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ABSTRACT

Inhibiting properties and adsorption of some inhibitors synthesized based
on vegetable oils (sunflower and cottonseed oils) on carbon steel in CO,-
saturated solution was investigated by using linear polarization corrosion
rate and surface tension measurements. The results showed that all syn-
thesized inhibitors were good inhibitors and their inhibition efficiencies
were significantly increased with increasing the concentration of surfac-
tant. The inhibition efficiencies in the case of surfactants obtained on the
basis of sunflower oil are higher compared with those of surfactants ob-
tained on the basis of cottonseed oil at the same conditions. Adsorption of

theall inhibitors on the carbon steel surface wasfound to obey Longmuir’s
[o]
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adsorption isotherm. The change in free energy (AG
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that the adsorption is chemical.

INTRODUCTION

Carbon dioxidecorrosion of carbon steel isama-
jor problemintheoil and gasindustry, and it occurs at
al sagesof production from downholeto surfaceequip-
ment and processing facilitied¥. Notably, thecorrosion
of carbon steel in wet gas and multiphase pipelinesis
responsiblefor lost production and costly repairs, and
itisthereforeimperativeto monitor thecarbondioxide
corrosion process by using appropriate e ectrochemi-
cd techniques. Consequently, in situ monitoring of cor-
rosionisanintegra part of any corros on management
program, enabling the early detection of unexpected

ads

) values indicates

changesinthecorrosion activity of asystem.
Thehdf-reactionsand overal reactionsinvolvedin
the carbon dioxide corrosion of steel arel?:
Fe- Fe* +2e
2H,CO,+2e - 2HCO, +H,
Fe+2H,CO,»Fe(HCO),+H,
And/ or
Fe+H,CO,»FeCO,+H,
Importantly, the Fe(HCQO,), and/or FeCO, corrosion
products build up over time, partially passivating the
corroding sted interface.
The corrosion scale may haveimportant ramifica
tionsfor the carbon dioxide corrosion of stedl, asthe
corrosion scale may provide partia protection against
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corrosion, and it may influence the efficacy of corro-
sion control practices(e.g., theuseof corrosoninhibi-
tors) by altering the chemical nature of the steel sur-
face.

Corrosoninhibitorsarethechemicastha minimize
or prevent corrosion if they are added at low concen-
trationsin an aggressive environment. Effectivenessof
theorganicinhibitorsdependsontheir adsorption rates
and covering capabilitiesson metd surface. It hasbeen
reported by many authoritiesthat the adsorption of or-
ganicinhibitorsisrelated mainly tothemolecular struc-
ture, surfacechargeof ameta and type of e ectrolytes*
8. Itiswell knownthat the presence of hydrophilicand
hydrophobic groupsin theinhibitor favoursthe adsorp-
tion process at the e ectriferous surface™. Thus, the
application of conventiond surfactantsmadeup of one
hydrophilic head group and one hydrophobic chainas
corrosion inhibitorshave been widely studied. It was
found that theseamphiphilic compounds could adsorb
onmetd surfacetoformaprotectivelayer and havea
marked inhibiting efficiency near their critical micellar
concentrationg®17.,

Inthiswork, we have synthes zed salts of sulfated
fatty acidsisolated from sunflower and cottonseed oils
and studied their anti-corrosive propertiesin carbon
dioxide environments at 50 °C. The salts were pre-
paredin different compositions (Schemel). Thestruc-
tures of synthesized surfactants were confirmed by
physi cal-chemical spectroscopic methods.

R-(CH,)+- H—(CH2)7_COO'
2M7
O— SO35
Scheme 1: M olecular structur e of the synthesized anionic

surfactants, whereM =Na" (Inhibitor I), K*(Inhibitor I1), NH,*
(Inhibitor I11),-HN-CH_-CH,-OH (Inhibitor IV),-N-(CH,-CH_-

OH), (Inhibitor V).

