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ABSTRACT

Theinhibitive effect of two cationic gemini surfactants, with different spacer
lengths (12-2-12, 12-5-12), and their conventional form (DOTAB) oncarbon
steel corrosionin 1 M HCI solution was studied. The chemical structures of
synthesized surfactantswere characterized by the methodol ogies*H-NMR,
elemental analysis and XRD. Corrosion inhibition efficiency was
investigated by weight |oss and Potentiodynamic polarization techniques.
The studied surfactants showed good inhibitive characteristics. The
obtained data elucidated that the efficiencies vary with concentration, and
increasesinthefollowing order; 12-2-12 >12-5-12 > DOTAB. Adsorption of
the tested surfactants on carbon steel surface in the acid medium obeyed
Langmuir isotherm. Adsorption isotherm parameters (K, 4G,,) were
determined. The morphology of carbon steel surfaces was examined by
scanning el ectron microscopy (SEM). Quantum chemical calculationswere
further applied to reveal the molecular structure and explainitseffect onthe
inhibition efficiency. The molecule structural parameters such as highest
occupied molecular orbital (HOMO), lowest unoccupied molecul ar orbital
(LUMO) energy levels, energy gap (E,,.,,o"E uuo) the dipole moment and
charge densities were calculated.  © 2013 Trade Sciencelnc. - INDIA
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Thestudy of corrosion of steel inacid solutionsis
industrially important field of researchi*3. The use of
inhibitorsisoneof themost practical methodsfor pro-
tection against corrosion especially in acidic media**®l.
Among efficient corrosioninhibitors, thereare hetero-
cyclic organic compounds consi sting of m-system and/
or O, N, P, or Sheteroatoms”. Recently, thenew gen-
eration of surfactants so called gemini surfactantshas

been investigated as corrosioninhibitorsfor acid solu-
tiong®. Thenamegemini surfactantswasassignedtoa
group of surfactants containstwo hydrophilicgroupsin
the molecul e, separated by arigid or flexible spacer.
Giventhat, gemini surfactants show many unique prop-
ertiesin comparison with singlechain conventiond sur-
factants, it isreasonableto study their effectson corro-
sioninhibition of metal §°%. Thiswork describes cor-
rosioninhibition of carbon sted in 1M HCI by cationic
gemini surfactants (designated as 12-5-12, 12-2-12)
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andtheir conventiona form (DOTAB). Potentiodynamic
polarization and mass|oss measurement methodswere
gpplied to study these cationic gemini surfectantsasin-
hibitorsfor carbon steel corrosion surface. Scanning
Electron Microscope (SEM) investigation was per-
formed, to examine carbon stedl surfaces.
Advancesin computer hardware and softwareand
intheoretica chemistry have brought high performance
computing and graphi c tool swithin thereach of many
academic andindugtriad laboratories. Quantum chemi-
cal methodshaveaready provento bevery useful in
determining themolecular structureaswell aselucidat-
ing thed ectronic Structureand reectivity. Recently, more
corrosion publications contain substantial quantum
chemicd cdculations. Suchcdculationsareusudly used
to exploretherelationship between theinhibitor mo-
lecular propertiesand their corrosoninhibition efficien-
cies. Theaim of this paper isto extend our investiga-
tionsin order to discusstherel ationship between quan-
tum chemical ca culationsand experimenta inhibition
efficienciesof theinhibitorsby determining thequantum
chemical parameters such asthe energies of highest
occupied molecular orbital (E,,,,,) andthelowest un-
occupied molecular orbitd (E, ,,.), theenergy differ-

ence AE (E, oo E uuo) dipole moment (u (, the

CH,
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Mulliken and Huckel charges data of the inhibitors
usedit,

MATERIALSAND METHODS

Synthesisof cationic gemini surfactants

Gemini surfactant (12-2-12), N-dodecanediyl-1,2-
ethanebis (dimethyl ammonium bromide) is prepared
from N,N,N’,N’-tetramethylethylenediamine and
dodecyl bromidein absolute ethanol under reflux for
24 hrsusing an excess of bromide (25%). After rotary
evaporation of the ethanol, awaxy product was ob-
tained. Theexcessof alkyl bromidewasremoved by
extractionwith amixture of ether-benzeneandfinaly
by an extractionwith hexane. Theresulting product was
recrystalizedin pureacetone and acetone-ethanol mix-
tures'. The structureis confirmed previoud y!9.

