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Abstract

Benzyl dimethyl dodecyl ammonium chloride-zinc iosystem, as quaternary
ammonium salt (QA-Zif), was investigated as corrosion inhibitor for cartsteel in a
2.0 M sodium chloride solution, by different teaqures such as weight loss, open
circuit potential, potentiodynamic polarization anelectrochemical impedance
spectroscopic techniques. The inhibition efficienafy the used system (QA-Z%)
increases with increasing mixed inhibitor conceidres and with rising temperatures.
A synergistic effect exists between QA andZrPotentiodynamic polarization curves
indicate that the used system mainly acts as adianaxed inhibitor. The polarization
resistance values wereg)Rncreased, and the interface capacitangg (@as decreased
in the mixed inhibitor system (QA- Zf) presence, more than in the case of individual
inhibitors. The corrosion inhibition is due to thadsorption of (QA-Zf?) onto the
metal surface, and the formation of a barrier filmat separates the metal from the
corrosive medium. The maximum inhibition efficienafy98% was obtained at 200 QA
and 50 ppm Zitf of the mixed inhibitor system, due to a synergisffect.

Keywords: steel corrosion inhibitors; surfactant; quaternamymonium salt; synergistic
effect; EIS.

Introduction

Corrosion inhibition of metals and alloys is of haccal, economical, and

environmental importance. Steel is the backbonmarfy industries. Corrosion

inhibitors are commonly used to reduce corrosidacaton the steel surface. The
presence of the inhibitors leads to a decline éelstorrosion rate, increasing its
lifetime [1-5]. Most of the effective acid inhibit® are organic compounds
containing nitrogen, oxygen and /or sulfur, whiasarb onto the steel surface,
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and hence, slow down the corrosion rate [1-5]. Bhtrength of adsorption
depends on several factors, such as the chemrcakwte of the inhibitors, the
presence of electro donating or electro repellirmugs, molecular weight of the
inhibitor, and temperature and electrochemical mitaé at the metal/solution
interface [6, 7]. Surfactant inhibitors have maagvantages, such as high
inhibition efficiency, low price, low toxicity andeasy production [8]. The
adsorption of the surfactant onto the metal surfeme markedly change the
corrosion resisting property of the metal [9-11herefore, studying the
relationship between adsorption and corrosion itibib is of great importance.
Cationic surfactant compounds show a good corrosibibition of carbon steel
[12]. Several surfactants that function as cormosiohibitors have biocidal
properties; so, they can be used as inhibitors peteoleum field. As gemini
surfactants have got an excellent antimicrobialvagt they are great corrosion
inhibitors for carbon steel in acidic environmermse to the presence of nitrogen
and oxygen atoms in their chemical structure [IIBthe work of Abdel Hameed
et al. [14], nonionic surfactants derived from pitasvaste have been studied as
corrosion inhibitors for mild steel in 2.0 M NaCblstions. Weight loss,
potentiodynamic polarization techniques and opsesutipotential measurements
have been used. The aim of the present work isviluate the corrosion
inhibition efficiency of benzyl dimethyl dodecyl amonium chloride, as a
cationic surfactant towards steel corrosion in sodchloride, by determination
of its inhibition efficiency in the absence and smece of Zt?, using chemical
(weight loss) and electrochemical techniques, sashopen circuit potential,
potentiodynamic polarization, and electrochemicalpedance spectroscopic
techniques. The effect of concentrations and teatpers was studied, and
thermodynamic parameters were calculated and disdus

Experimental

Materials

Benzyl dimethyl dodecyl ammonium chloride and zaeoetate were purchased
from Aldrich Chemical Co. Ltd., UK. Sodium chlorigdaCl) was obtained from

