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Abstract—In this work, the inhibitive effect of some antibacterial drugs against the corrosion of 316 stainless
steel in 1M HCI has been studied by weight loss, potentiodynamic polarization and electrochemical imped-
ance spectroscopy (EIS). The inhibiting effect explained by adsorption of the additives on steel surface. The
inhibition efficiency increases with increasing the inhibitors concentrations and decreases with increasing the
temperature. The data obtained fit well to Langmuir adsorption isotherm and the kinetic-thermodynamic
model. The results of polarization studies indicate that the investigated antibacterial drugs are mixed type
inhibitors. Increasing the inhibition efficiency of the investigated inhibitors with the addition of iodide ions
indicates that iodide ions play important role in the adsorption process. The efficiencies obtained from the
different electrochemical techniques were in good agreement which prove the validity of these tools in the

measurements of the tested inhibitors.

DOI: 10.1134/52070205116030084

1. INTRODCTION

Because iron and its alloys are the backbone of
industrial constructions, many research projects have
been concerned with their stability. One of most
important task is the retardation of their attack by acid
solutions used during pickling, industrial cleaning and
descaling. The use of additive is one of the major solu-
tions for this problem. Hence, various additives are
used to protect iron and its alloy against corrosive
attack. The most effective and efficient inhibitors are
the organic compounds that have @ bonds, heteroat-
oms (P, S, N, and O), and inorganic compounds such
as chromate, dichromate, nitrite, and so on [1-6].
However, the major problem associated with most of
these inhibitors is that they are not ecofriendly as they
contain heavy metals and other toxic compounds [7].
Green corrosion inhibitors are biodegradable and do
not contain toxic substances [§—10]. Thus, the devel-
opment of the novel corrosion inhibitors of natural
source and non-toxic type has been considered to be
more important and desirable [11]. Because of their
natural origin [12—14], as well as their non-toxic char-
acteristics [15] and due to its negligible effect on the
environment [16]. Drugs seem to be ideal candidates
to replace traditional toxic corrosion inhibitors. Sev-
eral drugs such as: Ceftazidime, Cefepime, Cefopera-
zone [17, 18], Ciprofloxacin, Norfloxacin [19],
Rhodanine azosulpha [20] have been studied for the

! The article is published in the original.

corrosion inhibition of 304 stainless steel in acidic
media. Synergism is an effective method to improve
the inhibitive performance. The synergistic inhibition
effects of organic inhibitor/metallic ion mixture [21—
30] on corrosion of steel in acidic media have also been
studied. Hydrochloric acid was chosen as it is exten-
sively used in industries, the most important fields of
application being acid pickling, industrial acid clean-
ing, acid descaling and oil well acidizing [31].

This study aims to gain some insight into the corro-
sion of 316 stainless steel in HCI in the presence and
absence of some antibacterial drugs as inhibitors using
chemical and electrochemical techniques. Addition-
ally, thermodynamic data were obtained from adsorp-
tion isotherms and Arrhenius plots. These drugs were
chosen as corrosion inhibitors due to: (a) higher
molecular size (b) m-electron contribution of the ben-
zene rings and (c) presence of more active adsorption
sites.

2. EXPERIMENTAL
2.1. Materials and Reagents

The aggressive solutions, 1 M HCI were prepared
from an analytical grade 37% HCI, by dilution with bi-
distilled water. All the experiments were performed
with 316 stainless steel samples of the following com-
position (wt %): 0.08% C, 2% Mn, 0.04% P, 0.03% S,
0.75% Si, 16—18% Cr, 11—14% Ni , 2—3% Mo and

balance iron. Stock solutions (103 M) of inhibitors,
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Fig. 1. Plots of weight loss vs. time for the corrosion of 316
stainless steel in 1 M HCI without and with different con-
centrations of compound (3) at 25°C.

1M KI and 1 M NaCl were prepared by dissolving
appropriate weights in bi-distilled water. The investi-
gated antibacterial drugs were obtained from different
Egyptian companies and of analytical-reagent (AR)
grade. Schem. 1 shows their chemical molecular
structures.

