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Three amino acids based-surfactants, namely, sodium N-dodecyl asparagines (AS), sodium N-dodecyl
histidine (HS) and sodium N-dodecyl tryptophan (TS) were synthesized and were investigated as
corrosion inhibitors for mild steel (ST-37-2) in 0.5 M HCI at 25 °C. The methods employed in this
work were weight-loss (WL), potentiodynamic polarization (PP) and electrochemical impedance
spectroscopy (EIS). The useful surface active properties of the synthesized surfactants were also
evaluated. The inhibition efficiencies were found to increase with the inhibitor concentration, while
decrease with increasing the concentration of hydrochloric acid and temperature. Results obtained
from the different techniques revealed that the inhibition efficiency increases in the following
sequence: AS < HS < TS. The high inhibition efficiencies of the synthesized surfactants were declined
in terms of strong adsorption of the surfactant molecules on mild steel surface and forming a protective
film separating the steel surface from the corrosive acid medium. The adsorption operation was found
to obey Langmuir isotherm. Thermodynamic and kinetic parameters were evaluated by adsorption
theory and kinetic equations which support the mechanism of physical adsorption of the inhibitors. The
polarization measurements showed that the tested surfactant molecules act as mixed-type inhibitors
with anodic predominance. The mechanism of inhibition of mild steel corrosion was also suggested.
Results obtained from all employed methods are consistent with each others.
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1. INTRODUCTION

Iron and its alloys are used widely in a broad field of industrial and machinery because of their
good mechanical properties. Mild steel is an important alloy of iron used for different applications and
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it is generally subjected to corrosion phenomenon in a number of environments especially in acid
media. A considerable effort was devoted to develop more efficient, economically viable and
environmentally compliant methods to prevent iron corrosion. However, using corrosion inhibitors is
considered as one of the most effective, practical and economic methods to protect metallic surfaces
against corrosion in aggressive media. Corrosion inhibitors are organic compounds containing
heteroatoms, such as nitrogen, oxygen and sulfur, and unsaturated bonds [1-11]. The inhibitory action
of these compounds is due to their adsorption on the metal surface and blocking it, and thus prevent the
corrosion process to occur [12] because the adsorbed film behaves as a barrier which isolates metallic
surface from the aggressive anions present in the solution. Such adsorption may has physical or
chemical nature [13,14]. The long-chain carbon linkage and multiple adsorption sites of the inhibitor
can block large area of the metal surface [15]. Also, the synergistic effect of some anions or cations at
much lower concentrations with inhibitors can be applied [16-20], where synergism is very useful in
the inhibition process.

Surfactant molecules are widely used as inhibitors for the corrosion of various metals and
alloys in different media [21]. The combination of polar amino acids and different nonpolar
hydrocarbon chain compounds produces amino acids-based surfactants. This type of surfactants is of
great interest in the field of novel surfactant research because these surfactants have excellent surface
active properties, quick biodegradation, environmentally friendly, excellent antimicrobial and
antifungal activities in comparison to conventional surfactants [22]. They possess excellent
emulsifying and detergency properties [23]. They have great potential to be applied in food, pharmacy
and cosmetic industries [24-27]. The literature survey revealed that there are very few reports about the
utilization of amino acids-based surfactants in the field of corrosion inhibition of metals and alloys
[28]. For this reason, the present study aimed to evaluate the effectiveness of some new synthesized
surfactants based on amino acids (illustrated in Figure 1) as corrosion inhibitors for mild steel in HCI
using weight-loss, potentiodynamic polarization, electrochemical impedance spectroscopy and
scanning electron microscopy. Furthermore, useful surface active properties of the synthesized
surfactants will be evaluated.
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Figure 1. Structures of the synthesized amino acids-based surfactants.
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2. EXPERIMENTAL

2.1. Materials

All solutions employed in this work were freshly prepared from Merck or Aldrich chemicals
using bidistilled water. Stock solutions of the corrosive medium (HCI) were prepared by dilution of
37% HCI (Merck) using bidistilled water. The new surfactant inhibitors were synthesized as reported
earlier [29,30]. The concentration range of the synthesized surfactants (inhibitors) used was 100-900
ppm (mg I™). Other reagent solutions were prepared by dissolving the required amounts of the samples
in bidistilled water and the desired concentrations were obtained by appropriate dilution. Each
experiment was carried out in aerated stagnant solutions and was repeated at least three times under the
same conditions to check the reproducibility and the average of the three replicated values was used
for further processing of the data. On the other hand, corrosion tests were performed on a cylindrical
mild steel samples which has chemical composition (wt%): 0.070 C, 0.070 Si, 0.290 Mn, 0.012 S,
0.021 P, and the remainder is Fe.

