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ABSTRACT

A novel imidazolium—based ionic liquid, 3-(6-eth@xgxohexyl)-1-propyl-1H-imidazol-3-ium bromide (BY, is
presented as corrosion inhibitor for carbon steelmolar HCI. The gravimetric investigations revehlde high
inhibition efficiency (IE%) of (BK15) with ca. 8%46in the presence of ca. 3xT0OM of the inhibitor. Temperature
effect study showed that the (IE%) decreased witteasing temperature and that was attributed fithgsical-type
adsorption of the (BK15) protective layer onto tharbon steel surface. Thermodynamic parameters were
calculated as follows: A = 3.641 x Yomg.cnif.h? ; E, = 95.594 kJ.mét ; 4H,= 92.951 kJ.mot and 4S, =
44.098 kJ.ma! showing the high effectiveness of (BK15) as casromhibitor, the surface—reaction process of the
occurring processes, the endothermic type of thilngerrosion and the induced disorder upon forroatof the
activation complex. The adsorption process bestdfithe Langmuir adsorption isotherm?(R 0.9999) and the
calculated adsorption free energ§Ga.qs - —36.860 kJ.mol) confirmed a mixed—type adsorption, predominantly
physisorption of (BK15) in the present work corudhig.

Keywords: Corrosion, Hydrochloric acid, Imidazolium, Absdgst, lonic Liquids.

INTRODUCTION

Carbon steel corrosion occurs in various induspra@cesses where the use of mineral acids is aideitlike oil
well acidizing, cleaning, and descaling [1]. The ud organic inhibitors is regarded as one of test lmethods of
protection against the corrosion of metals [1-Gjeesally those containing heteroatoms (i.e. S, OPN and more
specifically nitrogen atom(s) [1-5, 7-11].

In fact, It is well documented that nitrogen-contag compounds are strongly adsorbed onto metafacas
leading to the formation of protective ad-layer king as a corrosion inhibitor having an efficiermpportional to
the compound’s concentration and that was shoviae teery highly efficient for several compounds [13].

In recent years, ionic liquids (ILs) started toaiwe some interest as new eco-friendly corrosidiibitors, but still
very little work have been reported so far [14-19].

On the other hand, there are several reports slgowiat the inhibition efficiency of heteroatom-caining
compounds increase in the order O < N < S < P [®]4In the current work, we report the gravimetand
temperature effect studies of carbon steel comognhibition by a new imidazoliium-based ionic liqu(IL),

namely the 3-(6-ethoxy-6-oxohexyl)-1-propyl-1H-iragbl-3-ium bromide. This compound contains, beglue
n-electrons, both oxygen and nitrogen atoms andeiefore expected to show inhibitive propertiestifier corrosion
of carbon steel.
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Firstly, the effect of IL concentration on the amsion inhibition efficiency (IE%) will be examined@hen the effect
of temperature on (IE%) will be investigated anddzhon that the inhibition process kinetics andntioelynamics
will be fully described. In addition, the mode aihibition will be determined based on the assigaddorption
isotherm.

MATERIALS AND METHODS

2-1. Chemicals and materials:

The investigated (IL), namely the 3-(6-ethoxy-6-ba&ryl)-1-propyl-1H-imidazol-3-ium bromide (BK15) wa
synthesized using a microwave-assisted procedwsardlarly reported for other (ILs) [14-17, 20, 2T}e structure
of the currently investigated IL and its chemicalrfiula are shown in scheme 1. The designation (BKdlb be
used in the following text.

C14H2sBrN 02

Scheme 1. Structure and chemical formula of 3-(6-Bbxy-6-oxohexyl)-1-propyl-1H-imidazol-3-ium bromide(BK15)

The corrosion media,1 M HCI solution, was prepabgddiluting the necessary volume of a stock coneded
hydrochloric acid solution (Fisher Scientific LtdSuitable amount of the investigated (BK15) waantladded to
prepare concentrations in the range®™®x10° mol. L. Ethanol (99.8%, Sigma-Aldrich) and Acetone (99,5%
Panreac) were employed for the cleaning of cartbeel specimen. Carbon steel (purchased from Saifai Bet.,
Al-Madinah Al-Munawarah) having 0.5 mm diameter wagcisely cut into (2.5 cm x 3.0 cm) specimens and
served for the weight loss experiments.