2.2. Weight Loss Method

The 316 stainless steel sheets of 2 X 2 X (0.2 cm were
abraded with a series of emery paper up to 1200 grit
and washed with bi-distilled water then with acetone
and dried between filter paper. After weighing accu-
rately, the specimens were immersed in 250 mL beaker
containing 100 mL HCI without and with addition of
different concentrations of the studied inhibitors. All
the aggressive acid solutions were open to air. After the
specific period of time, the specimens were taken out
washed dried, and weighed accurately. In order to get
good reproducibility experiments were carried out in
triplicate. The average weight loss of three parallel
stainless steel 316 sheets was obtained. The inhibition
efficiency (1%) and the degrees of surface coverage (0)
of the investigated compounds were calculated from
the following equation:

1% =06 x 100 = [(W,— W)/W_] x 100, Q8

where W, and W are the values of the average weight
loss without and with addition of the inhibitor, respec-
tively. Scheme.

2.3. Potentiodynamic Polarization Method

Electrochemical polarization experiments were
carried out in a conventional three-electrode cell with
a capacity of 100 mL. A platinum counter electrode
and a saturated calomel electrode (SCE) coupled to a
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fine Luggin capillary as the reference electrode. To
minimize the ohmic contribution the Luggin capillary
was kept close to the working electrode. The working
electrode was in the form of a square stainless steel
embedded in PVC holder using epoxy resin so that the
flat surface was the only surface in the electrode. The
working electrode area was 1 X 1 cm, was abraded with
emery paper up to 1200 grit, rinsed with bi-distilled
water, degreased with acetone, and dried with a cold
air stream. A time interval of about 30 minutes was
given for the system to attain a steady state and the
open circuit potential (OCP) was noted. All experi-
ments were carried out at 25 £ 1°C using circulating
thermostat and solutions were not deaerated. For polar-
ization measurements potential from —300 to 100 mV
(relative to open circuit potential, Eyc) was applied
while potential from —500 to 700 mV (relative to refer-
ence electrode potential, ;) was applied in case of
pitting measurements. 1% and the degree of surface
coverage (0) were defined as:

I% =0x100= [(icorr - icorr(inh))/icorr] x 100 (2)

where i, and i .y are the uninhibited and inhib-
ited corrosion current density values, respectively,
determined by extrapolation of Tafel lines to the cor-
rosion potential.

2.4. Electrochemical Impedance
Spectroscopy (ELS) Method

EIS experiments were conducted at 25 & 1°C at the
OCP after immersion the electrode for 30 minutes in
the test solution. The AC signal was 5 mV peak to peak
and the frequency range studied was between 100 kHz
and 0.2 Hz.

The inhibition efficiency (1%) and the surface cov-
erage (0) of the investigated inhibitors obtained from
the impedance measurements can be calculated by
applying the following relation:

1% =0 x100=[1 — (th/Rct)] x 100, &)

where R, and R, are the charge transfer resistance in
the absence and presence of inhibitor, respectively.
Electrochemical experiments were carried out using
Potentiostat/Galvanostat/Zra  analyzer (Gamry
PCI300/4). A personal computer with DC 105 soft-
ware for polarization, EIS300 software for impedance
and Echem Analyst v. 5.21 was used for data fitting and
calculating.

3. RESULTS AND DISCUSSIONS
3.1. Weight— Loss Measurements

Figure 1 shows the effect of increasing concentra-
tions of inhibitor (3) on the weight loss-time curves of
type 316 stainless steel at 25°C. Similar curves (not
shown) were obtained for the other two inhibitors. It is
Vol. 52
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Table 1. Number of active sites (1/y), slopes of Langmuir isotherm lines, equilibrium constant of the adsorption reaction

(K) and free energy of adsorption (AG:dS) of inhibitors and heat of adsorption (Q) of 5 x 107> M of compounds 1, 2 and 3

on 316 stainless steel surface in 1 M HCl at 25°C

Kinetic model Langmuir isotherm
Comp. o o —0
1/y K x 103 ~AGus slope K x 103 ~AGuqs (kJ mol™")
(kJ mol™1) (kJ mol™1)
1 2.2 1.0 38.4 1.2 1.5 39.5 10.6
2.4 3.1 41.3 1.2 2.5 40.8 14.0
3 2.1 3.5 41.6 1.1 2.7 41.0 20.9

obvious that the weight loss of type 316 stainless steel
in the presence of inhibitors varies linearly with time,
and is much lower than that obtained in blank solu-
tion. The linearity obtained indicated the absence of
insoluble surface film during corrosion and that the
inhibitors were first adsorbed onto the metal surface
and, therefore, impede the corrosion process [32].