MATERIALSAND METHODS

Chemical composition of carbon sted alloy

Electrodes aremade of carbon stedl grade 080A 15
and havean areaof 7.9 cm?. Themechanical proper-
tiesof the carbon steel measured at room temperature

TABLE 1: Chemical composition of low carbon stedl

Element S Ni Cr C S P Mn Fe
Content,
(Wt. %) 0.24 0.01 0.10 0.18 0.05 0.05 0.50 Balance

were provided by supplier shown asfollows: tensile
strength equal to 490 MPaand elongation to failure
equal to 16%. The Chemical composition of low car-
bon sted used inthisstudy wasgiveninTABLE 1. The
datawas provided by European Corrosion Supplies
Ltd

Synthesisof theinhibitors

Theinhibitorswere synthesized in the laboratory
onthebasisof sunflower and cottonseed oil. Sgponifi-
cation of oilsisproducingamixturefromfatty acid salt
and glyceral, then mix intheinteraction of hydrochloric
acid. Theresulting acid was separated and -washed
with hot water. The physical and chemical properties
of acidwerestudied and givenin TABLE 2.

Fatty acidswhich produced from cottonseed oil
were used as base materia sfor sulfating process. The
product is Sulfated fatty acid (pH=5.1). Thechemical
structure of the synthesized compound was confirmed
by FTIR spectroscopy and physical- chemical meth-
ods(TABLE 2).

Fivetypesfrom Saltsof Sulfated fatty acidswere
synthesizedinhigh purity by thefollowing compositions:
[R-CH-(OSO,M)-COOM] (whereM=Na, K, NH,,
—NH-CH,-CH,-OH and -N-(CH,-CH,-OH),). The
acoholic solutionsof saltswere prepared, and charac-
terized by physical-chemical spectroscopic methods.

Corrosion inhibition test

The aggressive solution, 1% NaCl, was prepared
by dissolving of analytical grade NaCl indistilled wa
ter. The concentration range of the prepared surfac-
tantswasfrom 25 to 100 ppm used for corrosion mea-
surements. All solutionswere prepared using amixture
from distilled water and isopropyl alcohol in aratio
70:30.

Corrosion measurements

To study the corrosion protection ability of the
synthesi zed surfactants was used by one of the new-
est devicesinrecent yearsACM GILL AC. Theap-
paratus consists of amonitor, CPU, potentiometer
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TABLE 2: Physical and chemical properties of fatty acid and sulfated fatty acid synthesized based on sunflower and

cottonseed oil

T A T C—
iy Fayad 145.6 279 112 907.5 1.4680
sunflower z'gated fatty 280 377 901.1 1.4610
oty Fayadd 1425 275 115 911 1.4670
cottonseed zlgated fatty 269 373 917 1.4590

ACM GILLAC, four piecesof glasseswith acapac-
ity of 4000 ml, electrodes, CO, tank and installation,
regulating the quantity fed CO,,. The prepared 1% -
of the solution sodium chloridewas stirred by amag-
netic stirrer for 30 minin 4000 ml. The prepared so-
lution poured into the 4 glass beakers (1000 ml for
each one). Then these beakerswere placed on aheater
at 50° C for 1 hour under a pressure of 0.9 bars. The
solution was saturated with carbon dioxide. After that,
the electrodes were placed in the medium and are
connected through apotentiometer ACM GILLAC.
The surface of working electrode is cleaned by ac-
etone beforeusing, these el ectrodes areusing for one
time. After 1 hour, except for 1 beaker, theremaining
3isfed with the suitableamount of inhibitor and con-
tinued supply of CO, under pressure of 0.9 bar until
the end of the experiment.

Thepotentia of theworking e ectrodewasvaried
by aCore Running program (Version 5.1.3.) through
apotentiometer ACM instruments Gill AC. Gill AC
technology allowsmeasuring DC and AC signasus-
ing standard Sequencer software. A small sweep from
typically—10mV to +10mV at 10 mV/min around the
rest potential isperformed.

The Core Running program convertsacorrosion
currentinmA/cm?to different relationships (building
onthedensity of eectricity mA/cn, thecorrosion rate
of thetime (mm/year or hour)).