The second gemini surfactant (12-5-12), N*,N®-
didodecyl-N*,N*,N% N° thetramethylpentane-1,5-
diaminium bromideis prepared from N,N-dimethyl
dodecyl amine (0.02 mole) and 1,5-dibromopentane
(0.01 mol€e). Themethod used isreported previoudyi*2.
Thechemica structureof the synthesi zed compounds
was characterized by elementa andysis, *H-NMR and
XRD.
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Figurel: Thechemical structureof the prepared cationic gemini surfactants(12-2-12 and 12-5-12).

Weight loss measurements

Different concentration solutionsof surfactantsin
acid medium (1M HCI) wereprepared inrangefrom5
t01000 ppm by using 37% HCI and bi-distilled water.
Themetal substrateis carbon steel of the following
chemica composition: 0.28%C, 1.25%Mn, 0.04%P,

0.05%S, and thebaanceis Fe. Specimensusedinthe
mass |oss measurements are rectangular with 2.5
cmx2.0 cmx0.5 cm dimensions, polished with SiC
emery papersup to 1200 grit, washed with bi distilled
water, degreased in acetone and dried. The samples
wereallowed to standfor 24 hin 1M HCI solutionin
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Figure2: X-ray diffraction powder analysis(XRD) patter nsof thecationic surfactants: (a) DOTAB, (b) 12-2-12 and () 12-

5-12.

trode was seal ed by al ardite resin with exposure sur-
face 1.0 cm?. The experimentswere carried out using
Potentiogtat type Volta ab 40 PGZ 301, with voltamaster
4 software at scan rate 0.5 mV.s*and at room tem-
perature.

SEM examination
The surface examination of carbon steel samples

Woterioly Stience  mm——"

immersedin 1M HCI, without and with 400 ppm of
tested cationi c surfactantswas performed using scan-
ning el ectron microscope (JEOL 5400). Theenergy of
the accel eration beam employed was 30 kv.

Quantum chemical calculations

Quantum mechanical program namely ChemBio
Draw Ultra12*3, was used for molecular modeling.
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The calculations were based on Ab initio and
semiemperical (MNDO, AM1 and PM 3) methods.

RESULTSAND DISCUSSION

Confirmation of chemical structure of cationic
gemini surfactants

Thechemica structure of the cationic gemini sur-
factantswas confirmed by e ementd analysis,*HNMR
and XRD.

(a) Elemental analysis
Elementa andysiswasperformed for the prepared
surfactant (12-5-12) viaElemental Analyzer Perkin

Elmer 240 C, and the obtained results are given in
TABLE 1.

TABLE 1: Thecalculated and founded per centagevaluesof
C,H,and N for 12-5-12.

%C %H %N

Elements

Calculated Found Calculated Found Calculated Found
12-5-12 57.72 5754 10.50 10.79 4.08 4.14
(b) *H-NMR

In the present work (12-5-12) was investigated
using Jeol-EX-270 MHz *H-NM R Spectrophotometer.
Thefollowing bands were shown (MHz, 5, CDC13/
TMS): (@) s, 3.32 ppm; (b) t, 2.26 ppm; (c) m, 1.72
ppm; (d) m, 1.30 ppm; (€) m, 0.84 ppm.

(c) X-ray diffraction analysis(XRD)

Figure 2 shows X-ray diffraction patterns of the
three cationic surfactants. Using (ICDD PDF+4 2011)
databaseindividua crystalinephaseswereidentifiedin
the samplesof surfactants. From their observed XRD
patterns, we noticed that the three surfactants presented
incrysdlineforms.