The working temperature was maintained constamhbgns of a GFL-1031 water bath (Gesellschaft Labbrtik,
Germany). And a digital analytical semi-micro balafGR-202, A&D Co. Ltd., Japan) was utilized fbe tprecise
determination of specimens’ masses.

2-2. Weight loss measurements:

Electrochemically-cleaned carbon steel specimen® wlegreased and polished to a mirror-like finiShe cut
sheets had an exposed surface are of ca. 1amanwere thoroughly cleaned with distilled watiied with ethanol
and stored in desiccators for the weight loss empeits. A constant volume of the corrosion solutfoa. 50 mL)
was used for all experiments. The immersion time fiked at 5 hours and all experiments were camwigdat room
temperature (i.e. ca. 288+ 1 K) except for temperature effect experimeitber each experiment, the carbon steel
specimen was successively washed with a copiousimingd distilled water and acetone to remove atf@sion
products then cleaned and dried with ethanol arighed carefully, afterwards.

Duplicated experiments were carried out and thenmeadues were considered.
2-3. Effect of temperature:

For this investigation, the effect of temperatursvstudied in the range 298-343 K. The detailsheldiscussed in
subsequent sections.
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RESULTS AND DISCUSSION

3-1.Gravimetric study:

Several corrosion parameters can be determinedveight loss investigations [4, 9] and for this mauseful
mathematical equations were established. Firstlofhe corrosion rate (CR) of carbon steel waswdalted by the
following equation:

_Am
CR=-2 (1)

Am is the weight loss (@my) in mg, m and m are the masses of the corroded specimen, befdrafter corrosion
tests, respectively. A (cinis the exposed surface area of the specimen ghyl is its immersion time in the
investigated solution.

The inhibition efficiency (IE%) is, consequentlefthed by the following equation:

CR-CR
CR°

IE% = [1- ] x100 )
where CR and CRare the corrosion rates in the absence and preséichibitor, respectively

And the fractional surface coverad® is then calculated using the equation:

_IE%
0= 100 ®)

These data at 298 K are tabulated in table 1 irctimeentration range 0 — 3xfM of (BK15). And the results
show a very clear concentration dependence of ¢thesion rate (CR), the inhibition efficiency (IE%nd the
fractional surface coverage)(.

0.3
T'-c.
YN oo02}
£
S
(o))
£
o 0.1
O
00 = 1 1 1
0 5e-4 1e-3
[BK15] / —

Figure 1. Variation of the corrosion rate (CR) of @arbon steel with the concentration of (BK15) at 29&
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Table 1. Gravimetric results for the corrosion paameters of carbon steel corrosion in 1 M HCI with arious concentrations of (BK15)
obtained at 298 K

[BK15] (mol.L™") | CR (mg.cit.h?) | IE% )
Blank 0.299 | -] e
10° 0.185 38.0 0.380
10° 0.176 41.1 0.411
10° 0.099 67.0 0.670
10° 0.043 85.5 0.855
3x10° 0.037 87.5 0.875

The highest efficiency in the present work conditi@e. ca. 87.5 %) was obtained with ca. 3%°1@ (BK15)
which corresponds to the lowest corrosion rateaofoc037 mg.ciihi®. The plot of the corrosion rate (CR) against
(BK15) concentration displayed in figure 1 showattthe former decreased drastically in the presef@erather
low concentration of (BK15) and reaching its minimualue when the concentration of the latter eqaalé0> M.

On the other hand, the inhibition efficiency vanatwith (BK15) concentration is plotted in figuPeshowing an
opposite trend compared to the corrosion rateatt, fa significant increase of (IE%) is obtainedmaddition of
quite low concentrations of (BK15) and reacheshighest value of ca.87.5 % at a (BK15) concentratib ca.
3x10° M.

This observed behavior would be best explainedhieyfact that the increasing inhibitor's concentmatleads to
increasing number of adsorbed molecules onto tHeoasteel surface which reduces its exposed sudeea to the
corrosion media and therefore blocked the direict attack on the metal surface [5, 19].

100 -
80 -
=S
40 -
| | |

0 5e-4 1e-3

[BK15] / molL "

Figure 2. Variation of the inhibition efficiency (IE%) of carbon steel corrosion with the concentratio of (BK15) at 298 K

The relationship between the corrosion rate (CR) @@ concentration of the inhibitor [BK15] wouldbey the
general kinetics equation [22]:

CR = k.[BK15} ()

with k being the rate constant (mg. énfi!) and a is the reaction order which measuresrthibitor efficiency in
this case.