Surfacetension measur ements

Thesurfacetensionswere determined by DuNouy
Tensiometer, Kruss Type 8451 and the temperature
wasmaintained precisaly at 25 °C. Critical micelle con-
centration (CMC) values of surfactantswere deter-
mined, according to the break pointsin plotsof the
surface tension versuslog molar concentration of in-

vestigated inhibitors.
RESULTSAND DISCUSSION

LPR corrosonrate

LPR corrosion rate (bubble-test method) involves
eva uating the corrosion of agiven meta inssmulated
brine saturated with CO, at atemperature equivalent
tothat inthefield. Duringthetest, CO, gasis sparged
continuoudly into thetest solution. Therate of corro-
sonisdetermined instantaneousy withthe LPR tech-
nique, inwhichasmall direct-current voltageisapplied
toapair of identical € ectrodesand the resultant cur-
rentismeasured. A limitation of the bubble-test method
isthat it does not provideinformation on the effect of
shear stresson the performance of agiven corrosion
inhibitor.

Figures 1 and 2 show that, thechangein corrosion
rate (CR) with timefor low carbon steel in 1%NaCl
solution saturated with CO, containing different con-
centrationsforminhibitorsl andV at 50°C synthesized
based on sunflower and cottonseed oils. Theinhibitor
was added after 1 hour of exposure because at this
timethe corrosion potential got stable, allowing the
measurement of the corrosion rate (CR) prior thein-
jectionof theinhibitor. Theinitid CR, without inhibitor,
was measured to be between 2.59 and 3.78 mmy .

Variation of theCR for inhibitors| andV (synthe-
sized based on sunflower and cottonseed oils) at dif-
ferent concentrationsare presented in Figures1 and 2.
Corrosion parameterswere cal culated on the basi s of
LPRtest (TABLE3). Theinhibition efficiency (IE) and
degree of surface coveragewere cal culated according
to thefollowing equationg™®!:
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CR,—CR,

IE,% = x 100 )

CR,

CR, @
Where CR isthe corrosionratewithout inhibitor and
CR thecorrosionratewheninhibitor is present.

Theresultsshowed that all synthesized inhibitors
weregoodinhibitorsandtheir inhibitionefficencieswere
sgnificantly increased withincreasing the concentration
of surfactant. Theincreaseof inhibitor efficiency with
increas ng the concentration can beinterpreted onthe
basi sthe adsorption amount and the coverage of sur-
factants mol ecul es, increaseswith increasing concen-
tration. Theinhibition efficiency of theinvestigated in-
hibitorswhich synthesized based on sunflower oil was
increased inthefollowing order: IV>V> 111 > 1 >l1,
but for theinhibitorswhich synthesized based on cot-
tonseed oil wasincreased inthefollowing order: V>
V> 111 > 1 >I1 (after 20 hours). Thiscould be attrib-
uted to theincrease of the number of activessites, the
electron densitiesand themolecular sz,

The surface coverage (0) isfound to depend on
the concentrationsof theinhibitors. Thesurface cover-
ageratesareincreased with theincrease of the surfac-
tant concentrations. Thisindicatesthat theinhibitory
action of theinvestigated inhibitorsagainst carbon sted
corrosion can be attributed to the adsorption of these
moleculesonthemeta surface, limitsthe dissolution of
carbon sted, and the adsorption amountsof surfactants
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Figurel: Variation of theCorroson ratewith timefor carbon
steel in 1% NaCl solution saturated with CO, containing

different concentrationsof inhibitor (1) at 50°C.
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Figure?2: Variation of theCorrosion ratewith timefor car-
bon stedl in 1% NaCl solution saturated with CO, contain-
ing different concentrationsof inhibitor (V) at 50 °C.
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on carbon stedl increasewith concentrationsin the cor-
rosive solutions. Conclusively, thesurfactant inhibitor,
having near unity 6 (see TABLE 3), wasconsidered as
agood physica barrier shielding thecorroding surface
from corrosive medium and dumping thecorrosonrate
of carbon sted significantly.