Weight loss measurements

Thelossinweight wasdetermined by andyticd ba-
ance. Theinhibition efficiency (E, %) wasobtained by
Eq.104:

E,, % =(W_-W)/W_x 100 )

whereW andW aretheweight |osses per unit areain
the absenceand presenceof theinhibitors, respectively.
Figure 3 showsthevariation of the concentration with
theinhibition efficiency. Whilethe cationic surfactants

= Fyl] Peper

were added to the acid solution, it wasfound that the
inhibition efficiency raised till reaches steedy-stateval-
ues. Theincreaseininhibition efficiency withincreesng
inhibitor concentration may be attributed to theforma-
tion of abarrier film, which preventstheattack of acid
onthemetd surface®®. Theinhibition efficienciesarein
the order: 12-2-12> 12-5-12 > DOTAB.
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Figure 3: Variation of theinhibition efficiency of carbon

steel in the presence of different concentrations of the

inhibitors
Polarization curves

Typical polarization curvesof carbon stedl in 1M
HCl inthepresenceand absenceof inhibitorsare shown
Figure4-7. Electrochemical parameters, i.e. corrosion
potential (E_, ), cathodic and anodic Tafel slopes(fa,
fc) and corrosion current density (i ) obtained from
the Tafel extrapolation of the polarization curves, were
giveninTABLE 2, wheretheinhibition efficiency (E.%)
was cd cul ated by thefollowing equati on':

E % = (i°%,, — iy) i%,, x 100 (2)
wherei°__andi_,_areuninhibited andinhibited corro-
sion current densitiesrespectively. From tabul ated data,
It can be observed that the current density i values
have atrend to decrease with theincreasing inhibitor
concentration, correspondingly, inhibition efficiencies
(E.%) vduesincreasewith theincreasinginhibitor con-
centration and then reach amaximum value. No defi-
nitetrend wasobservedintheshift E__valuesinthe
presenceof different concentrationsof thecationicin-
hibitors.

It could be al so noticed that anodic currentswere
suppressed with theincreasing concentration, which sug-

gested that thetested surfactants reduced anodic dis-
e Palorioly Science
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Full Poper

solution and behave asanodic typeinhibitors

A comparison between theinhibitory effectsof the
cationic surfactantsunder study isillustratedin Figure
7. Theresultsobtai ned from both wel ght | oss measure-
ments and the pol arization measurementswerein good
agreement and statesthat gemini cationic surfactants
have higher inhibitive effect than that of the monomer
DOTAB, and a so show that thelonger the spacer of
thegemini surfactant, thelower itsinhibition efficiency
intheorder: 12-2-12 >12-5-12. Thisbehavior could
be attributed to the way that surfactant molecules
adsorbed on the metallic substrate depending on the
length of the spacer!*”. The same behavior was reported
in previouswork for zinc corrosioninhibition, where
theinhibition efficiency dightly reduced withincressing
spacer lengthi*l,
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Figure4: Potentiodynamic polarization of carbon steel in

1M HCIl with different concentrationsof DOTAB.
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Figure5: Potentiodynamic polarization of carbon steel in
1M HCI with different concentrations of the gemini
surfactant 12-2-12.
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Figure6: Potentiodynamic polarization of carbon steel in
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Figure7: Potentiodynamic polarization of carbon steel in
1M HCI in absence (blank) and presence of 400ppm from
DOTAB, 12-2-12 and 12-5-12.

Adsor ption isotherm

To obtain moreinformation about theinteraction
between theinhibitor moleculesand the metallic sub-
strate, adsorption isotherm should be tested. All ad-
sorptionisothermsareof thegenera formasin Eq.39:
fO,x)exp(-2a0)=K_, C 3
where £(8,x) is the configuration factor which depends
upon thephysica mode and theassumption underlying
thederivation of theisotherm, 0 the surface coverage,
Ctheinhibitor concentrationinthebulk of solution, ‘a’
thelatera interaction term describing themolecular in-
teractionsintheadsorption layer and the heterogeneity
of thesurface (thisisameasurefor the stegpnessof the
adsorption isotherm), K_,_isthe adsorption-desorp-
tion equilibrium congant.
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TABLE 2: Electrochemical parameter sfor the corrosion of
carbon sted in 1M HCL containing different concentrations
of inhibitorsat 25°C.

