775
12 480 191 202 107 174.6 0.835 835
16 465 131 150 56 120.1 0.887 88.7
20 466 95.4 135 53 87.2 0918 91.8

B 4 436 362 186 107 330.6 0.688 68.8
8 456 233 176 88 212.8 0.799 79.9
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 0919 91.9

C 4 448 500.0 109 83 457 .4 0569 56.9
8 460 272.0 225 114 248.9 0.766  76.6
12 473 192.0 205 93 175.9 0.834 834
16 464 126.0 163 55 114.9 0.891 89.1
20 472 106.0 147 54 97.0 0.909 90.9

D 4 466 292.0 190 97 266.6 0.748 748
8 459 206.0 162 83 188.4 0.822 822
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 0922 922

-#-blank 0.6 M H;NSO,
4x10°M RV U
100 :8x10'5M Zere =Y, (i) ®)
v 1.2x10%M

> ¢ 1.6x10*M
S| -2x10* M

N

2
Zimage: OM CM

v

WS

0 1 T T T T T T T T T T T T T M T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 220 240
Z,eq» Ohm cm?

Fig. 7. The Nyquist plots for the corrosion of 316L SS in
0.6 M H,NHSO; in the absence and presence of different
concentrations of compound (D) at 25°C.

resistance-double layer capacitance is 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 Eq. (5)

where Y, is the CPE constant, w is the angular fre-
quency (in rads™'), 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
[44]. Depending on the value of n, CPE can represent
resistance (n=0, Y,=R), capacitance (n=1, Y,=0),
inductance (n=-1, Y,=L), or Warburg impedance
(n=0.5, Yo=W).

Fig. 8 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 () and % IE were calcu-
lated using Eq. (6):

% IE = 0 x 100 = [1 — (Ret/RS,,)] X 100 6)

where R and R, are the charge transfer resistances in
absence and presence of inhibitor, respectively.

The results obtained from weight loss, potentiody-
namic polarization, and impedance techniques are in a
good agreement but it is of interest to note that, the



4380

Table 8

A.S. Fouda et al. | Desalination and Water Treatment 57 (2016) 4371-4385

EIS parameters for the corrosion of 316L SS in 0.6 M H,NHSO; in the absence and presence of different concentrations of

investigated compound at 25°C

Inhibitor Conc. x 10°, M Cap, pFem ™ Ry Qem? 0 % IE

Blank 0.0 452.33 31.57 - -

A 4 91.23 66.61 0.52 52.6
8 85.02 124.0 0.74 74.5
12 53.84 128.8 0.75 75.5
16 47.18 1634 0.80 80.7
20 45.98 200.5 0.84 84.3

B 4 305.47 72.28 0.563 56.3
8 237.07 117.50 0.731 73.1
12 109.09 140.00 0.775 77.5
16 90.75 172.00 0.816 81.6
20 75.10 210.00 0.850 85.0

C 4 116.72 37.46 0.157 15.7
8 92.14 116.40 0.729 72.9
12 90.09 135.00 0.766 76.6
16 84.88 177.20 0.822 82.2
20 80.07 206.10 0.847 84.7

D 4 107.07 92.41 0.658 65.8
8 93.15 130.70 0.758 75.8
12 90.61 147.20 0.786 78.6
16 72.99 178.80 0.823 82.3
20 67.93 224.70 0.860 86.0

values of % IE given by electrochemical techniques
are higher than those obtained by weight loss mea-
surements; this may be due to the fact that the electro-
chemical measurements were carried out on freshly
prepared solutions.

3.6. EFM 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 measure-

R, CPE

v

Fig. 8. Electrochemical equivalent circuit used to fit the
impedance measurements that include a solution resis-
tance (R,), a constant phase element (CPE), and a polariza-
tion resistance or charge transfer (R.).

ment [45]. With the causality factors, the experimental
EFM data can be verified. The results of EFM experi-
ments are a spectrum of current response as a func-
tion of frequency. The spectrum is called the
intermodulation spectrum. The spectra contain current
responses assigned for harmonical and intermodula-
tion current peaks. The larger peaks were used to cal-
culate the corrosion current. The inhibition efficiencies,
% IE calculated from Eq. (3) increase with increasing
the studied inhibitor concentrations. The two frequen-
cies may not be chosen at random. They must both be
small, integer multiples of a base frequency that deter-
mines the length of the experiment. Intermodulation
spectra obtained from EFM measurements were con-
structed for iron 0.6 M H,NHSO; solutions in absence
(Fig. 9) and presence of 2x107* M of compound (D)
(Fig. 10) at 25°C. Each spectrum is a current response
as a function of frequency, data not shown here. Cor-
rosion kinetic parameters, namely corrosion current
density (i.orr, Tafel constants (f,5.) and causality fac-
tors (CF-2, CF-3), were listed in Table 9 as a function
of concentrations of investigated compounds at 25°C.
The causality factors in Table 9, which are very close
to theoretical values according to the EFM theory,
should guarantee the validity of Tafel slopes and cor-
rosion current densities. The standard values for CF-2
and CF-3 are 2.0 and 3.0, respectively [46].
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Fig. 9. EFM spectra for 316L SS in 0.6 M H3NSOj; (blank).
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Fig. 10. EFM spectra for 316L SS in 0.6 M H3NSQOj; in the presence of 2 x 10~* M inhibitor (D).