Theresultsaso show that theinhibition efficiencies
inthe case of saltsobtained on the basis of sunflower
oil arehigher compared with those of saltsobtained on
thebasisof cottonseed il at thesame conditions. This
behavior may be dueto the differencein fatty acids
compositionsof two oils. The fatty acid composition of
oilsfrom vegetable sources varies depending on plant
origin and sort,

Surfaceactivity measur ements

Thevauesof surfacetension (y) were measured at
298K for various concentrations of theinhibitors. The
measured values of (y) were plotted against of log in-
hibitor concentration, asshownin Figure 3. Thisfigure
showed two characteristicregions. Thefirst at low con-
centrations and characterized by continuous decrease
of the surfacetension values due to the adsorption of
surfactant molecules at the interface. The second re-
gionlocatesat higher surfactant concentrationswhere
thesurfacetension valuesareamost stable. Theinter-
cept of thetwo straight linesdesignatesthecritical mi-
cdleconcentration (CM C), where saturationinthesur-
face adsorbed | ayer takes place®?2,

Thesurfaceactive propertiesof the surfactants; ef-
fectiveness(z,, ), maximumsurfaceexcess(/’ ) and

Watarioly Science  mmm—
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TABLE 3: Thecorrosion parameter sfor carbon steel electrodein 1% solution of NaCl saturated with CO, in theabsence
and presence of variousconcentrationsof inhibitor | (based on sunflower and cottonseed ails) at 50° C

10 Concentration, Corrosion rate surface The Inhibition Efficiency,
ppm (mm/year) coverage 0 IE%
1% NaCl without Inhibitor 0.0 374 e
25 0.44915 0.88 88.11
Inhibtor | Based on 50 0.22591 0.94 94.02
sunflower ail 75 0.1353 0.96 96.42
100 0.05279 0.98 98.60
25 0.51503 0.86 86.39
Inhibtor | Based on 50 0.29581 0.92 92.18
cottonseed oil 75 0.20679 0.94 94.53
100 0.12563 0.96 96.67
minimum area per molecule (A . ). Were calculated P s s
using thefollowing equationd?: * T Tt e motmcet sl |
Teme = Yo~ Yeme ©)] 304 B
-1 E 25 / @? ™ |
Frec = RT06y 7 2InC] ) t N (M@)
r E 5 J Minial adsorytion |
s Aggregation and multilvyer
A - 1 % TN adsorption
™ T X N, (%) e C&J i
Where( */InCismaximum slope, v, isthesurfaceten- & 10 Niderat pdoerpin -
sion of purewater, y__thesurfacetension at critical N i
micelleconcentration and N, istheAvogadro’s num-
ber. 0 T

The standard freeenergiesof micellization AG?

and adsorption AG.,. understanding the process of
micellization and adsorption areimportant for explain-
ing theeffects of structural and environmental factors
onthevalueof the CMC and for predicting the effects
onit of new structural and environmental variations.
Standard freeenergy of micellization and adsorption ()
play animportant roleinfacilitating such understanding.
The standard free energy of micellization and adsorp-

tionaregiven by
AGY,. =RT InCMC (6)

mic

AG,,

0 =AG®, —0.6023 e A in @
Thedataobtai ned from surfacetension measurements
werecalculated. Thevaluesof ©_at 298 K indicate
that the prepared compound giveslarge reduction of
surfacetension at CMC, sothat, the compound actsas
effectivecorrosioninhibitor for carbonsted in 1% NaCl
solution saturated with CO,. The order of decreasing

inhibition efficiency of theseanionic surfactantsisIV>

— T T T —T1 —T—T—T
-105 100 95 90 85 80 -T5 -70 B5 60 -55 -50
Ln C, mol/l

Figure3: Changeof surfacetension (fx) with the concentra-
tion of theinhibitor | at 25°C.