The values of I % and corrosion rate (CR) obtained
from weight loss method at different concentrations of
inhibitors at 25°C are summarized in Table 1. The 1%
determined from weight loss was found to decrease in
the following order: (3) > (2) > (1).

3.1.1.Adsorption Isotherm

The adsorption on the corroding surfaces never
reaches the real equilibrium and tends to reach an
adsorption steady state. When corrosion rate is suffi-
ciently decreased in the presence of inhibitor, the
adsorption steady state has a tendency to attain quasi-
equilibrium adsorption in thermodynamic was using

s Compound (1)
0.0006 |- o Compound (2)
4 Compound (3)

0.0004

c/0

0.0002

0 0.0001 0.0002 0.0003 0.0004 0.0005
C,M

Fig. 2. Langmuir adsorption isotherm plotted as (C/6) vs.
Conc. of compounds (1), (2) and (3) for the corrosion of
316 stainless steel in 1 M HCl at 25°C.
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the appropriate adsorption isotherm. Various adsorp-
tion isotherms were tested to find the best suitable
adsorption isotherm for adsorption of the studied
inhibitors on the surface of 316 stainless steel in 1 M
HCI solution. Various adsorption isotherms were
applied to fit 6 values (obtained by using Eq. (2)) but
the best fit was found to obey Langmuir adsorption
isotherm [33] which may be expressed by:

c/o=1/p+C, 4

where Cis inhibitor concentration and f is equilibrium
constant of adsorption. It is well known that the stan-

o]
ads

dard adsorption free energy (AG ) is related to equi-

librium constant of adsorption () and (A G:ds) can be

calculated by the following equation [34]:

B =1/55.5exp| ~AGhy./RT . (5)

s Compound (1)
¢ Compound (2)
4 Compound (3)

1.0 |

e
W
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o
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Fig. 3. El-Awady model plotted as log(6/1 — 0) vs. log C of
compounds (1), (2) and (3) for the corrosion of 316 stain-
less steel in 1 M HCl at 25°C.
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Fig. 4. Plots of log(6/1 — 0) vs. 1/T'for 5 x 107> M of com-
pounds (1), (2) and (3) for the corrosion of 316 stainless
steel in 1 M HCl at 25°C.

Figure 2 represents the plot of (C/0) against C for
all studied compounds. Also, it is found that the
kinetic-thermodynamic model of El-Awady et al [35].

log(8/1 — 0) = logrk' + ylogC, (6)

is valid to operate the present adsorption data. f =
B'(1/y), B'is constant and 1/y is the number of the sur-
face active sites occupied by one inhibitor molecule
and C is the bulk concentration of the inhibitor. Plot-
ting log(6/1 — 0) against log C for the studied com-
pounds is given in Fig. 3. Straight-line relationships
were obtained suggesting the validity of this model for
the studied case. A plot of log(6/1 — 0) vs. 1/T at con-
stant additives concentration (5 x 10~ M) (Fig. 4)
gives straight lines according to the following equa-
tion:

logb/1 — 6 =logA + logC — (Q/2.303RT). @)

The Q values were obtained from the slopes of
these lines. The values of K and AG,,, calculated by

Langmuir isotherm and 1/y, B and A Gy, calculated by
the kinetic model and the values of Q are given in

Table 1. The negative values of AG.,, suggest that the
adsorption of inhibitors molecules onto steel surface is
a spontaneous process. The magnitude of adsorption
heat reaches the magnitude of chemical reaction heat,
which is the result of the transference of electron from
donating atoms in the inhibitor molecule to the
d-orbital of the iron atom. The negative values of Q
show that the process of adsorption is exothermal. It is
noting that the value of 1/y is more than unity. This
means that the given inhibitor molecules will form
monolayer on the steel surface. In general the values of

AG,,, obtained from El-Awady et al model are com-
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Fig. 5. Arrhenius plots (logk vs. 1/T) for 316 stainless steel
in 1 M HCl in the absence and presence of 5 X 107> M of
compounds (1), (2) and (3).

parable with those obtained from Langmuir iso-
therms.