2.2. Weight-Loss Measurements

Weight loss measurements were performed in a temperature-controlled system. The volume of
the corrosive media was 100 ml. The mild steel samples employed for weight loss measurements were
cylindrical rods of areas closed to 14 cm? These rods were first mechanically polished using SiC
papers (emery papers) in successive grades from 200 to 1200, and then washed with distilled water and
acetone. After weighing accurately, the mild steel samples were immersed in the corrosive media (in
absence and presence of different concentrations of the inhibitors) and at different temperatures in 250
ml beakers. After 6 h, the mild steel samples were taken out, washed, dried and weighed accurately.
Then, the average weight loss of at least three parallel mild steel samples, in each experiment, could be
obtained. The corrosion rate (CR) was calculated in mils penetration per year (mpy) from the
following equation [31]:

KW

CR(mpy) = g 1
where K is a constant equals 3.45 x 10°, W is the weight loss in grams, A is the specimen area in cm?, t
is time in hour and d is the density of mild steel (7.86 g/cm®). The inhibition efficiency (% IE) and the
degree of surface coverage (0) of the synthesized surfactants on the corrosion of mild steel were
calculated as follows [32]:

% IE=0x100= 1—% x 100 2)
CR

where CR and CR;, are corrosion rate values without and with inhibitor, respectively.
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2.3. Electrochemical Measurements

Both electrochemical measurements, potentiodynamic polarization (PP) and electrochemical
impedance spectroscopy (EIS), were performed using temperature-controlled PGSTAT30
potentiostat/galvanostat in a three-electrode cell with a Pt counter electrode (CE), a Hg/Hg,SO4/SO4*
coupled to a fine Luggin capillary as a reference electrode (RE) and the working electrode (WE) which
had the form of rod from the investigated mild steel sample. The cylindrical mild steel sample was
pressed into a Teflon holder and the exposed electrode area to the corrosive solution was 0.5 cm?
Before each experiment the WE was treated as in weight-loss measurements, then it was inserted
immediately into the glass cell that contained 100 ml of the corrosive medium (blank) and the required
inhibitor concentration at open circuit potential (OCP) for about 60 min. or until a steady state was
attained. Potentiodynamic polarization curves were obtained by changing the electrode potential
automatically at a scan rate of 2.0 mV/s which repeated about three times to test the results
reproducibility. Also, the values of % IE and 6 of the synthesized surfactants can be calculated from
the following relation:

i
% IE=0x100= {1—J} x 100 (3)

ICOH
where, icorr and icorrinny @re corrosion current densities in the absence and presence of the inhibitor,
respectively. The values of corrosion current densities were determined by extrapolation of the slopes
of cathodic and anodic Tafel lines (8, fa), of the polarization curves, to the corrosion potentials.
EIS measurements were performed in a frequency range of 100 kHz to 0.1 Hz with an
amplitude of 4.0 mV peak-to-peak using AC signals at OCP. % IE was calculated from the charge
transfer resistance (R.) using the following equation [33]:

R
%IE=|1-—2—| x 100 4)
ct(inh)
where R¢t and Reyinny are the charge transfer resistance values (in ohms cm2) without and with
inhibitor, respectively. R is a measurement of electron transfer across the electrode surface.

2.4. Surface Investigations

Scanning electron microscopy (SEM) experiments were carried out in order to investigate the
morphology of mild steel surface before and after addition of the synthesized surfactants to verify if
these surfactants are adsorbed on steel surface or just peeled off it.

2.5. Evaluation of Surface Active Properties of the Synthesized Surfactants

Surface active properties are very important for any synthesized surfactant. In the present
study, we aimed to examine any structure—property relationship with respect to the change in the
amino acid head group. Some useful surface active properties for each surfactant were evaluated.
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Surface tension measurements were carried out by preparing different concentrations of synthesized
surfactants solutions in bidistilled water, thermostated at 25 °C and measuring their surface tension
values using a Tensiometer equipped with a platinum ring. Other useful properties of the synthesized
surfactants such as cloud points, foaming heights and wetting times were also evaluated and discussed.

3. RESULTS AND DISCUSSION
3.1. Weight-Loss Measurements and Effect of Temperature
3.1.1. Effect of Acid Concentration on the Corrosion Rate

Figure 2 displays the relation between the weight loss and immersion time for mild steel in
different concentrations of HCI solutions in the range of (0.1 — 1.0 M) at a temperature of 25 °C. The
values of the corrosion rates measured in mpy are listed in Table 1. The results indicated that the
corrosion rate of mild steel was found to increase with increasing the concentration of the corrosive
medium (HCI solutions.

Also, the effect of HCI concentration in the presence of a constant concentration of the
synthesized surfactants, namely 500 ppm, on the inhibition efficiency of mild steel is shown in Figure
3. From Figure 3, it is clear that inhibition efficiency decreased with increasing HCI concentration
indicating that the synthesized inhibitors are more effective at low concentration of HCI (0.1 M).

Table 1. Corrosion rates (CR) in mpy for mild steel in different concentrations of HCI solutions.