Shinyo Pure Chemicals (99.99%). Carbon steel usedhis study had the

composition (weight %) of 0.26 C, 1.35 Mn, 0.04005 S, 0.005 Nb, 0.02 V,

0.03 Ti and the remainder Fe.

Weight loss techniques

For weight loss measurements, a coupon of cartem, stith the dimensions of
2 cm x 2 cm x 0.2 cm, was used. The electrode seirf@as polished with
different grades of emery papers, degreased witgtone, and rinsed with
distilled water. Pure sodium chloride was used poeparing the corrosive
solution. To calculate the accurate values of #regntage inhibition efficiency,
three parallel experiments were performed for éast) and the mean value was
calculated.
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Open circuit potential

The steel electrode potential was measured agaisaturated calomel electrode
(SCE) in a 2.0 M NaCl solution, in the absence amesence of different
concentrations of the QA-Zfhisystem at 25 °C. All measurements were carried
out using a multi-tester, until the steady-stateeptials would be reached.

Potentiodynamic polarization measurements

The working electrode was made from a carbon gieelthat had the same
composition as mentioned in the subsection “Mal€tialhe rod was axially
embedded in araldite holder to offer an active dlestc shaped surface with an
area of 1 crh Prior to each experiment, the working electrodes wuccessively
polished with fine emery paper, rinsed with acetaveshed with double distilled
water, and finally dried before dipping into thedatolytic cell. A platinum wire
was used as counter electrode, and a three congdrirell with a saturated
calomel electrode (SCE) was used as referencer@diect The electrochemical
experiments were performed using a Voltamaster (RBBBZ, Dynamic Els
Voltammetry) analytical radiometer. Under stirringith a scan rate of 1 mV/s,
potential was scanned in the range of -1800 to 0 mV

Synergism parameters

Synergism parameter (SI) indicates the synergisfiect existing between
inhibitors, if Sl value is more than one [15-17]). &n be calculated from the
following relation [16, 17].

SI=(1-01+2) / (1-0'1+2) Q)

wheref1+2 = (01 + 02) — (01 X 02), 61 = surface coverage of the QA inhibitéy =
surface coverage of the Zrinhibitor and6'1+> = combined surface coverage of
the saturated calomel inhibitor system (QA*n

Electrochemical impedance spectroscopy (E1S)

Electrochemical impedancevas obtained using a Voltalab 40 for all EIS
measurements, with a frequency range of 100 kHsOtmHz, with a 4 mV sine

wave as the excitation signal at open circuit piaerf the real part is plotted on
the X-axis, and the imaginary part is plotted oa Wraxis of a chart, we get a
Nyquist plot. The charge transfer resistance va{Re$ were calculated from the
difference in impedance at lower and higher fregiesn

Results and discussion

Weight loss measurements

Effect of inhibitor concentrations

Weight loss measurements were used to evaluatesutfactant—Zr system

(QA-Zn*?), the corrosion inhibitor for carbon steel, in & 2 sodium chloride
solution, at different concentrations (50, 100, 1&fd 200 ppm), with and
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without 50 ppm of zinc acetate (Zh The value of corrosion rate,qR was
calculated from the following equation:

Rcorr = (AW/ St) (2)

whereAW is the average weight loss of steel couponserctrrosive solution, S
is the total surface area of the specimen, and thesimmersion time. The
percentage inhibition efficiency (% IE) and the fane coverage6j, which
represents the part of the metal surface coveretidynhibitor molecules, were
calculated using the following equations:

LE = (Rree- Radd/ Riree) X 100 (3)
0 = (Rree' Radd/ Rfree) (4)

where Ree and Rdd are the weight losses of carbon steel, without waitt
addition of inhibitors, respectively [6].

Table 1. Effect of inhibitors on the corrosion parametersCeteel in a 2.0 M NaCl
solution, using weight loss measurements at 303 K.