The validity of such relationship was checked by plotting log CR against log [BK15] using thatd given in
table 2. The resulting figure 3 shows a very ganedrity (R = 0.9299). The slope of this line gives the vaifiéa)
and the rate constant (k) was calculated fromtesrcept as given in table 2.
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The inverse proportionality of the corrosion ra@R] to the inhibitor concentration [BK15] is showere as a
negative sign of (a) and the good inhibitory preoigsrof (BK15) can be concluded from its relatweigh value
[22].

Table 2. Kinetic parameters of carbon steel corrosin in 1 M HCI with various concentrations of (BK15)obtained at 298 K

[BK15] (mol.L™) 0 10° 10° 10* 10° 3x10°
log [BK15] | - -6.00 | -5.00] -4.00] -3.00 -252
CR (mg.cnt.h™) | 0299 | 0.185| 0.176] 0.099 0.04B  0.037
Log CR -0.524| —0.733| -0.755| -1.004] -1.367 -1.43p
a -0.223

k (mg.cn?.hh) 10.617x10°

=
o
=
!
(o))
=
14
=
14
o ]
o ® Experimental data
0o Linear regression
2.0

6 5 -4 -3
log [BK15] ([BK15] / mol. L)

Figure 3. Variation of log CR with log [BK15] for carbon steel corrosion in 1 M HCI at 298 K

3-1.Effect of temperature:

Among the factors affecting metals corrosion, terapge has a special importance. However, its effache acid-
metal inhibition reaction is well reported to bersdimes very complex because of the various chatadasy place
on the metal surfaces. For example, the rapid mgchinhibitor desorption and/or possible degrada{@2, 23].
Moreover, it is well known that hydrogen reducti@action (HRR) occurs simultaneously with metalrgsion in
acid media and the evolved gas is directly propodi in amount to the temperature which increabesntetal
corrosion rate at higher temperature. This addkddact that the energy required for the formatibthe activated
complex that dissociates to yield the corrosiordpats increases with increasing temperature [8, 24]

The investigation of the effect of temperature lo@ ¢orrosion rate in the absence and presence dML(BK15)
was carried on in the temperature range (298 K-#1and results are reported in table 3. Obvioustyall
experiments, the corrosion rate increases witmgidemperature, as expected, and this is easilg sedhe
corresponding figure 4.

Table 3. Gravimetric results for the corrosion paraneters of carbon steel corrosion in 1 M HCl in thebsence and presence of oM
(BK15) obtained at different working temperatures

T (K) | CRy(mg.cm?h?) | CR(mg.cmh?) | IE % 0

298 0.299 0.043 85.5 0.855
313 1.447 0.696 51.9 0.519
323 2.221 1.457 34.3 0.343
333 4.651 3.461 25.6 0.256
343 9.416 7.939 15.7 0.157
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Figure 4. Effect of temperature on the corrosion rée of carbon steel in 1 M HCI in the absence (CfRand the presence (CR of 10° M
(BK15)

With increasing temperature both corrosion ratebefiver in the presence of the absence of BK15) taed
inhibition efficiency (IE%) increase in a very ctefashion. Such a behavior, as displayed in figbras very
common among organic corrosion inhibitors [1, 38,1, 22, 25, 26].

80

60

IE %

40 -

20

290 300 310 320 330 340 350

Temperature / K

Figure 5. Effect of temperature (298 K—-343 K) on th inhibition efficiency (IE%) of carbon steel corrcsion in a
(10° M BK15 + 1 M HCI) solution

The decreasing (IE%) with increasing temperatuoyes that the inhibitor action is essentially baseddsorption
onto the carbon steel surface which blocks theradites and forms a sort of protection shield majahe corrosive
media [11, 25]. Moreover, the observed (IE%) deseeaould be explained by the weakening of the itdnils
adsorption at higher temperature [5] and probaldy partial desorption. This explanation puts fowvahe
speculation of physical adsorption (physisorptioh}BK15) molecules onto the carbon steel surfdce].
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From the temperature effect investigation, seviratmodynamic parameters can be calculated [27u&8h the
following Arrhenius and transition—state equations:

CR=Aexp[-= (5)

CR :E—; exp(%) exp(-%) (6)

where A (mg.crif.h?) is the Arrhenius pre-exponential factor, R is teiversal gas constants (8.3144621
J.K~mol™), N is Avogadro’s number (6.02252 x ¥dmol™) and h is Plank’s constant (6.626176 x°10.s).