[HCI], M 0.1 0.3 0.5 0.7 1.0
CR (mpy) 137 144 162 173 184
12 T T T T
10 ]
_ —m—0.1M v |
NE 8| _._8:2m / 4
> —v—0.7 M -
£ 1.0M T
%’ b / =/ 1
2+ l/ ]
O 1 1 1 1
0 6 12 18 24 30

Immersion Time (h)

Figure 2. Weight-loss versus immersion time for mild steel in different concentrations of HCI
solutions at 25 °C.
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Figure 3. Effect of concentration of HCI solution on the inhibition efficiencies of 500 ppm of the
synthesized surfactants for the corrosion of mild steel at 25 °C.
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Figure 4(a-c). Weight-loss versus immersion time for mild steel in 0.5 M HCI solution in the absence

and presence of different concentrations of the synthesized surfactants at 25 °C. (a) AS, (b) HS
and (c) TS.
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3.1.2. Effect of Added Synthesized Surfactants on the Corrosion Rate

WL experiments of mild steel in 0.5 M HCI solution were performed in the absence and
presence of various concentrations of the surfactants (100 — 900 ppm) at different temperatures (15, 25,
35 and 45 °C); only the WL versus time curves obtained at 25 °C are shown here, Figure 4(a-c). Values
of CR, 6 and %IE of the surfactants are also listed in Table 2. It is obvious from Table 2 that for all
synthesized surfactants, that CR values get decreased and %IE increased with the inhibitors
concentrations. These results lead to the conclusion that these synthesized surfactants are efficient as
inhibitors for mild steel dissolution in 0.5 M HCI solution. The order of inhibition efficiencies is as
follows: AS <HS < TS.

3.1.3. Effect of Immersion Time on the Inhibition Efficiencies

The effect of immersion time on the inhibition efficiencies of a concentration of 500 ppm of the
synthesized surfactants in 0.5 M HCI solution was investigated for 3 to 36 h at 25 °C and is illustrated
in Figure 5. This figure showed that the surfactant molecules inhibit the corrosion of mild steel for all
immersion times. At first stages, the inhibition efficiencies increase greatly with increasing the
immersion time up to about 12 h, then decrease slightly with further small elapse of time and finally
reach the constant values after more than 20 h. Increasing inhibition efficiencies with immersion time
at first stages can be attributed to the adsorption of multi layers of the inhibitor molecules on the mild
steel surface which causes more inhibition efficiencies. After about 12 h, some adsorbed inhibitor
molecules are believed to leave mild steel surface causing a decrease in the effective area covered by
such molecules to some extent leading to slight decreasing of the inhibition efficiencies. After 20 h, the
change in inhibition efficiencies with immersion time is negligible. This means that, the adsorbed films
become more compact on the surface of mild steel, and then becomes more stable [34,35]. This
indicates that the synthesized surfactants are efficient corrosion inhibitors for mild steel in 0.5 M HCI.
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Figure 5. Variation of inhibition efficiencies with immersion time for mild steel in 0.5 M HCI
containing 500 ppm of the synthesized surfactants at 25 °C.
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3.1.4. Effect of Temperature

The effect of temperature on the corrosion rate of mild steel in 0.5 M HCI and on the inhibition
efficiencies of the synthesized surfactants at different concentrations has been investigated in the
temperature range of (15 — 45 °C) using weight-loss measurements. Similar curves of Figure 4 were
obtained but not shown. With rising temperature, the rates of corrosion increase and %IE of the
additives decrease as listed in Table 2. The observed decrease in %IE as the temperature increases
suggests that physical adsorption is the predominant mechanism [36,37]. Generally the increase in
temperature usually accelerates the hydrogen gas evolution in an acid medium and reduces inhibitor
adsorption resulting in acceleration of the dissolution process on mild steel surface. However, at higher
concentration of the inhibitors, increase in temperature had very little effect on the corrosion rates.

Table 2. Corrosion rates (CR) in mpy of mild steel, degrees of surface coverage (8) and inhibition
efficiencies (% IE) of the synthesized surfactants with different concentrations in 0.5 M HCI
solution at different temperatures.

0.5 M | Inhibitors Temperature (°C)
HCI Concn. 15 25 35 45
+ (ppm) [CR|%IE| 0 [CR|%IE| 6 [CR|%IE| 6 |CR|%IE| 0
-- 0 146 -- -- 162 -- -- 179 -- -- 194 -- --
100 62 57 057 ] 72 55 055 | 85 52 0.52 | 104 46 0.46
300 51 65 | 0.65| 58 64 | 0.64| 69 61 0.61 | 82 58 0.58
AS 500 35 76 0.76 | 42 74 0.74 | 50 72 0.72 | 60 69 0.69
700 28 81 081 | 34 79 0.79 | 42 76 0.76 | 49 74 0.74
900 22 85 |0.85] 29 82 082 | 36 80 | 0.80| 45 77 0.77
100 47 68 0.68 | 56 65 0.65| 69 61 061 | 82 58 0.58
300 35 76 | 0.76 | 44 73 0.73 | 55 69 0.69 | 65 66 0.66
HS 500 27 82 082 ] 32 80 080 | 41 77 0.77 | 49 74 0.74
700 20 86 086 | 24 85 085 | 29 84 0.84 | 38 80 0.80
900 16 89 0.89 | 20 88 088 | 24 86 0.86 | 33 83 0.83
100 34 76 0.76 | 45 72 0.72 | 56 69 0.69 | 64 66 0.66
300 28 81 081 35 78 0.78 | 45 75 0.75 | 54 72 0.72
TS 500 20 86 | 0.86 ]| 26 84 | 084 37 80 | 0.80| 42 78 0.78
700 15 90 090 | 20 88 0.88 | 29 84 084 | 33 83 0.83
900 12 92 092 | 16 90 090 | 21 87 0.87 | 27 86 0.86

3.1.5. Adsorption Isotherm

For testing the adsorption isotherm of the investigated inhibitors obeyed by this system, the

plots of fractional surface coverage values (Cin/0) versus inhibitor concentrations (Ciy,) at all the
studied temperatures were drawn. Straight lines with almost unit slopes and correlation coefficients of
(0.989 < R? < 0.997) were obtained as illustrated in Figure 6(a-c) indicating that the adsorption of the
investigated inhibitors on mild steel surface in HCI solution agrees with the Langmuir adsorption
isotherm which is given by following equation [38]:



Int. J. Electrochem. Sci., Vol. 13, 2018

4583

% = i +Cip ()
9 Kads
where Kags 1S the equilibrium constant of the adsorption process which are listed in Table 3.