—m— Inhibitor | based on sunflower oil

—@— Inhibitor | based on cottonseed ail

V> 11l > 1 >l (Sunflower oil) and/or V> IV> 11 > |
>|| (Cottonseed oil). Higher molecular sizeand high
el ectron density on the adsorption centersmay bere-
sponsiblefor high corrosion efficiency.

Theresultsaso show that thevauesof AG, . and are
AG.,. dways negative, indicating the spontaneous of
these two processes, but there is more increase in
negativity of than of , indicating the tendency of the
mol ecules to be adsorbed at the interface?®. Figure
4(a) showsthemode of adsorption of the surfactant as
individual moleculesat very low concentration of the
inhibitor. Figure4(b) showsthe mode of adsorption of
the surfactant as hemi-micelles at moderate
concentration. The hemi-micdlephasein thesurfactant

— P plericly Science
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Figure4: Schematicrepresentation of theinhibitor adsor ption on carbon steel surface (a) Adsor ption assinglemoleculeat low
concentration (b) Hemimicellefor mation at higher concentration (c) Formation of multi-layer sat very high concentration.

solution meansthestart point to collect the surfactant in
duplet, triplet, or quadrate beforeforming the complete
micdles

Adsor ption isotherm

Inorder to obtain theisotherm, thelinear relation
between ¢ values and C, . must be found. Attempts
were madetofit the # valuesto variousisothermsin-
cluding Langmuir, Temkin, Frumkinand Hory-Huggins.
By far thebest fit is obtained with the Langmuir iso-
therm. Thismode hasa so been used for other inhibi-
tor systemsg?*25l, According to thisisotherm, fisre-
lated to C byl

Cin 1

) =Cin +K_ads ®)

WhereK_, istheequilibrium constant of theinhibitor
adsorption processand C_ istheinhibitor concentra-
tion.

Plotsof C_/0versusC.  yieldedastraight lineas
shown inFigure5, which suggested that theadsorption
of inhibitorson meta surface obeyed Langmuir adsorp-
tionisotherm model. Thisisotherm assumed that the
adsorbed mol ecules occupied only onesiteand there
was no interaction with other moleculesadsorbed. The
linear regression coefficients (R?) and the slopes pa-
rameter variationswerecalculated. All correlation co-
efficient (R?>0.9597) indicated that theinhibition of
carbon steel by theseinhibitorswas attributed to the
adsorption of surfactant moleculeon themetal surface.
However, the slopes of the C ./ 0 versus C_ plots
werecloseto 1 and showed alittledeviation fromunity
which meant non-ideal smulating®! and unexpected

from Langmuir adsorptionisotherm. They might bethe
results of theinteracti ons between the adsorbed spe-
ciesonthe metd surface®

Thevaluesof K obtained from the Langmuir ad-
sorptionisothermare cal culated, together withtheval -
uesof the Gibbsfree energy of adsorption () calculated
from
) ©
WhereRistheuniversa gasconstant, T thethermody-
namic temperature and the val ue of 55.5 isthe concen-
tration of water inthesolution.

Thehighvaueof K_ indicatesthat theinhibitors
mol ecul es possess strong adsorption ability onto the
meta surface. Itisaso noted that, thehigh valuesof K
for inhibitorsV and IV (which synthesized based on
two oils) indicate stronger adsorption on the carbon
stedl surfacethantheinhibitorsl, Il and111. Thiscanbe
simply explained by the presence of additiona donor
atoms, such as nitrogen, in the appended functional
groups.

Thenegative AG., values, cdculated from Eq. (9),
are consi stent with the spontaneity of the adsorption
process and the stability of the adsorbed layer on the

carbon stedl surface. Generally, valuesof AG2, upto-
20 kdmol, the types of adsorption was regarded as
physisorption, theinhibition acted dueto the electro-
static interactions between the charged moleculesand
the charged metd, whilethevauesaround -40 kJmol-
or smaller were associated with chemisorption asa

result of sharing or transfer of electronsfrom organic

K
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Figure5: Langmuir adsor ption isothermsfor carbon steel
in 1% NaCl saturated with CO, in the presenceof different
inhibitorsat 50 °C.
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moleculesto themetd surfaceto formacoordinatetype
of bond (chemisorption)®. Thevauesof AG?, inour

ads
measurementsfor all inhibitors synthesized based on
two oilswerefound around 40 kJmol 2, thusthe ad-
sorption mechanism of the surfactants on carbon steel
in 1% NaCl solution saturated with CO, wastypical

chemisorption.