Compound Concentrations Reorr LE. % 0
(ppm) Mg cm? hr?! =0

Blank 0 9 0 0
Zn*? 50 5 44 0.44
50 1.5 83 0.83
0A 100 1.3 85 0.85
150 1.1 87.7 0.87
20C 0.8¢ 9C 0.9C
50 QA + 50 ppm Zt? 0.82 91 0.91

(QA-Zn"?) 100 QA + 50 ppm Zi? 0.48 94.6 0.946

150 QA + 50 ppm ZA 0.35 96 0.96
200 QA + 50 ppm Zit 0.2 98 0.98

The percentage values of inhibition efficiency ().Bnd surface coverage) (of
the prepared compounds are listed in Table 1. tigpeof this table reveals that
the QA surfactant compound acts as good inhibliot,the inhibition efficiency
enhanced in the presence of 50 ppm of?Zon. The values of inhibition
efficiency increase with increased concentratiors tke QA surfactant
compound. The value of inhibition efficiency is 98f&cthe presence of (200 QA
+ 50 ppm Zi®) as an inhibitor system. Therefore, the mixturénbifbitors shows
better inhibition efficiency than the individualhifitors. In the presence of Zn
ions, a large amount of QA surfactant is directedards the metal surface.
(Fe"2-QA) complex is formed on the anodic sites of tteeksurface. Thus, the
anodic reaction is controlled. The cathodic reacisthe generation of OHon,
which is controlled by the formation of Zn(OH)n the cathodic sites of the steel
surface. Thus, both anodic and cathodic reactiomeffectively controlled. This
is due to the synergistic effect existing betwee¥ Znd the QA surfactant [18,
19].
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Synergism parameters

For mixed inhibitors, it is known that, when S| wat are less than one, the
negative interaction of the inhibitors prevail(j.the corrosion rate increases).
But when SI value is greater than one, the positnteraction between the
inhibitors compounds is called synergistic effectthis case, the corrosion rate
decreases and the inhibition efficiency increase3he values of synergism
parameters (Sl) that are calculated from the sarfamverage equation (1) are
shown in Table 2. It is clear from the table tHa values of Sl are higher than
one, suggesting that a synergistic effect existsvéen the QA surfactant and
Zn*2 jon. Sl increases with increased QA concentratiofise synergistic
combination of 50 ppm of ZA and 200 ppm of QA offered the maximum
inhibition efficiency of 98 %.

Table 2. Synergism parameté8l) for carbon steel immersed in a 2.0 M NaCl sohy
in the absence and presence of inhibitors.

QA 01 62 0'142

(ppm) A 50 ppm Zn*2 O1+2 (QA-Zn*?) S
50 0.83 0.44 0.9 0.91 1.1
50 0.85 0.44 0.91 0.946 1.5
100 0.87 0.44 0.92 0.96 2.0
150 0.90 0.44 0.94 0.98 3.0

Effect of temperature

To determine the kinetic parameters of the corropimcess, and to elucidate the
mechanism of inhibition, weight loss measuremerdsevperformed at different
temperatures: 303, 313, 323 and 333 K. The efééctemperature on the
corrosion inhibition efficiency of carbon steel, the inhibitor presence, is
graphically represented in Fig. 1.

100 -

¢
98 - e 50 QA + 50 ppm Zn+2
Be. 96 | W
w og - === 100QA + 50 ppm Zn+2
92 -
90

300 310 320 330 340
T (K)

Figure 1. Effect of temperature on IE for carbon steel inld.0acCl, in the presence of
different concentrations of the mixed inhibitor &ys.

The inhibition efficiency increases with an in@gean temperature, leading to
the conclusion that the protective film of thesenpounds formed on the carbon
steel surface is stable at higher temperatures; itidicates that the inhibitor
system ( QA- ZIY) produces chemical adsorption. The apparent ditiva
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energy (B) of metal corrosion in corrosive media can be waled from the
Arrhenius equation [6]:

INCR = (BE/RT) + A (5)

where E is the apparent activation energy for the cormobd steel, R is the
universal gas constant, A is Arrhenius pre expaakeractor and T is the
absolute temperature. Fig. 2 depicts the plot gf@&R vs. 1/T, and the values of
Ea obtained from the plot slope are given in Table 3.