This Table showed that the values of K,y decrease with increasing temperature indicating strong
adsorption of the surfactants on mild steel surface at relatively lower temperature, but upon raising
temperature, the adsorbed surfactants tend to desorb from the steel surface.
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Figure 6(a-c). Langmuir adsorption isotherms for the synthesized surfactants adsorbed on mild steel
surface in 0.5 M HCI solution at different temperatures. (a) AS, (b) HS and (c) TS.

3.1.6. Thermodynamic Parameters

Thermodynamic parameters can provide valuable information about the mechanism of
corrosion inhibition. The standard free energy of adsorption (AG’gs) is related to Kqgs according to the

following equation [39],
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AGOads = 'RT In(555 Kads) (6)

where, R is the universal gas constant and the value 55.5 is the molar concentration of water in solution
in mol IY. The values of (AG%g) for the three studied inhibitors were calculated at different
temperatures and are listed in Table 3. The high values of (AG°gs) obtained for the surfactant TS
indicated that this compound is more strongly adsorbed on steel surface in 0.5 M HCI than the other
surfactants. This is in a good agreement with the values of %IE of the investigated surfactants obtained
from all employed techniques.

On the other hand, it has been reported [40,41] that values of AG%gs around -20 kJ mol™ or
lower are consistent with physisorption where an electrostatic interaction between the active positive
charge on iron surface and negative charge on chloride ion. While those more negative than -40 kJ
mol™ involve charge sharing or transfer from the inhibitor molecules to the metal surface to form a
coordinate bond between the surfactant molecules and the vacant d-orbital of iron (chemisorption).
The obtained AG%gqs values indicated that the adsorption mechanism of the synthesized surfactants on
mild steel in 0.5 M HCI solution is a mixed from physical and chemical adsorption [41].

The standard adsorption heat (AH%gs/ kJ mol™) can be calculated according to the Van’t Hoff
equation [42]:

— AH %ags
In Kags = “RT + Constant (7)

The plots of In Kygs vs. 1/T gave good straight lines with slopes of —~AH%gqs/ R as illustrated in
Fig. 7, thus the values of ~AH%gs were obtained and are presented in Table 3.

Endothermic adsorption process (AH%gs > 0) is attributed to chemisorption [43], an exothermic
adsorption process (AH%gs < 0) may involve either physisorption or chemisorption or a mixture of both
processes. Generally, when the enthalpy values are less than or around 40 kJ mol™, the adsorption
process is physisorption while in case of the values more than 100 kJ mol™, the adsorption of inhibitor
follows the chemisorptions process [44]. The obtained negative values of AH°gs reveal that the
adsorption of inhibitors molecules is an exothermic process with a physical nature (physisorption).
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Figure 7. Van’t Hoff plots for the synthesized surfactants adsorbed on mild steel surface in 0.5 M HCI.
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Table 3. Values of thermodynamic parameters and adsorptive equilibrium constant (Kags) for the
corrosion of mild steel in 0.5 M HCI solution in the presence of different concentrations of the
synthesized surfactants at different temperatures.

0.5 M HCI Temp. 107 Kags AG s AH s AS°.gs (208)
+ (°C) | mol™ kJ mol™ kJ mol™ Jmol* K™
15 3.41 -30.1 56.9
AS 25 2.80 -29.6 -13.14 55.3
35 2.31 -29.1 53.7
45 2.05 -28.8 52.7
15 5.84 -31.4 46.9
HS 25 4.70 -30.9 -17.46 45.1
35 3.77 -30.4 43.9
45 2.92 -29.7 41.1
15 9.24 -32.6 49.3
TS 25 7.32 -32.0 -17.88 47 4
35 5.79 -31.4 454
45 4.56 -30.8 41.7

The standard adsorption entropy (AS%gs / J mol™ K™) can be obtained from the following
rearranged Gibbs—Helmholtz equation:

AGoads = AHOads - TASOads (8)

The calculated values of AS%gs are listed in Table 3. The obtained positive values of AS°s
showed the increased randomness at the metal/solution interface during the adsorption of inhibitor
molecules on mild steel surface. This increase of disorder is due to more water molecules may
desorbed from the metal surface by inhibitors molecules [45].