Corrosion inhibition mechanism by surfactant
molecule

Corrosioninhibition hascomplex mechanism and
dependsontheformation of mono- or multidimensiond
protectivelayerson the metal surface. The protective
nature of the surfacelayer depends on many factors:
interaction between inhibitorsand substrate, incorpo-
ration of theinhibitor inthe surfacelayer, chemical re-
actions, electrode potential's, concentration of thein-
hibitor, temperature and properties of the correspond-
ing surface, etc. Thefirst stagein the action mechanism
of thesurfactantsascorrosion inhibitorsin aggressive
mediaisadsorption of the surfactant molecules onto
themetal surface. Theadsorption processisinfluenced
by the nature and the surface charge of the metal, the
chemical structure of the surfactant, and the nature of
theaggressive e ectrolyte. Adsorption of the surfactant
molecules on the metal surface can be expressed ac-
cording tothefollowing equation®Y:

Surfactant(sol')+ nHZO(adS)= Surfactant(ads)+ nHZO(wL)

(10)

= Fyl] Peper

Where nisthe number of water molecul esremoved
fromthemeta surfacefor each molecul e of surfactant
adsorbed. Itisclear that thevalue of n dependsonthe
cross sectiond areaof the surfactant moleculewithre-
spect to that of the water molecule. Adsorption of the
surfactant molecul es occurs because theinteraction
energy between the surfactant moleculesand themeta
surfaceishigher than that between water moleculesand
themetd surface. Sotheinhibition effect by surfactants
isattributed to the adsorption of the surfactant mol-
eculesviatheir functional groupsonto the metal sur-
face. Theadsorptionrateisusualy rapid and hencethe
reactivemetd isshielded from theaggressiveenviron-
ment. Corrosioninhibition depends on the adsorption
ability of thesurfactant moleculesonthecorroding sur-
face, whichisdirectly related to the capacity of the sur-
factant to aggregateto form clusters (micelles)®3. Al so,
the adsorbed mol ecul es can be incorporated into the
oxidelayer and react chemically to form amore pro-
tective surface network®®3,

CONCLUSIONS

Linear polarization corrosion rate and surface ten-
sion measurementswere empl oyed to study the corro-
sioninhibition of carbon steel in CO,-saturated solu-
tionsusing somenovel anionic surfactantsascorroson
inhibitors synthesi zed based on sunflower and cotton-
seed oils. Theprincipal conclusonsare:

1. Thestructuresof synthesized inhibitorswere con-
firmed by physical-chemical spectroscopic meth-
ods.

2. All inhibitorswerefoundto beeffectiveinhibitors
for carbon steel corrosionin CO,-saturated solu-
tions.

3. Thecorrosion processisinhibited by the adsorp-
tion of these surfactants on carbon steel surface.
Inhibition efficiency increased with increasein con-
centration of thesurfactants.

4. Theinhibition efficienciesinthe caseof inhibitors
obtained on the basis of sunflower oil are higher
compared with those of inhibitors obtained onthe
basisof cottonseed oil at thesameconditions This
behavior may bedueto thedifferenceinfatty acids
compositionsof two oils.

5. Theadsorption of synthesized surfactantson car-

— P plericly Science
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bon sted surface obeyed Langmuir adsorptioniso-
therm. Thehighvaueof adsorption equilibrium con-
stant and negative va ue of standard free energy of
adsorption suggested that surfactantsare strongly
adsorbed on carbon steel surface, and are chemi-
cally adsorbed onthe meta surface.
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