3.7. Quantum chemical calculation

The quantum chemical method was introduced to
study the relationship between the organic molecular

structure and the inhibition effect. Four parameters,

Enxomo, Erumo, AE (ELumo — Enomo), and p are listed
in Table 10 and the optimized geometry structures of
the investigated compounds were in Fig. 11.
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Electrochemical kinetic parameters obtained from EFM technique for 316L SS in (0.6 M) H3NSOj; in the absence and pres-

ence of different concentrations of investigated compounds

Inh. Conc., M fcorr, WA cm 2 B, mVdec! B, mV dec” CF-2 CF-3 % IE

Blank 0.0 666.0 104 117 2.012 4.579 -

A 4x107° 297.3 90 112 1.957 3.000 55.4
8x107° 173.9 73 122 2.016 2.872 73.9
12x107* 145.6 63 126 1.952 2.134 78.1
1.6x107* 138.4 72 137 1.973 2.859 79.2
2x107* 124.0 81 144 1.973 2.830 81.4

B 4x107° 275.6 105 140 1.984 3.392 58.6
8x107° 161.8 59 136 1.942 3.009 75.7
12x107* 137.4 62 122 1.898 3.236 79.4
1.6x107* 135.4 73 158.4 1.965 2.956 79.7
2x107* 116.8 70 155 1.953 2.936 82.5
4x107° 3225 98 116 1.961 2.151 51.6

C 4x107° 3225 98 116 1.961 2.151 51.6
8x107° 228.2 88 145 1.962 4.086 65.7
12x107* 164.7 74 136 2.000 2.771 75.3
1.6x107* 159.2 85 115 1.981 3.138 76.1
2x107* 1284 68 133 1.966 2.801 80.7

D 4x107° 214.3 88 110 1.917 2.9 67.8
8x107° 144.0 71 126 1.965 2.842 78.4
12x107* 129.0 74 119 1.981 3.089 80.6
1.6x107* 116.0 69 142 1.957 3.183 82.6
2x107* 59.36 70 198 3.455 2.75 91.0

It is well known that E;ymo presented the ability
of accepting electrons and Epomo is associated with
the electron donating ability of the molecule. Thus, the
lower Epumo, the greater the capability of accepting
electrons [47] and high Epomo were likely to indicate
a strong tendency of the molecule to donate electrons
to appropriate acceptor molecules with low energy,
empty electron orbital such as 3d orbital of Fe atom.
AE is also an important parameter to indicate the
activity of chemical reaction. The higher AE, the better
stable the substance was.

From Table 10 it can be found that % IE is not only
influenced by one factor, such as Epomo, ELumo, AE, 1
or other not mentioned in this paper. All of these indi-
cated that both chemisorption and physisorption
might take place at the same time in the adsorption
process [48], which is in accordance with the conclu-
sion of thermodynamic calculations (AGg,).

3.8. Mechanism of inhibition

All previous results support that styrylbenzoxaz-
oles derivatives were actually inhibited by the corro-
sion of 316L SS in sulfamic acid solutions. The
corrosion inhibition is due to their physical adsorption
and formation of protective film of the adsorbate on
the 316L SS surface.

The inhibitive effect of oxazole derivatives may be
attributed to the accumulation of the inhibitor mole-
cules on to the metal surface, which reduces the direct
contact of the metal with the corrosive environment. It
is previously reported that in aqueous acid solutions,
the surface of 316L SS samples is positively charged
[49,50]. The styrylbenzoxazoles derivatives may be
adsorbed on the positively charged surface in the form
of neutral molecules, involving displacement of water
molecules from the metal surface and sharing elec-
trons between nitrogen and oxygen atoms and the
metal surface [51].

Furthermore, adsorption can occur via adsorbed
anion SO3;NH; at the positively charged 316L SS sur-
face. The adsorbed SO3INH, anion makes a negatively
charged double layer and consequently it results in an

Table 10
Quantum chemical parameters for the investigated com-
pounds

Comp. _EHOMo,eV _ELUMO/ eV AEgap,eV U, (Debye)
A 8.991 1.462 7.529 3.765
B 8.943 1.43 7.513 3.757
C 9.158 1.299 7.859 3.930
D 8.599 1.44 7.159 3.580
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Fig. 11. Molecular structure and frontier molecule orbital density distribution of the studied compounds.

increase in the adsorption capability of the neutral
oxazole derivatives effect arises. The order of inhibi-
tion efficiency is as follows: D>B>A>C.

Compound (D) exhibits very good inhibition
efficiency, probably because of the presence of nitrogen
and oxygen atoms as well as the presence of five
aromatic rings in the molecule and in other hand it has
the highest molecular size. This molecule may be
adsorbed flat on SS surface, so it covers more surface
area, and hence more inhibition efficiency was
obtained. Compound (B) comes after compound (D) in
inhibition efficiency due to it contains one nitrogen
and one oxygen and three aromatic rings and it has
less molecular size. Compound (A) comes after com-
pound (B) in order of inhibition efficiency this is due
to it has less molecular size and contains one nitrogen,
one oxygen atom, and only two aromatic rings.
Compound (C) is the least one in inhibition efficiency

in spite of it has one nitrogen, one oxygen atom, and
four aromatic rings this may be the molecule adsorbed
vertically on SS surface, so covers less surface area.

4. Conclusions

Styrylbenzoxazoles derivatives act as good inhibi-
tors for the corrosion of 316L SS in 0.6 M H3NSOs. The
inhibition efficiency of styrylbenzoxazoles derivatives
decreased with temperature, which leads to an
increase in activation energy of corrosion process. The
adsorption of styrylbenzoxazoles derivatives follows
Langmuir’s adsorption isotherm. The adsorption pro-
cess is spontaneous and exothermic, accompanied by
an increase in entropy. Potentiodynamic polarization
curves reveal that styrylbenzoxazoles derivatives are
mixed-type inhibitors. The results obtained from differ-
ent experimental studies are in good agreement.
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