3.1.7. Kinetic-Thermodynamic Parameters

The dependence of CR on temperature is expressed by Arrhenius equation as follows [46]:

*

INCR=InA- E. 9)
RT
where, E, is the apparent activation energy of the corrosion process and A is the Arrhenius pre-
exponential constant. It has been reported [47,48] that there are several cases regarding the effect of an
inhibitor on the activation energy and inhibition efficiency; the first case is decreasing inhibition
efficiency with increasing temperature, and the value of E, is higher in the presence of the inhibitor
compared with the blank. The second case is the reverse to case one, i.e., increasing the inhibition
efficiency with temperature and E, in the presence of the inhibitor is lower compared with the blank.
The third one is independence of inhibition efficiency on temperature and E, values in the absence

and presence of inhibitor are the same.
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Figure 8(a-c). Arrhenius plots for the corrosion of mild steel in 0.5 M HCI solution in the absence and
presence of different concentrations of the synthesized surfactants. (a) AS, (b) HS and (c) TS.

In the present study, Fig. 8(a-c) represents the Arrhenius plots (In CR vs. 1/T) for mild steel in
0.5 M HCI in the absence and presence of different concentrations of the synthesized surfactants. The
linear regression coefficients of all plots are higher than 0.99 indicating the validity of the used kinetic
model. The values of E,” was computed from the slopes of the straight lines and are listed in Table 4.
Inspection of the data presented in Table 4 showed that the activation energies obtained in the presence
of the synthesized surfactants are higher than that in blank solution. This behavior confirmed that the
above mentioned first case was attained in our study, where the values of inhibition efficiencies of the
synthesized surfactants were decreased with increasing temperature and the value of E, is higher in the
presence of the inhibitors compared with the blank. This proved that the surfactant molecules are
adsorbed on the steel surface forming a barrier for mass and charge transfer between the steel surface
and the corrosive media. Furthermore, the range of E," values (10.22 — 24.11 kJ mol™) are lower than
the threshold value of 80 kJ mol™, required for chemical adsorption confirming the physical adsorption
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of the inhibitors [49,50]. These observations are consistent with those based on the values of both
AG%s and AHgs confirming the validity of the obtained results.

The enthalpy of activation (AH") and entropy of activation (AS’) of metal dissolution are
calculated using transition state equation [51]:

InfSR)_[|n R AS |_AH 1 )

T Nh R R T

where, N is Avogadro’s number (6.0225 x 10%° mol™) and h is Planck’s constant (6.6261 x 10> Js).
Plots of In(CR/T) versus 1/T gave good straight lines with slopes equal to (AH/R) and intercepts of
In(R/Nh) + AS"/R and are illustrated in Figure 9(a-c).

Table 4. Activation parameters for the corrosion of mild steel in 0.5 M HCI solution in the absence
and presence of different concentrations of the synthesized surfactants.

0.5 M HCI Inhibitors =N AH AS
+ Concn. (mg ") kJ mol™* kJ mol™ Jmol* K™
-- 0 7.3 4.8 -237.2

100 10.5 10.5 -229.4
300 12.0 10.9 -217.2
AS 500 13.6 12.1 -212.0
700 14.4 13.1 -213.1
900 17.1 14.6 -207.1
100 14.1 11.7 -227.4
300 14.8 13.4 -224.7
HS 500 155 14.2 -219.9
700 16.1 13.9 -217.1
900 17.8 154 -219.1
100 16.3 13.8 -214.1
300 16.9 16.1 -209.1
TS 500 20.2 18.7 -201.5
700 24.1 215 -198.9
900 20.8 19.5 -204.7

The calculated values of AH™ and AS™ are presented in Table 4. The positive sign of AH"
suggests that the dissolution process was endothermic. The high values and negative sign of AS" in
both absence and presence of the inhibitors implying that the activated complex in the rate-determining
step represents an association rather than dissociation resulting in a decrease in disorder [52].

3.2. Open Circuit Potential Measurements

The variation of open circuit potentials (OCP) with time for mild steel was followed in aerated
non-stirred 0.5 M HCI solution in the absence and presence of various concentrations of the
synthesized surfactants at 25 °C. Results obtained for the surfactant AS (as a representative example)
are depicted in Fig. 10. Similar results were recorded for HS and TS (data not included here). It can be
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observed that Eqcp of mild steel in the inhibitor-free HCI solution shifts towards less negative direction
and takes around 30 min. to attain the steady state. This suggests initial dissolution of the air formed
oxide film and the attack has been happened on the bare metal [53]. In the presence of synthesized
surfactant AS, the Eocp started at relatively higher positive potentials compared with that in the
absence of the inhibitor and then shifted towards more negative values and steady states occurred in
shorter times, compared with the blank solution. With increasing the concentration of the inhibitor, the
positive shift in Eqcp increases pointing to enhancement of the inhibition efficiency with concentration,
where more positive potential in OCP is an indication of lower corrosion rate in acidic medium [54].
Also, the anodic shifts in Eqcp revealed that the inhibitor might act mainly as an anodic inhibitor.
However the shifts in the values of Eqocp Were not that much to classify the inhibitor as an anodic or
cathodic one (the shifts were lower than +85 mV). Therefore the investigated synthesized surfactants
can be regarded as mixed-type inhibitors with anodic predominance. This positive shifts occurred in
Ecorr SUggests that the inhibitor adsorbs preferentially on the steel surface impeding the anodic sites
[55]. These findings may reflect the ability of the tested surfactants to inhibit the anodic process [55].
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Figure 9(a-c). Transition state plots for the corrosion of mild steel in 0.5 M HCI solution in the
absence and presence of the synthesized surfactants. (a) AS, (b) HS and (c) TS.
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Figure 10. Variation of the OCP with time of mild steel in 0.5 M HCI solution in the absence and
presence of various concentrations of the synthesized surfactant AS at 25 °C.