Accordingly, Ln(CR) against (1/T) and Ln(CR/T) agsti (1/T) were plotted, as displayed in figure @l digure 7,
respectively. All graphs show, both in the absemoe presence of DM (BK15), excellent linearity as expected
from equations (5) and (6), respectively.

The intercepts of the lines in figure 6 permit tradculation of the values of the pre-exponetiatda¢A) and the
slopes which equal (=IRT) allowed the determination of the activatioremyy (&) both in the absence and
presence of the inhibitor, respectively.

On the other hand, the obtained straight linesgaré 7 have a slope of 4H/R) and an intercept of (Ln[R/Nh] +
ASJ/R), each. Consequently, the valuesAdi, and AS, were calculated, respectively. All of these reswdte
tabulated in table 4.

L ® Experimental data (Blank)
Linear regression
e Experimental data (BK15)
Linear regression

F=9

N
T

o
T

Ln CR (CR/mg.cm™h™)
IS )

[
»
1

1 1 1 1 1 1

2.9 3.0 31 3.2 3.3 3.4
1000/T (T / K)

Figure 6. Arrhenius plots for carbon steel corrosia rates (CR) in 1 M HCI in the presence and absenad 10° M (BK15)

Table 4. Corrosion thermodynamic parameters for cabon steel in 1 M HCI with and without 10° M (BK15)

Solution | Fig.6 Fig6. Fig.7 Fig7. A Ea AH, ASa

Slope | intercept| slope | intercept| (mg.cm*h®) | kJ.mol* | kl.mol* | kJ.mol*
Blank -7.592 24.381 -7.273 17.614 3.877 ¥1p 63.120 60.470| -51.098
BK15 -11.50 35.831 -11.180 29.064 3.641 ¥1p 95.594 92.951 44.098

As can be depicted from table 4, the activatiomrgyné both solutions is greater than a value ok20nol* owing

to a surface-reaction process either in the absengeesence of (BK15) [3, 29]. Additionally, theiea clearly
significant increase of ca. 50% in the apparenvaibn energy (B in the presence of inhibitor which is suggestive
of a physical adsorption (physisorption) or a ety weak chemical bonding between (BK15) molesudand
carbon steel surface associated with the highemggnearrier for the corrosion of carbon steel ie firesence of
(BK15) in the present work conditions [22, 30, 3ljkewise, the similar variation of to the Arrheniypre-
exponential factor (A) shows the high inhibitiveoperties of the investigated (BK15), as well docoted in
literature [22, 31-33].
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2 ® Experimental data (Blank)
Linear regression
® Experimental data (BK15)
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Figure 7. Transition-state plots for carbon steel arrosion rates (CR) in 1 M HCl in the presence andgbsence of 18 M (BK15)

Additionally, in all casesAH,have lower values as compared to their correspgralitivation energies resulting in

a decrease in the total volume of the reaction medi a consequence of the hydrogen evolution ozaciihe
positive sign ofAH, implies that the carbon steel dissolution is agho#imermic process which is in a good agreement
with the observed increasing corrosion rate wittréasing temperature. Moreover, it is noteworttat the average
value of the difference between the activation gnend the enthalpy change (i.e. ca. 2.65 kJislvery close to
the average value of the product RT (i.e. ca. X&®nol) in the investigated temperature range identifyiing
corrosion process as a unimolecular reaction athpegquation [11, 22, 34]:

E,-AH,= RT (7

The entropy of activationAS,)) shows two distinguished characteristics. In uifiited corrosion process, the
negative value oAS, is typical of an association-based formation @f éictivated complex in the rate determining
step of the reaction mechanism [35]. While theéase and positive sign A, in the presence of (BK15) indicates
the formation of an ordered layer onto the metafase [11] and accounts for the disorder occurduging the
formation of the activated complex [8].