3.1.2. Effect of Temperature

In order to study the effect of temperature on the
inhibition characteristic of all the studied compounds,
weight loss measurements were performed at different
temperatures from 25 to 25°C in the absence and pres-
ence of different concentrations of the investigated
inhibitors for 6 h immersion time. The calculated val-
ues of the percentage inhibition efficiency (1%) are
listed in Table 2. Inspection of Table 2 reveals that, the
inhibition efficiency increases with an increase in
inhibitor concentration and decrease with raising the
temperature. This behavior could be attributed to the
increase of the number of adsorbed molecules at the
metal surface. At one and the same inhibitors concen-
tration the % IE decreases in the following order: (3) >
2) > (1).

The adsorption process was well elucidating by
using a thermodynamic model, in addition a Kinetic
thermodynamic model was another tool to explain the
mechanism of corrosion inhibition for an inhibitor.

The apparent effective activation energies (E : ) for the

corrosion reaction of 316 stainless steel in 1 M HCI
solution and presence of different concentrations of
the studied compounds were calculated from Arrhe-
nius type equation [36]:

log koo, = log A — E*/(2.303RT), (8)

where A is the Arrhenius pre-exponential factor. A plot
of logkcorr versus 1/7 at 5 X 107> M from the studied
Vol. 52

No. 3 2016



ELECTROCHEMICAL ASSESSMENT OF INHIBITIVE BEHAVIOR 567

Table 2. Effect of temperature on the inhibition efficiencies of different concentrations of compounds 1, 2 and 3 for corro-

sion of 316 stainless steel in 1 M HCl

Temp., °C Conc., M %
Compound (1) Compound (2) Compound (3)
1 x 10 19.0 27.6 28.6
5x 107 45.2 60.2 60.8
1 x1073 53.7 71.0 71.3
» 5x 107 73.5 76.3 82.5
1 x 1074 76.3 81.5 85.5
5x 1074 82.4 85.2 89.6
5x 107 39.2 55.3 55.9
1% 1073 44.7 66.4 66.9
35 5% 1073 71.0 75.4 79.5
1x 10~ 75.8 78.3 84.5
5% 1074 82.7 85.1 91.1
5x 107° 33.1 38.7 47.1
1x10°° 40.3 57.3 60.4
45 5% 1075 67.0 71.5 74.9
1x 10 71.4 76.5 81.1
5x 1074 81.4 82.7 89.1
5x 107 25.9 31.3 27.6
1 x 1073 33.9 45.0 45.1
55 5% 10> 65.5 67.5 68.2
1 x 10~4 67.3 70.0 75.0
5x 1074 77.4 78.1 85.6
compounds was shown in Fig. (5), straight lines were AS* = AH* — AG*. (12)

obtained. The values of E. can be obtained from the
slope of the straight lines. Free energies of activation
(AG*) were calculated by applying the Eyring equa-
tion [37]:

K= (K"T/h)e A0/, )

Another convenient form of equation 9 is equation 10:

AW:Rﬂ@%}—md, (10)

where, k is the corrosion rate, 4 is Planck’s constant ,
K" is Boltzmann’s constant, R is the universal gas con-
stant and 7'is the absolute temperature. The enthalpy
of activation (AH*) and the entropy of activation

(AS™*) were calculated by applying the following equa-
tions [38]:

AH* = EX — RT, (11)

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES
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The calculated values of activation energy and ther-
modynamic activation parameters (AG*, AH*, AS*)
for the dissolution of 316 stainless steels in 1 M HCI
are listed in Table 3. It is obvious that the activation
energy is higher in the presence of the additives than in
their absence. Similar results were obtained by other

authors [39—41]. The higher values of E: in the pres-
ence of the studied compounds indicates that physical
adsorption or weak chemical bonding between the
inhibitor molecules and the steel surface may occur