1.4 -
1.2 4 # Blank
. 1A ‘\’\’-\’ B 50 QA +50 ppm Zn+2
3 0.8 1 100QA + 50 ppm Zn+2

) o ./././' x 150 QA +50 ppm Zn+2
0.2 —

O T T T I 1
2.9 3 3.1 3.2 3.3 3.4

(1/T)X 103, K 1

Figure 2. Arrhenius plot for carbon steel in 2.0 M NaCl, metpresence of different
concentrations of the mixed inhibitor system.

The higher value of activation energy)ih the inhibitor presence is higher than
in its absence, which is attributed to its chemazigorption [25-26].

Table 3.Values of activation parameters for carbon ste@l@M NacCl, in the presence
of different concentrations of the mixed inhibigystem.

Inhibitor system
concentration Ea (kJmol?) AHa (kJmol?) -ASa ( Jmol?)
(ppm)
Blank 52 40 154
50 QA + 50 ppm Zit 61 49 143
100 QA + 50 ppm Zit 64 52 137
150 QA + 50 ppm Zit 72 54 135
200 QA + 50 ppm Zit 76 59 129

In the present study, the higher value qff& carbon steel, in the inhibitor
system presence, compared to that in its absescatributed to its chemical
adsorption. An alternative form of Arrhenius edomatis the transition state
equation [26-28]:

CR = (RT/Nh) expASa/R) exp (-AHa/RT) (6)
where h is the Plank’s constant, N is the AvogalmimberAS. is the entropy

of activation, andAHa is the enthalpy of activation. A log plot (CRAIS. 1/T
gave a straight line, as shown in Fig. 3, with @sl of (AH /2.303R) and an
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intercept of [log(R/Nh) +AS /R)], from which the values &Hasand ASawere
calculated and listed in Table 3.

=
]

0 % Blank
Q 3
- b M 50QA+50ppm Zn+2
i S 100QA + 50 ppm Zn+2
:‘:r X 150 QA +50 ppm Zn+2

= § o 5 ;
U 200 QA + 50 ppm Zn+2
ao
0 0 T 7 v \

2.9 3 3.1 3.2 3.3 3.4

(1/T) X103, K

Figure 3. Transition state plot for carbon steel in 2.0 M Na@ the presence of
different concentrations of the mixed inhibitor &ys.

The positive values ofAH. for carbon steel corrosion, in the presence and
absence of the inhibitor, reflect the endothernature of the metal dissolution
process. The increase AHa with increasing inhibitor system concentrations fo
carbon steel corrosion reveals that the decreasarlyon steel corrosion rate is
mainly controlled by kinetic parameters of activati[25-28]. The entropy of
activation values is less negative for inhibitetlgons than that for uninhibited
solutions. This suggests that an increase in randemoccurred while moving
from reactants to the activated complex [25-26].

Open circuit potential measurements

In open circuit, steel potential, as a functioregposure time in the absence and
presence of different concentrations of the QA2Zmhibitor system, was
measured against SCE reference electrode for 50 tmén obtained data are
presented in Fig. 4. The used concentration raages0 ppm of Zi%, 200 ppm
of QA, and 200 of QA + 50 ppm of the Zrsystem, at 25 °C. As seen from Fig.
4, in an uninhibited 2.0 M NaCl solution, the Eualof steel tends towards more
negative potentials, although it slightly shifteda positive direction. After that,
it was kept at a nearly stable value. The samevi@happeared at the addition
of individual inhibitors and the mixed inhibitor stgm (QA-Zri? system), but a
steady state potential, which was produced fromattdtion of inhibitors, shifted
to more nobler values. This shift increased morethe case of the mixed
inhibitor system (QA-Zt? system) than with individual inhibitors, due tceth
synergistic effect. The inhibitors raised the fre@rosion potential of steel
(shifted it to more noble values) compared to tlank solution. This initially
indicates that the studied inhibitors and inhibggstem act as anodic inhibitors
[20-24]. In all curves, the steady-state valuesaneys more negative than the
immersion potential, suggesting that before theadstestate condition is
achieved, the steel oxide film has to dissolve [29]
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Figure 4. Potential time curves for carbon steel immersed thh0 M NaCl solution, in
the absence and presence of individual inhibito the mixed inhibitor system (QA-
Zn*? system).