Inhibitor Cinhibt. Ecorr —lcorr ” pa pc Ee
(ppm) (MV) (pA-em’) (mV-dec™) (mV-dec™) %
Blank  0.00 -563.8 3.3763 188.4 -227.1  0.00
50 -504.8 2.3897 154.4 -192.7  29.22
10.0 -517.3 2.0411 135.2 -181.1 3957
250 -4443 1.3676 118.2 -2045 5949
50.0 -514.2 1.3234 197.0 -2142  60.80
100 -514.6 1.2198 280.5 -209.7 63.87
DOTAB
200 -492.9 1.1933 2725 -186.2 64.65
400 -481.6 1.1321 171.6 -168.4 66.49
600 -470.8 0.7642 274.3 -244.2  77.36
800 -486.5 0.7610 171.2 -178.0 77.46
1000 -510.1 0.7746 166.5 -186.9 77.05
50 -512.8 1.6324 161.1 -195.4 51.65
10.0 -504.3 1.1166 121.7 -133.5 66.92
250 -5359 0.4423 92.40 -169.9 86.89
50.0 -560.2 0.5754 130.5 -1743 8295
12919 100 -514.8 0.3763 156.0 -138.6 88.85
200 -499.9 0.3220 1731 -99.40 90.46
400 -521.5 0.2489 2144 -168.2 92.62
600 -527.4 0.2105 196.8 -149.6 93.76
800 -521.7 0.1728 1733 -126.2 94.88
1000 -521.6 0.1429 156.0 -161.8 95.76
50 -520.9 2.0421 165.3 -217.4 3951
10.0 -536.0 1.6882 154.2 -1935 49.99
250 -547.3 1.1489 153.4 -2105 6597
50.0 -510.8 0.6985 128.1 -170.1  79.31
12-5.12 100 -511.1 0.8565 160.4 -2141 7463
200 -502.9 0.7611 233.7 -169.3  77.45
400 -5055 0.7124 2413 -1946 78.89
600 -499.7 0.7027 130.4 -2140 7918
800 -543.8 0.6206 124.0 -1448 81.62
1000 -530.6 0.6390 118.7 -1453  81.07

Attempts were made to fit the degree of surface
coverage (0) for different concentrationsof inhibitorsin
1 M HCI evauated from weight | oss measurement to
variousisothermincluding Frumkin, Langmuir, Temkin,
Dahr Flory-Huginsand Al-Awady isotherm models. In
according with previousworks, by far the best fit was
obtai ned with the Langmuir isotherm by thefollowing
relation*"2;

Clo=C+1/K,, 4

= Fyl] Peper

TABLE 3. showsthe parameters and the regression
factor cal culated from Langmuir adsorption isotherm.
Figure8 givestheresult of Langmuir’s plot for corro-
sioninhibition dataof the compounds. Theseresults
show that al thelinear corrdation coefficients(r?) are
amost equal to | and all thedopesarevery closeto 1,
whichindicatesthe adsorption of inhibitor onto steel
surface accordswith Langmuir adsorptionisotherm2,
The values of K_,_ were found to be 4.1137 x10*,
24.981 x10*and 16.3059 x10* for DOTAB, 12-2-12
and 12-5-12 respectively. Thereatively high value of
the adsorption equilibrium constant reflectsthe high
adsorptive ability of thiscompound onthemetal sur-
face?y,

Thestandard free energy of theadsorption, AG®_,
isrelated to the constant of equilibrium constant K_,
with thefollowing equation?.