3.3. Potentiodynamic Polarization Measurements

3.3.1. Effect of Acid Concentration on the Corrosion Rate

Tafel plots recorded for mild steel in HCI solutions (0.1 to 1.0 M) at 25 °C are illustrated in Fig.
11. The associated corrosion parameters, i.e. corrosion potential (Ecor), corrosion current density (icor),
cathodic and anodic Tafel slopes (5., f.) were derived from polarization curve and are listed in Table
5. The data showed that the value of i, of mild steel increased with increasing acid concentration,
indicating an enhancement of mild steel corrosion with acid concentration.
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Figure 11. Potentiodynamic polarization curves for mild steel in different concentrations of HCI

solutions at 25 °C.
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Table 5. Polarization data for mild steel in different concentrations of HCI solutions at 25 °C.

4590

[HC'] 'Ecorr ﬂa 'ﬂc icorr
(mol dm™) (mV(SCE)) (mV/decade) (mV/decade) (LA/cm?)

0.1 448 311 437 291

0.3 453 307 409 317

0.5 462 293 355 355

0.7 470 304 313 388

1.0 479 298 269 437

3.3.2. Effect of Added Synthesized Surfactants on the Corrosion Rate

The potentiodynamic polarization curves for mild steel in 0.5 M HCI solution in the absence
and presence of the synthesized surfactants are illustrated in Fig. 12(a-c). Values of electrochemical
parameters including corrosion potential (Ecorr), icorr , AC, fa,» % IE and 6 were calculated from
polarization curves and are listed in Table 6. From Fig. 12 and the data listed in Table 6, it can be
observed that the addition of the synthesized surfactants to the blank solution (0.5 M HCI) shifted both
anodic and cathodic branches of the polarization curves of mild steel in pure acid solution towards
lower current density values at all investigated concentrations indicating retardation of both anodic and
cathodic reactions and then inhibition of mild steel corrosion. Values of %IE increased with increasing
the inhibitor concentrations and the extent of %IE of the inhibitors follow the order: AS < HS < TS.
These results could be explained by the adsorption of the inhibitor molecules at the active sites of the
mild steel surface, which retards both metallic dissolution and hydrogen evolution, and consequently,
decreases the corrosion rate [56]. Because the inhibitors exhibited obvious anodic and cathodic
inhibition effects with markedly shifting Ecor to more anodic potentials compared with that recorded
for the blank solution, it could be concluded that the synthesized surfactants acted as mixed-type
inhibitors with anodic predominance in agreement with the results obtained from OCP measurements.
Also, it can observed that the surfactant TS exhibited higher efficiency more than both AS and HS.
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Figure 12(a-c). Potentiodynamic polarization curves for mild steel corrosion in 0.5 M HCI solution in
the absence and presence of different concentrations of the synthesized surfactants at 25 °C.
((a) AS, (b) HS and (c) TS.

Table 6. Polarization data for mild steel corrosion in 0.5 M HCI solution in the absence and presence
of different concentrations of the synthesized surfactants at 25 °C.

0.5 M HCI Inhibitors -Ecorr fa B icorr % IE 0
+ Concn. (mg/l) | (mV(SCE)) | (mV/decade) | (mV/decade) | (uA/cm?)
-- 0 462 293 355 355 -- --
100 458 229 233 204 43 0.43
300 449 191 227 162 54 0.54
AS 500 445 180 181 118 67 0.67
700 438 153 218 82 77 0.77
900 432 177 269 59 82 0.82
100 453 251 267 171 52 0.52
300 438 197 209 139 61 0.61
HS 500 439 189 194 99 72 0.72
700 435 178 186 64 82 0.82
900 428 164 205 58 84 0.84
100 451 227 269 111 69 0.69
300 447 198 261 87 75 0.75
TS 500 443 168 253 63 82 0.82
700 426 157 244 47 87 0.87
900 417 211 241 38 89 0.89
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3.4. Electrochemical Impedance Spectroscopy Measurements

The corrosion behavior of mild steel in 0.5 M HCI solution has been also investigated in the
absence and presence of the synthesized surfactants at 25 °C and after immersion of mild steel
electrode in the corrosive medium for about 30 min. by the electrochemical impedance spectroscopy
(EIS). Nyquist plots of mild steel corrosion in acid solutions containing various concentrations of the
inhibitors are illustrated in Fig. 13(a-c). The values of R obtained from Nyquist plots, values of %IE
which calculated from the values of R (using Eq. (4)) and values of 0 are given in Table 7. It is clear
from Nyquist plots that the obtained impedance spectra consist of one capacitive semicircle suggesting
that adsorption of inhibitors occurs by simple surface coverage and the surfactants act as primary
interface inhibitors, and the corrosion of mild steel is mainly controlled by charge transfer process
[57]. The size of the capacitive semicircle of mild steel in the inhibitor-free acidic medium increased
significantly after addition of the inhibitors to the corrosive medium indicating a decrease in the
corrosion rate of mild steel and increasing the inhibition efficiencies, and the later were found to
increase with increasing inhibitors concentrations. Also, it can be observed that the general shape of
the curves is similar in the absence or presence of inhibitors of different concentrations indicating that
there was no change in the corrosion mechanism [58].