Potentiodynamic polarization measurements

Polarization studies have been used to evaluate ctireosion inhibition
efficiency of the inhibitors, by studying the fortita of a protective film on the
metal surface. The potentiodynamic polarizatiorvesrof carbon steel immersed
in the test solutions are shown in Fig. 5. Tafelr@sion parameters and
inhibition efficiency values are given in Table As shown from the table, the
inhibitors and inhibitor system shifted the corowsipotential to less negative
values versus SCE. This indicates that the anodicewt reaction is
predominantly controlled. The corrosion currentgmbial values for carbon steel
in a 2.0 M NaCl solution decreased in the preseoicenhibitors, and the
corrosion resistant values increased. This indsctitat a protective film has been
formed on the metal surface. In case of?Zalone, the corrosion currentdl) is
slightly reduced. A higher shift is observed in firesence of QA alone, but the
highest shift is in & Respective values were observed in the case eof th
inhibitor system (QA-Zt? system) and therefore, the corrosion inhibition
efficiency increases, indicating that a synergisfiect exists amidst the mixed
inhibitor system (QA -Zt¥ system) [20-24]. From Table 4, the addition of 50
ppm of Zr2 to 200 ppm of QA enhances the corrosion inhibitefficiency.
The shift in anodic Tafel slopd) is greater than the shift in cathodic Tafel
slope (), in the case of the inhibitors system, indicatingt the inhibitors act as
mainly anodic mixed inhibitors [20-24]. The inhibn efficiency is given by the
following equation [25]:

%IE = 1- (inh/ |uninh) x 100 7) (

where Ininh and |nn are the corrosion current densities in the irtbhibabsence
and presence, respectively.

27¢



R.S. Abdel Hameed / Port. Electrochim. Acta 36 (2018) 271-283

Table 4. Corrosion parameters of carbon steel immerseddiv2NacCl, in the absence
and presence of different concentrations of thebitdr system (QA-Zi¥) obtained
from potentiodynamic studies at 3D.

Compound Concentrations -Ecorr I corr Rp Ba Be I.E.
(ppm) mV (SCE) | mAcm? | Ohm.cn? | mVdec! | mVdec! %

Blank 0 575 27 27.4 230 150 0
Zn*? 50 553 15 45 205 145 41

50 QA + 50 ppm ZI? 499 2.3 89 190 137 91

(QA-Zn*?) 100 QA + 50 ppm Zi¥ 491 2.1 101 165 131 92
150 QA + 50 ppm Zit 475 1.4 163 139 127 94

200 QA + 50 ppm ZI 417 0.9 195 125 123 97

By

B= Bark 20 hall ‘
a= 5 pli*
b=50Q4+50 pm 757
C=100Q4 + Oppa ‘
d=130QA + 0ppla?

=200Q4+ 0 ppu 2" ‘

Potentn V.
Figure 5. Potentiodynamic polarization curves of carbonlstea 2.0 M NaCl solution
containing different concentrations of the (QA-"Zrinhibitor system.

Electrochemical impedance spectroscopy (EIS) measurements

Impedance spectra have been used to detect thatiomof a film on the metal
surface. The impedance spectra (Nyquist plotspadian steel in 2.0 M NacCl, in
the inhibitors and inhibitor system (QA- Zhabsence at 3T, are shown in Fig.
6. Nyquist plots contain a depressed semicircle wghcenter under real axis.
The semicircle size increases more in the caséefnixed inhibitor system
(QA- Zn*) than in the case of each individual inhibitor.isTltonfirms the
formation of a protective film on the metal surfaeed the occurrence of the
synergistic effect between the QA surfactant andc zacetate inhibitors.
Impedance parameters, such as charge transfetaress(R and double layer
capacitance (& values, are given in Table 5. The values of poddion
resistance (R were increased, and the interface capacitangg {¢&&s more
decreased in the mixed inhibitor system (QA*Zmpresence than in the case of
individual inhibitors. This is most probably duette decrease in local dielectric
constant and/or the increase in thickness of teetmtal double layer. This
suggests that the mixed inhibitor system acts @&ogption at the metal/solution
interface [29].