[42]. E : being more than—40 kJ mol~! and less than
—80 kJ mol~!, is between the threshold values for phys-
ical adsorption and chemical adsorption indicates that
the adsorption of the inhibitors on the steels surfaces
involves two types of interaction. The activation
energy of blank solution is comparable with other
reported values [43]. The values of AG* and AH* are
2016
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positive and high in the presence of the inhibitors over
that of the uninhibited solution. This implies that
energy barrier of the corrosion reaction in the presence
of the investigated inhibitors increases. On the other
hand, AS™ values are lower and negative in presence of
the inhibitors, this means that addition of these com-
pounds cause a decrease in the disordering in going
from reactants to the activated complexes [44, 45]. It is
evident that the values of (AG*) increase with increas-
ing temperature where the constantly values of (AH*)
indicated that the mechanism of the corrosion reac-
tion was not changed by raising the temperatures from
25 to 55°C. The order of decreasing activation energy
and thermodynamic activation parameters in the pres-
ence of the investigated inhibitors agrees with the
order of decreasing [% of these compounds.

3.2. Potentiodynamic Polarization Measurements

Anodic and cathodic polarizations were carried out
potentiodynamic for stainless steel 316 in 1 M HCI
solution in the absence and presence of various con-
centrations of the studied compounds at 25°C. The
results are represented in Fig. 6 for compound (3),
similar behaviors were obtained for other compounds
(not shown). The obtained potentiodynamic polariza-
tion parameters are given in Table 4. These results
indicate that the cathodic and anodic curves obtained
exhibit Tafel-type behavior. Additionally, the form of
these curves is very similar either in the cathodic or in
the anodic side, which indicates that the mechanisms
of stainless steel dissolution and hydrogen reduction
apparently remain unaltered in the presence of these
additives. Addition of the studied compounds
decreased both the cathodic and anodic current den-
sities and caused mainly parallel displacement to the
more negative and positive values, respectively, i.e. the
presence of the studied compounds solution inhibits
both the hydrogen evolution and the anodic dissolu-
tion processes with overall shift of £, to more nega-
tive values with respect to the OCP.

The results also show that the slopes of the anodic
and the cathodic Tafel slopes (3, and [3,) were slightly
changed on increasing the concentration of the tested
compounds. This indicates that there is no change of
the mechanism of inhibition in presence and absence
of inhibitors. The values of 3, are slightly higher than
the values of (3, suggesting a cathodic action of the
inhibitor. This could be interpreted as an action of
mixed inhibitor control over the electrochemical
semi-reactions. This means that the investigated com-
pounds are mixed type inhibitors, but the cathode is
more preferentially polarized than the anode. The
higher values of Tafel slope can be attributed to surface
kinetic process rather the diffusion-controlled process
[46]. The constancy and the parallel of cathodic slope
obtained from the electrochemical measurements
indicate that the hydrogen evolution reaction was acti-
vation controlled [47] and the addition of these deriv-
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Fig. 6. Potentiodynamic polarization curves of 316 stain-
less steel in 1 M HCl in the absence and presence of differ-
ent concentrations of compound 3 at 25°C.

atives did not modify the mechanism of this process.
This result suggests that the inhibition mode of the
studied compounds was by simple blockage of the sur-

Table 3. Activation energy and thermodynamic activation
parameters for dissolution of 316 stainless steel in 1 M HCIl
in the absence and presence of 5 x 10~> M of compounds 1,
2 and 3 at different temperatures

Thermodynamic Temperature, °C
Comp. activation
parameters 25 35 45 55
E} (kJ mol™") 39.47
1L.OM |AG* (kJ mol™) 86.97188.50(90.16 | 91.95
HCL A mol-l) | 36.99]36.91(36.83 | 36.74
—AS* (J mol~! K~1)| 167.7 | 167.5 | 167.7 | 168.3
E (kJ mol™") 46.82
AG* (kJ mol™") 90.26|91.67 | 93.10 | 94.85
1
AH* (kI mol™h) 44.34144.26|44.18 | 44.09
—AS* (J mol~! K~1) | 154.1 | 153.9|153.8 | 154.8
E (kJ mol™") 48.18
) AG* (kJ mol™") 90.70(92.09|93.48|95.02
AH* (kJ mol™") 45.70|45.62|45.54|45.45
—AS* (J mol~! K~1) | 151.0 [ 150.9| 150.8 | 151.1
E} (k) mol™") 53.38
3 AG* (kJ mol™!) 91.29192.56|93.82(95.07
AH* (k] mol™h) 50.90(50.82(50.7450.65
—AS* (J mol~! K~1)| 135.5[135.5|135.5|135.4
Vol. 52 No. 3 2016
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Table 4. Effect of concentration of compounds 1, 2 and 3 on the electrochemical parameters, surface coverage (0) and inhi-
bition efficiency (1%) of 316 stainless steel in 1 M HCl at 25°C