-AG°®_ =RTIn (555K _,) (5)
where R isthe gas constant, T isthe absol ute tem-
perature and the value 55.5 is the concentration of
water in solution expressed in M. Thelarge negative
vaueof AG®_, indicated that inhibitorswerestrongly
adsorbed on the surface®. Values of AG®_,_of the
order of 20 kJmol= or lower aregenerally consi stent
with physisorption. Those of the order of 40 kJ kJ
mol-* or higher involve charge sharing or atransfer
from theinhibitor molecul esto the metal surfaceto
form acoordinate type of bond?24, Thefree energy
of adsorption of DOTAB, 12-2-12 and 12-5-12, were
calculated and found to be equal to -36.2743, -
40.7432 and -39.6864 kJ.mol*respectively. Indicat-
ing that adsorption mechanism of theinvestigated sur-
factantsis both physical and chemical adsorption.
Higher value of the adsorption constant and more
negative free energy of adsorption can be reasoned
for better adsorption and higher inhibition efficiency!,
whichisconsi stent with data obtained from el ectro-
chemicd investigations.

TABLE 3: Adsorption par ameter sof inhibitor ssurfactants
on thesteel surfaceat 25°C.

Surfactant “TSZ%?SLL?,?@"” slope (|.}:nagls'1) (kAJ.Gn:E‘Fl)
DOTAB 09987 10023 41137 x10° -36.2743
12-2-12 09996 10071 24981x 10" -40.7432
12-5-12 09995 10021 16.3059 x 10° -39.6864
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Figure8: Langmuir isotherm plotsfor carbon steel in IHCI
at presenceof different concentrationsof cationicinhibitors
DOTAB, 12-2-12 and 12-5-12.

Quantum chemical calculations

Geometric structures of the cationic surfactants
DOTAB, 12-2-12 and 12-5-12 givenin Figure9. The
optimized molecular structureof thestudied molecules,
usingAbinitio (HF/3-21G) and semiemperica (MNDO,
AM1, MP3) methods, are shown in Figure (10-12).
The calculated quantum chemical indicesof E, .,
E, uuor dipolemoment (u(, AE(E, . -E,,..)» Mulliken
and Huckel chargesdataare givenin TABLES 4, 5
and 6.

Accordingto thefrontier molecular orbital theory,
theformation of atransition stateisdueto aninterac-
tion between frontier orbitals (HOM O and LUMO) of
reacting species®!. Thus, thetreatment of thefrontier
molecular orbitd sseparately from theother orbitals, is
based onthegenerd principlesgoverning the nature of
chemical reections. HOM O isoften associated with the
electron donating ability of amolecule. HighE ,,  val-
uesindicatethat the molecule hasatendency to donate
electronsto appropriate acceptor moleculeswith low
energy empty molecular orbita®. E | indicatesthe
ability of themoleculesto accept e ectrons. Thelower
valuesof E ., themore probableit isthat the mol-
eculewould accept e ectrons.: Low absoluteval ues of
the energy band gap (AE) gives good inhibition effi-
ciencies, becausetheenergy toremovean éectron from
thelast occupied orbital will below!?”, which facilitate
adsorption (and thereforeinhibition).
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Figure9: Optimized structure of the molecules: 12-2-12,
12-5-12and DOTAB.

HOMO LUMO
Figure10: Thefrontier moleculeorbital density distribu-
tionsof DOTAB.

HOMO LUMO
Figure 11 : The frontier molecule orbital density
distributionsof 12-2-12.

HOMO LUMO

Figure 12 : The frontier molecule orbital density
distributionsof 12-5-12.

Fromthegivendatain TABLES (4-6), it wasnoted
that the higher value of calculated AE obtained by
DOTAB, whilethelower energy gap va uewasthat of
12-2-12. That give good evidence on the obtained ef-
ficiency of thestudied cationic surfactantstoinhibit the
corrosion of carbon stedl inthehydrochloric acid solu-
tions. Regarding thedipole moment (p), it can be ob-
served from the present work that the dipole moment
increases by decreasing the energy gap.
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Quantum parameters  HF(3-21G) PM3 AM1 MNDO MP2
Erono (V) 27.479 27471 27.469 27311 27.476
ELovo (8V) 28,577 28.564 28.562 28.564 28,571
ELumo-romo (6V) 1.098 1.093 1.093 1.253 1.095
Huckel charge (eV) Nis=0.7699  Nig=07680  Nis=07679  Nyg=0.768L  Nig=0.7681
Mulliken charge(eV)) Nis=-07826  Ni3= 06196  Nig=-0.0278  Nyz=-01113  Nyg=-0.7565
i (Debye) 2.6067 20132 2.0241 2.02825 2.6939

TABLE 5: Quantum chemical parameter sof 12-2-12.