It is apparent from the values of R listed in Table 7 that the addition of inhibitors in acid
medium leads to increasing the value of R obtained in the blank solution. This indicates that the
synthesized surfactants act as inhibitors via adsorption at the metal/solution interface which decreases
their electrical capacities as they displace water molecules and other ions originally adsorbed on the
surface [59]. Also, increasing R value with inhibitor concentrations indicates that the amount of the
inhibitor molecules adsorbed on the mild steel surface increase which form protective films on the
electrode surface, and consequently become barriers to hinder the mass and charge transfer, resulting
in an increase in the inhibition efficiencies [60]. With an increase in concentration of the synthesized
surfactants, the protection efficiency increases which further confirms that the inhibitor acts as an
efficient inhibitor for mild steel in 0.5 M HCI medium. Finally, the results of the inhibition efficiencies
of the inhibitors obtained from EIS measurements were found to be in good agreement with that
obtained from both PP and WL measurements as illustrated in Fig. 14(a-c).

Table 7. Values of charge transfer resistance (Rc) and inhibition efficiencies (%IE) of different
concentrations of the synthesized surfactants for the corrosion of mild steel in 0.5 M HCI
solution at 25 °C.

Inhibitor AS HS TS
Concn. (ppm) Ret % IE Rt % IE Rt % IE

0 79 -- 79 -- 79 --
100 149 47 184 57 239 67
300 202 61 226 65 294 73
500 293 73 304 74 395 80
700 343 77 416 81 528 85
900 376 79 527 85 658 88
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Figure 13(a-c). Nyquist plots for the corrosion of mild steel in 0.5 M HCI solution in the absence and

presence of different concentrations of the synthesized surfactants at 25 °C. (a) AS, (b) HS and
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Figure 14(a-c). Comparison between the three methods employed in this work: WL, PP and EIS for
the variation of the inhibition efficiencies (% IE) with the concentrations of the synthesized
surfactants (Cinn) for the corrosion of mild steel in 0.5 M HCI at 25 °C. (a) AS, (b) HS and (c)
TS.

Figure 15(a-e): SEM micrographs of mild steel surface (a) before immersion in 0.5 M HCI, (b) after
immersion in 0.5 M HCI for 12 h, (c, d and e) after 12 h of immersion in 0.5 M HCI + 900 ppm
of the synthesized surfactants AS, HS and TS, respectively, at 25 °C.
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3.5. Surface Investigations

Scanning electron microscopy (SEM) micrographs of mild steel samples in 0.5 M HCI in the
absence and presence of 900 ppm of the investigated surfactants are shown in Figure 15(a—€). Figure
15a and b shows the pure mild steel surface before immersion in 0.5 M HCI and after immersion in 0.5
M HCI for 12 h, respectively. It can be observed from Figure 15b that the mild steel surface was
strongly damaged due to the its exposure to the acid.

Figure 15(c—e) manifests SEM images of mild steel surface after treatment with 900 ppm of the
synthesized surfactants AS, HS and TS, respectively, in the corrosive medium (0.5 M HCI). It is clear
that, steel surface suffered a remarkable change from the previous case, and the strong damage shown
in the steel surface was disappeared and the surface was largely covered with the surfactant inhibitors
on the whole surface. This could be attributed to the strong adsorption of the inhibitors on the steel
surface, causing a decrease in the contact between steel surface and corrosive medium, and thus
exhibiting an excellent corrosion inhibition properties [61].

3.5. Mechanism of Corrosion Inhibition

From the experimental observations of the different employed methods it can be concluded that
corrosion inhibition of mild steel in HCI solution by the synthesized surfactants were found to depend
on the concentration and nature of the surfactant. The suggested inhibition mechanism involves
adsorption of the surfactants on mild steel surface because such surfactants contain polar groups such
as O and N and each atom is considered as an adsorption center and the extent of inhibition efficiency
depends on the electron density around this center. These electrons interact with the vacant d-orbital of
iron present in mild steel surface and adsorb strongly on the surface as illustrated in Fig. 16. Also, the
higher values of % IE may be due to the higher number of carbon atoms of the hydrophaobic tail which
results in the increase in the electron density on the N and O atoms. On the other hand, the observed
highest inhibition efficiency of the surfactant TS is due to the presence of indole moiety in its
structure. The order of inhibition efficiency is as follows: TS > HS > AS.

\
\

<— Hydrophobic barrier

NH/4<O_

77777 M M7

Metal surface

Figure 16. Suggested adsorption model of the synthesized amino acids-based surfactants on the mild
steel surface.
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3.6. Surface Active Properties

3.6.1. Surface Tension (y)

A variation of the values of y for different concentrations of the synthesized surfactants is
represented in Fig. 17, and from which the critical micelle concentration (CMC) and the surface
tension at CMC (ycmc) were evaluated. Sharp decreases in the values of y with increasing
concentration, then the curves break and continue to decrease slowly suggesting complete dissociation
of the counter ion.