Comp. | Cone., |~ e BV| o B | P T B 0L ] et | 0|1
1.0 M HCI 437 116.2 119 79 177.2 1.349 — —

1% 10 438 129.3 119 80 160.5 1.501 0.113 11.3

5% 10 424 80.1 114 66 227.3 0.929 0.311 31.1

1 1 %1073 417 73.6 115 61 235.0 0.854 0.367 36.7

5% 1073 391 22.7 101 49 635.9 0.263 0.805 80.5

1 %104 376 16.9 104 45 807.7 0.196 0.855 85.5

5% 10~ 374 16.1 103 43 824.6 0.186 0.861 86.1

1 x 106 423 71.3 111 67 253.9 0.827 0.386 38.6

5% 10~ 413 64.5 112 64 273.2 0.748 0.445 44.5

1 %1073 405 26.4 97 50.2 544.6 0.306 0.773 77.3

2 5% 103 386 16.4 97 46 823.1 0.190 0.859 85.9
1 x 1074 381 15.0 100 44 888.2 0.174 0.871 87.1

5% 10~ 370 14.4 103 44 930.1 0.167 0.876 87.6

1 x 10~ 416 65.6 110 68 278.6 0.761 0.435 43.5

5% 10~ 410 44.1 109 55 360.3 0.512 0.620 62.0

1% 103 389 24.6 104 51 598.4 0.286 0.788 78.8

. 5% 107 370 15.5 109 47 915.5 0.180 0.867 86.7

1 x 1074 363 13.3 115 49 1118.0 0.154 0.886 88.6

5% 10~4 349 11.9 131.0 55.4 1424.0 0.138 0.898 89.8

Table 5. Effect of addition of 1 x 10~2 M of KI on the inhibition efficiencies of different concentrations of compounds 1,
2 and 3 for the corrosion of 316 stainless steel in 1 M HCl at 25°C

1% from i,
COl’anCOHC., compound (1) compound (2) compound (3)
without KI with KI without KI with KI without KI with KI
1 x10°° —11.3 88.1 38.6 88.9 43.5 89.5
5% 10°° 31.1 89.3 44.5 90.1 62.0 91.1
1 %103 36.7 89.6 77.3 91.0 78.8 92.3
5x 107 80.5 91.4 85.9 91.4 86.7 92.7
1x1074 85.5 92.1 87.1 91.2 88.6 93.2
5% 10~ 86.1 93.3 87.6 90.8 89.8 93.0
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Fig. 7. Potentiodynamic anodic curves for 316 stainless
steel in 0.1 M NaCl in the absence and presence of differ-
ent concentrations of compound 3 at 25°C.

face by adsorption. The order of decreased inhibition
efficiency for the additives is: (3) > (2) > (1).

3.3. Synergistic Effect

The effect of addition 1 x 10~> M KI on the corro-
sion rate of stainless steel 316 in absence and presence
of different concentrations of the studied compounds
in 1 M HCI solution was investigated using potentio-
dynamic polarization method. Results of 1% of the
studied compounds without and with KI are summa-
rized in Table 5. It was observed from these results that
the presence of I~ improved the 1% of the studied
compounds significantly. The interactions of KI with
the studied compounds can be described by introduc-
tion of the synergistic parameter (S;) which is defined
as [48]:

So :1_61+2/1_9;+2, (13)

0.33 -

« Compound (1)
¢ Compound (2)
4 Compound (3)

0.30

Eyii, V(SCE)
o
N

0.24

0.21 1 1 1 1 1 )
—-6.0 -56 52 —-48 —44 -40

log [inh.], M

Fig. 8. Pitting potential; Ep; as a function of concentration
of compounds (1), (2) and (3) for the corrosion of 316
stainless steel in 0.1 M NaCl at 25°C.

where 0, ,,= (0, +6,) — (0,9,), 6, =surface coverage

by anion, 6, = surface coverage by cation and 0,,, =
measured surface coverage by both the anion and cat-
ion. Sy approaches 1 when no interaction between the
inhibitor compounds exists, while S, > 1 points to a
synergistic effect. In the case of Sy < 1, the antagonistic
interaction prevails. Values of S, summarized in Table 6
are less than unity, suggesting that the phenomenon of
antagonistic interaction exists between I~ and the
studied compounds. Similar results obtained else-
where [29].