Quantum parameters HF(3-21G) PM3 AM1 MNDO M P2
Eromo (€V) 25.163 26.562 27.217 26.541 26.539
ELumo (V) 24.462 27.270 26.514 27.215 27.222
ELumo-romo (6V) 0.701 0.708 0.00697 0.674 0.683

Nis=068971  Nyz=0.75773  Nyz=0.75732 Ny =07577  Nig=0.75734

Huckel charge (V) Niz= 073972  Njp= 076182  Nig=762174  Nyp=07618  Nip= 076211

. Nis=-0.7504  Ny=06133  Ni3=0.0274  Ni3=-01047  Nys=0.6957

Mulliken charge(eV) Nis=-0.7483  Nip= 06166  Nig= 00279  Nip=-0.1024  Nyu=0.7023
i (Debye) 4.6169 3.0872 3.0004 3.914 4.0881

18P 111156

Figurel3: Scannihg electron micrograhsof low carbon eeI specimenssurfacesafter immersionfor 144hinlM HClin
(a) theabsenceand (b), (c) and (d); presence of surfactantsDOTAB, 12-2-12 and 12-5-12 respectively. (M agnification 750 x).

Scanning electron microscopy (SEM)

Figure 13. shows SEM image of carbon stedl sur-
face (X 750) afterimmersionin 1M HCl for 144 hrsin
absenceof inhibitor (Blank), and afterimmersonin HCI

for the sametimeinterval in presence of 400 ppm of
the cationic surfactants DOTAB, 12-2-12, and 12-5-
12 respectivey. Theresulting scanning e ectron micro-
graphsreved that the surfacewasstrongly damagedin
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TABLE 6: Quantum chemical parameter sof 12-5-12.
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Quantum parameters HF(3-21G) PM3 AM1 MNDO M P2
Evono (V) 26.757 26.750 26.111 26.762 26.459
ELumo (6V) 27.462 27.454 26.816 27.455 26.754
ELumo-Homo (eV) 0.707 0.704 0.705 0.693 0.705
N13 =0.6711 N13 =0.6272 ng =0.7097 ng =0.6698 ng =0.6110
Huckel charge (eV) N, = 0.5820 N, = 0.6021 N, = 0.5659 N, = 0.6045 N,, = 0.5617
. Nis=-0.7584  Niz=0.6165  Ng=-01022  Ng=-0.1044  Njs=-0.7182
Mulliken charge(eV) N, = -0.7565 Ny = 06141  Nyu=-0-1021  Ny=-0.1059 Ny =-0.7389
i (Debye) 28731 22031 21325 2.1045 2.6749

absence of theinhibitor, but in presence of optimum
concentration of surfactantsthereismuch lessdamage
of the surface. It is clear that, micrograph 12-2-12
showssmooth, well inhibited surfacethat confirmsthe
good adsorption of 12-2-12 onto the used metal sur-
faceand, inturn, ahighinhibition efficiency at thiscon-
centration.

CONCLUSIONS

Themain conclusions of the present work can be
reported asfollowing:

(1) Theinhibitiveeffect of two cationic gemini surfac-
tantswith different spacer length (12-2-12 and 12-
5-12) and their conventional single chained type
(DOTAB) onthe corrosion behavior of low car-
bon stedl in 1M HCl, wasinvestigated by weight
lossand potentiodynami ¢ pol ari zation techniques.
Thesurfactantsshow goodinhibition efficiency and
acted asanodic typeinhibitors. Theinhibition effi-
ciency found to be in the order, 12-2-12>12-5-
12>DOTAB.

(2) Theadsorption of tested cationic surfactantson the
carbon sted obeyed Langmuir adsorption isotherm
modd.

(3) Quantum chemicd cdculationswerefoundtogive
good reasonabl e correl ation with the results ob-
tained by weight loss and potentiodynamic polar-
izationtechniques.
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