3.6.2. Critical Micelle Concentration(CMC)

The CMC is the main characteristic of any surfactant which is defined as the concentration
above which surfactant molecules self-assemble into aggregates called micelles. The values of CMC
were determined from the intersection points in the y - log C curves [62] and are listed in Table 8.
Such values demonstrate that the synthesized compounds are surfactants.
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Figure 17. Surface tension versus logarithm concentration plots for the synthesized surfactants at 25°C

3.6.3. Effectiveness

Values of ycmc were used to calculate values of the surface pressure or effectiveness (Z7cmc)
from the equation [63]:

IIcme =0 — Yemc 9)
where, yo for pure water (72 mN-m™ at 25 °C) and ycmc at CMC. Values of ITcuc of the synthesized
surfactants are inserted in Table 8. According to the results listed in Table 8, the synthesized surfactant
AS is more effective than both HS and TS because it gave the greater lowering in ycmc than the others.
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3.6.4. Maximum Surface Excess

Maximum surface excess of adsorbed surfactant molecules at the interface (/' max) is defined as
the effectiveness of adsorption at an interface. Values of I'max Of the synthesized surfactants (Table 8)
were calculated using Gibbs adsorption equation [67]:

L o (10)

~ 2.303nRT (6logC
where (dy/d logC) is the slopes of the straight lines in the surface tension plots and n is the
number of species ions in solution.

max

3.6.5. Minimum Surface Area

Values of minimum surface area (Amin) (Table 8) were calculated according to the following
equation [65]:
1016
NAFmax
where Na is the Avogadro’s number.

Anmin =

(11)

3.6.6. Cloud Point

The temperature at which the clear or nearly clear solution becomes definitely turbid is called
cloud point. Cloud points were determined by raising the temperature of the surfactant solutions (0.1
M) in a controlled-temperature bath and cooling them until they become clear again. The synthesized
surfactants were found to have high cloud points as listed in Table 8, which gave a good performance
in hot water.

3.6.7. Foaming Height

Foaming properties were determined for 0.1 M surfactant solutions at 25 °C using a 100-ml
graduated cylindrical column surrounded by a jacket so as to maintain the column at the desired
temperature. A pipette was filled with the test solution and supported in the above column. The stop
cock of the pipette was opened and the solution was allowed to fall into the same test solution in the
column creating foam. Initial height and height after 5 minutes of foam were recorded on the scale
attached to the column. The foaming height values for the surfactants revealed that the synthesized
surfactants could be utilized as stable foaming agents.

3.6.8. Wetting Time

Determination of wetting times of the synthesized surfactants was carried out by immersing
cotton skeins in their aqueous solutions (0.1 M) at 25 °C and recording the sinking times on the
surfactant solutions taken in 500 ml measuring cylinders. These values are listed also in Table 8.
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Table 8. Values of surface tension (y), critical micelle concentration (CMC), surface tension at CMC
(ycmce), effectiveness (I1cvc), maximum surface excess (/max), minimum surface area (Amin),
cloud point (°C), foaming height (mm) and wetting time (sec) of the synthesized surfactants at

25 °C.
Inhibitor Y 10° yeme | Meme | 10% 10° | Cloud | Foaming | Wetting
mNm?| CMC | mN |[mNm | Imax | Amin | Point | Height | Time
(moll™) | m™ . molem? | nm? | (°C) | (mm) (sec)
AS 45.6 13.2 29.3 42.7 10.2 1.62 79 167 127
HS 43.9 5.9 31.8 40.2 9.6 1.71 81 169 133
TS 42.4 4.8 33.1 38.9 9.4 1.77 84 175 129

3.6.9.The Relation between Corrosion Inhibition and Surface Properties of the Synthesized Surfactants

The suggested mechanism of corrosion inhibition of the synthesized surfactants depends on the
ability of such surfactants to adsorb on the mild steel surface to form a protective layer. So, the CMC is
very significant in determining the effectiveness of surfactants as corrosion inhibitors. Therefore, the
surfactant TS which showed the lowest value of CMC (4.8x107), it considered as the most effective
corrosion inhibitor for mild steel. Also, values I'max Of both AS and HS are higher than /7. of TS. On
the other hand, Anin values of both AS and HS are lower than that of TS. The high value of An, for TS
and low value of I'max indicate more homogenous adsorbed film on the steel surface. All these
parameters explain why TS is the most effective inhibitor.

4. CONCLUSIONS

1) The new synthesized amino acids-based surfactants (AS, HS and TS) act as good inhibitors
for the corrosion of mild steel in HCI solutions.

2) The results obtained from polarization measurements revealed that synthesized surfactants
behave as a mixed type inhibitors with anodic predominance.

3) Adsorption of synthesized surfactants on mild steel follows the Langmuir adsorption
isotherms.

4) The obtained thermodynamic parameters for adsorption indicate that the adsorption process
is spontaneous and endothermic, and the type of adsorption is physical.

5) Results obtained from all employed techniques are consistent with each others.

6) Surface active properties were evaluated which indicate that the synthesized compounds are
good surfactants.
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