The order of increasing inhibition efficiency for the
studied compounds in the presence of 1 x 102 M KI

with different concentration of the inhibitors for stain-
less steel 316 in 1 M HCl is as follows: 3 > 2 > 1.

Table 6. Synergism parameter (Sy) for different concentrations of compounds 1, 2 and 3 with 1 X 10~2 M KI for the corro-

sion of 316 stainless steels in 1 M HCl at 25°C

Inhibitor Conc., Synergism parameter (Sp), icorr
M +1x10MKI compound (1) compound (2) compound (3)
1x10°° 1.366 0.806 0.784
5% 10°° 0.940 0.818 0.622
1x1073 0.889 0.368 0.402
5% 1073 0.331 0.239 0.268
1x10~4 0.268 0.214 0.245
5% 1074 0.301 0.197 0.213
PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES  Vol. 52 No.3 2016
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Table 7. Electrochemical kinetic parameters obtained by EIS technique for the corrosion of 316 stainless steel in 1 M HCI

at different concentrations of inhibitors 1, 2 and 3 at 25°C

Comp. Conc., M Cq» UWFcm™2 | Phase degree | R, ohm cm? 0 1%
1.0 M HCI 85.5 69.3 2815 - -

5x 1076 78.3 69.9 282.4 0.003 00.3

1 1 %103 62.0 73.4 508.2 0.446 44.6

5% 107 50.7 74.4 618.0 0.544 54.4

3% 1074 37.6 76.7 973.4 0.711 71.1

5% 10~° 72.7 71.6 404.6 0.304 30.4

1 %1073 66.1 71.6 471.6 0.403 40.3

2 5% 107 52.8 74.7 949.3 0.703 70.3

5x 1074 44.2 74.8 1188.0 0.763 76.3

5% 107° 85.9 71.7 355.2 0.207 20.7

1x10° 54.3 72.7 552.3 0.490 49.0

3 5% 1073 35.4 76.3 1125.0 0.750 75.0

5% 10 30.3 71.7 1538.0 0.817 81.7

3.4. Potentiodynamic Anodic Measurements
(Pitting Corrosion)

The passive film formed spontaneously on austen-
itic stainless steels has been widely studied using sur-
face analysis techniques [49—51]. A mixture of iron
and chromium oxides is formed, with hydroxide and
H,0-containing compounds concentrated in the out-
ermost region of the film and chromium oxide enrich-
ment in the inner region (metal/film interface). Thus
the passive film formed on the stainless steel surface con-
sists of an inner Cr(I1I)-oxide/hydroxide layer and a very
thin outer layer of Fe(II)/(I1I)-oxide/hydroxide [52].

—800
o —-10 M HCI
5% 1078 M
=700 N xI073M
" —v5x107°M
—600 —5%x1074M

—500
—400
—300
—200
—100

0

Zimag>» Ohm cm™?

)
1
!

0 200 400 600 800 10001200 1400 1600 1800
2
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Fig. 9. The Nyquist plots for the corrosion of 316 stainless
steel in 1 M HCI in the absence and presence of different
concentrations of compound 3 at 25°C.
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The effect of adding different concentrations of the
studied compounds on the pitting corrosion behavior
of stainless steel 316 in 0.1 NaCl solution was investi-
gated by potentiodynamic polarization measurements.
The addition of the inhibitors increases the breakdown
potential towards more positive potential (Fig. 7), i.e.
inhibits pitting corrosion of the steel.