The decrease in values is caused by the gradual replacement oéerwat
molecules by the adsorption of the inhibitor moleswnto the electrode surface,
which decreases the extent of metal dissolutior2@6 The inhibition efficiency
Is given by the following equation [30-32]:
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%IER) = R(inhi) - Ret

X

Rect(inhi)

100

(8)

where R: is the polarization resistance without inhibitand Riinni) is the
polarization resistance with inhibitor. The propbsequivalent circuit is
represented in Fig. 7.

-Zi (ohm em?)

200
180
160 o
140 '
120
100

80

60

a0
3 F
20 i

_‘;3--1‘ SRt~

"\ S0ppmZn - +200 ppm QA

300

0,

400

Zr (ohm cm?)

Figure 6. Nyquist plots for carbon steel in a 2.0 M NaCl sioln, in the absence and
presence of the (QA- Zf) mixed inhibitor system.

-

Table 5. AC impedance data of carbon steel in a 2.0 M Natlton at 30°C in the
presence of the inhibitor system.

Concentrations Ret Rs Ca q
SIS ppm Ohmcn? | Ohmcm? | pF cm? IE%
Blank 0 104 2.2 41 i
Zn*? 50 180 1.92 10.5 42
QA 200 530 1.58 3.2 80
(QA-Zn*?) 200 QA + 50 ppm ZR 998 2.23 1.1 89.5

-

Rs

Rt

Figure 7. Equivalent circuit model for the electrochemicapedance measurements.

Theroleof zincin increasing the inhibition efficiency
The inhibition efficiency increases due to the dseaption of Zi#? ions and the

cationic surfactant, which may be either compeditor co-operative [33-35]. In
competitive adsorption, the anions and cationsadsorbed at different sites on
the metal surface. In co-operative adsorption,athien is chemisorbed onto the
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surface, and the cation is adsorbed onto the afiioe co-adsorption of ZAions
onto the steel surface forms an oriented dipolé wWikeir negative ends towards
the solution, thus increasing the adsorption ofanrg molecules [33]. Besides
the nature of the anions present in the NaCl swigtithey play a significant role
in influencing the extent of adsorption. This, iarrt, may favor a greater
adsorption of cations on the surface, resulting stronger inhibition.

Conclusions

1.

wiN

All the measurements showed that the (QA2¥mixed inhibitor system has
excellent inhibition properties for carbon steefrosion in a 2.0 M NaCl
corrosive medium.

. The synergistic effect exists between QA surfastantd Z.
. The inhibitors raise the free corrosion potentialsteel (shifted it to more

noble values) compared to the blank solution, iatitig that the inhibitors and
inhibitor system act as anodic inhibitors.

. Potentiodynamic polarization measurements showeatcthie (QA-Zr%) mixed

inhibitor system acts as a mixed-type inhibitor medominantly anodic
nature.

. The semicircle size increases more in the casbeofrtixed inhibitor system

(QA-Zn*?) than in the case of each individual inhibitoristltonfirms the
formation of a protective film on the metal surfaaed the occurrence of the
synergistic effect between the QA surfactant and acetate inhibitors.

. The values of polarization resistance werg) (Rcreased, and the interface

capacitance (&) was more decreased in the mixed inhibitor syg@m-zZn*?)
presencehan in the case of individual inhibitors.

. The maximum inhibition efficiency of 98 % was olntad at 200 ppm QA and

50 ppm Zii? of the mixed inhibitors system, due to the syrsigieffect.

. The data obtained from different techniques amgood agreement.
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