3-3. Adsorption isotherm:

Essential information to understand the inhibitioechanism of the studied (BK15) can be providedthsy
investigation of its adsorption onto the carborekseirface [36-38] which can be checked throughdtermination
of the corresponding adsorption isotherm. This gutg&m depends on several parameters discussedtailsdin
literature, among them one can cite the naturechadge of the corroding metal, the inhibitor’s cleahstructure,
the charge distribution in the inhibitor’s molecaled the corrosive media [30, 39-43].

In the present study, the bestfitting isotherm £Rca. 0.9999) is the Langmuir isotherm [10, 22]egivby the
following equation:

Langmuir isotherm

{i} = Kads-Cinn (9)

1-60

WhereCi,;, is the bulk concentration of the investigated liritioir, K,4s is its adsorption equilibrium constant ahis
the surface coverage.

The corresponding plot of,{z/0 against G, is displayed in figure 8.
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Figure 8. Langmuir adsorption isotherm of (BK15) oncarbon steel surface in 1 M HCl at 298 K

The slope of the straight line equals almost umityl the value of the adsorption equilibrium constdd,q)
calculated from the intercept was ca. 52.056x1@™.L and results are tabulated in table 5.

The value of the Gibbs free energy of adsorptiontban be calculated by means of the following &qud8] (55.5
being the value of the molar concentration of watdhe solution [44] ):

AGags= —RT Ln(55.5.K4) (12)

Table 5 Thermodynamic parameters for the adsorptiorof (BK15) onto the carbon steel surface in 1 M HCI

Inhibitor | Slope| Kgs(mol.L) R’ AGag (kJ.mol)
BK15 1.138| 52.056 x £0| 0.9999 -36.860

The relatively high value of (9 shows the high adsorption capacity of (BK15) otfite carbon steel surface [4]
and the negative sign of the adsorption free en@kysy) as shown in table 5 proves the spontaneousjvaiat
strong and highly stable adsorption of (BK15) males onto the metal surface [4, 8, 10, 11, 1643446].

The nature of the adsorption process of (BK15) dhtocarbon steel surface is mainly judged fromvakeie of
(AG,q9 to be either chemisorption or physisorption pescg3, 43, 47-55]. The present value beix@,4s = ca.
-36.860 kJ.motis suggestive of a rather complex mixed—type oérmttions [3, 4, 10, 11] with a predominant
physisorption as similarly reported for (BT39) [@fough an electrostatic interaction between thergdd (BK15)
molecules and the charged carbon steel surfaceleVitié contributing chemisorption would be the test the
adsorption of (BK15) molecules onto, most probablyth anodic and cathodic sites of the corrodimp@a steel
surface [19, 34]. In fact, we have noticed a cliaerease in the amount of exhausted hydrogen iprésence of
(BK15), proving the adsorption of the latter on taghodic sites of carbon steel. As for its adsorpon the anodic
sites this can be expected due to the chemicaltateiof BT15 (cf. scheme 1), for instance thelectrons of C=N
and C=C bonds and the lone electron pairs of retnagoms.

CONCLUSION

This work presented a novel imdazolium-based idigjaid as a corrosion inhibitor for carbon steel rimolar
hydrocholoric acid solution. The investigated (BK1H.) showed a highly inhibition efficiency at retr low
concentrations (i.e. within the mM range). The daltéained from gravimetric investigation suggesteghysical
adsorption process of the (BK15) molecules ontontle¢al surface as the driving force for the coonsnhibition
obtained in the present work conditions. This washer confirmed by temperature effect study showtimat the
adsorption process followed a Langmuir-type isatheBeveral thermodynamic parameters were calculased
follows:
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« A=23.641 x 1&’ mg.cm®h™ ; showing the high inhibitive properties of theéstigated (BK15)

« E,= 95.594 kJ.mdl ; proving that carbon steel corrosion is indeatidace—reaction process, in the present work
conditions.

« AH,= 92.951 kJ.mot ; implying that the corrosion of the metal is amlethermic process and that explains the
increasing corrosion rate with increasing tempeeatu

« AS, = 44.098 kJ.ma! ; indicating the formation of an ordered proteethayer adsorbed onto the carbon steel
surface and that the formation of the activatedmeris accompanied by an increase in the disatidre system.

* Kags= 52.056 x 1&molt.L ; characterizing a rather strong adsorptiorhef BK15 inhibitor onto the carbon steel
surface.

* AGags -—36.860 kJ.mot ; confirming the comprehensive type of adsorptian both physical and chemical). The
former being the predominant one, however.
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