Figure 8 shows the relation between E; and the
inhibitors concentrations, straight lines obtained

according to the following equation:
E,=a' + b'log[inh.]. (14)

Symbols @' and b' are constants. The increase of the
inhibitors concentration increases the pitting potential
to more positive values, i.e. decreases the pitting cor-
rosion. The adsorption of the inhibitors on the steels
surfaces can prevent the adsorption of CI~ ion (which
is responsible for pitting corrosion). Pitting potentials;
the order of decreasing E,;, of stainless steel 316 in the
presence of the studied compounds is agree with the
order of decreasing 1% of these compounds, obtained
from weight loss and potentiodynamic measurements.

3.5. Electrochemical Impedance Spectroscopy (ELS)

EIS measurements were carried out for corrosion
behavior of stainless steel 316 in 1 M HCI solution in
the absence and presence of various concentrations of
the studied compounds at 25 = 1°C. The obtained
Nyquist plot for compound (3) is shown in Fig. 9 sim-
ilar curves were obtained for inhibitor (1, 2) (not
shown). The impedance diagrams have an approxi-
mately semicircular appearance shows that the corro-
sion of stainless steel 316 is controlled by a charge
transfer process. The diameters of the capacitive loop
2016
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Fig. 10. The Bode plots for the corrosion of 316 stainless
steel in 1 M HCI in the absence and presence of different
concentrations of compound 3 at 25°C.

obtained increases in the presence of the inhibitors
and were indicative of the degree of inhibition of the
corrosion process. The Bode plot of compound (3) is
shown in Fig. 10 the high frequency limits corresponds
to the solution resistance Rg (€2 ),while the lower fre-
quency limits corresponds to (R, + Rg). The low fre-
quency contribution shows the kinetic response of the
charge transfer reaction [53]. The impedance parame-
ter such as charge transfer resistance (R ), double
layer capacitance (Cy) and inhibition efficiency (1%)
were calculated and are listed in Table 7. The result
obtained show that the value of charge transfer resis-
tance (R,) for stainless steel 316 in HCI solution
changed after the addition of inhibitors. The R values
increases and the Cg values decreases with increasing
the concentrations of the studied compounds. This
leads to an increase of percent inhibition (1%). The
high R values associated with slower corroding sys-
tem [54]. The inhibition efficiency obtained from
impedance measurements are in good agreement with
those obtained from weight loss and potentiodynamic
polarization studies (3) > (2) > (1).

3.6. Mechanism of Inhibition

The investigated inhibitors confer high protection
to stainless steel 316 corrosion in 1 M HCI and func-
tion through adsorption on the metal surface following
Langmuir isotherm. The obtained results by weight
loss, potentiodynamic polarization and electrochemi-
cal impedance spectroscopy (EIS) techniques indicate
that the extent of corrosion inhibition of the investigated
compounds followed the following order: (3) > (2) > (1).
It can be explained on the basis of adsorption. It is
apparent from the molecular structure that, these
compounds can be adsorbed on the metal surface

PROTECTION OF METALS AND PHYSICAL CHEMISTRY OF SURFACES

EL-ABBASY et al.

through the lone pair of electrons of oxygen and/or
nitrogen and/or sulfur atoms and delocalized st-elec-
trons of benzene ring. The difference in the inhibition
efficiencies can be explained on the basis of the type
and the number of hetero atoms in the cavity of these
compounds. Also the inhibition efficiency values can
be explained on the basis of the molecular weight;
compound (3) exhibits excellent inhibition efficiency
due to its molecular weight (667.65) that may facilitate
better surface coverage. Compound (2) comes after
compound (3) in inhibition efficiency because it has
lesser molecular weight (546.58). Compound (1) has
the lowest inhibition efficiency; this is because it has
the lowest molecular weight (517.02) and has no aro-
matic ring.

CONCLUSIONS

From the results of the study we can concluded that
the investigated compounds are efficient inhibitors for
316 stainless steel in 1 M HCI. The adsorption of these
compounds on the steel surface was found to obey
Langmuir adsorption isotherm. Polarization data
shows that the studied antibacterial drugs act as
mixed-type inhibitors in 1 M HCI. The presence of KI
improves the inhibition efficiency, indicating presence
of a synergistic effect between these studied com-
pounds and the iodide anion. Thermodynamic
adsorption parameters show that the studied inhibitors
are adsorbed on the alloy surface by an endothermic,
spontaneous process. The values of inhibition effi-
ciencies obtained from the different independent
quantitative techniques used are in good agreement
and showed the validity of the studied techniques.
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