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Abstract: Corrosion inhibition tendency of four modified nonionic tannic acid derivatives containing dodecyl,
hexadecyl, octadecyl and oleyl chains on carbon steel was investigated using gravimetric measurements,
polarization and electrochemical impedance spectroscopy (EIS). The effect of concentration and immersion time
was studied. The results show that the synthesized inhibitors act as efficient inhibitor for the corrosion of carbon
steel in 0.5 M H,SO,. Inhibition efficiency (77 %) increases with the inhibitor concentration, and the maximum 7
% values at 400 ppm by weight are 94.4%-96.4% at 25 <C.The adsorption of the different inhibitors on carbon
steel surface obeys Langmuir adsorption isotherm. The inhibitors act as mixed-type inhibitor in 0.5 M H,SO,
and their inhibition on carbon steel is caused by physical adsorption (physisorption).EIS spectra exhibit one
capacitive loop which indicates that the corrosion reaction is controlled by charge transfer process. The
addition of the inhibitors to 0.5 M H,SO, solutions enhances R; values while reduces Cgy values.
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. Introduction

Corrosion is costly and severe materials science problem. The corrosion of carbon steel is the most
common form of corrosion, especially in acid solution. Acidic corrosion has received a considerable attention as
a result of its industrial importance, for example in the chemical cleaning and processing, oil well acidizing,
petrochemical industry. Steel during painting, electroplating, phosphate coating and cold rolling must have a
clean surface from oxides and scales. Therefore, steel is immersed in an acid solution called acid pickling bath.
Hydrochloric and sulfuric acid solutions are widely used in pickling bath of steel. Because of the general
aggressiveness of these acids, organic inhibitors are commonly used to reduce the corrosion on metallic
materials (Obot and Egbedi, 2010; Behpour, 2008; Hosseini and Azimi, 2009). Among the inhibitors which are
effective in acid solutions there are nitrogen containing compounds such as amines (Luo et al.,
1998),pyridazine(Chetouani et al., 2003), quinoline and pyridine (Li et al., 2008), pyrazole(Tebbji et al., 2005),
pyrazine(Bouklah et al., 2005), acridine(Granese et al., 1992), benzimidazole(Cruz et al., 2005) and
triazoles(Pardave et al., 2012; Zhou et al., 2012; Hassan et al., 2007). Several studies have shown that
heterocyclic compounds and their derivatives display good inhibiting effects on carbon steel and copper
corrosion in acid solutions (Godec, 2010; Negm and Zaky, 2008; Quartarone et al., 2006; Quartarone et al.,
2008; Lebrini et al., 2010). It is generally accepted that the primary step in the protecting action of an inhibitor
in the acid metal corrosion is adsorption of the organic molecule onto the metal surface, which is usually oxide-
free. The adsorption requires the existence of attractive forces between the metal surface and the organic
inhibitors. Accordingly, adsorption isphysisorption, chemisorption or a combination of both (Asefi et al., 2010;
Asefi et al., 2009). Physisorption is anelectrostatic interaction between inhibitor ions and the charged metal
surface. Recently the trends of the scientific research have been directed to the environmental protection using
green chemistry products. This was applied specifically in the field of corrosion, resulting in the decreasing use
of chemical corrosion inhibitors and also in the developing of new environmentally friendly inhibitors. Tannic
acid which occurs in several plants including coffee, tea, and Mangrove trees, is a natural product and has low
environmental impact (Negm et al., 2012). Tannic acid is used in the conservation of ferrous metal objects to
passivate and inhibit corrosion. Tannic acid reacts with the corrosion products to form a more stable compound,
thus preventing further corrosion process. After treatment with the tannic acid, the residue remains on the
surface will be hydrated and prevents or retards further corrosion. Tannic acid treatment for conservation of iron
is very effective and widely used. Tannins form chelates with iron and other metallic cations due to the presence
of hydroxyl groups on the aromatic rings. Rust protection properties result from the reactions of polyphenolic
parts of the tannin molecule with ferric ions form a highly cross linked network of ferric-tannate(Jaen et al.,
1999). Gust, (1991) has reported that a mixture of mono- and bi-complexes was formed as a result of the
reaction between the iron rust phase components and tannins in aqueous solution. Similar mixtures were also
observed during reaction of extracts from Mangrove barks of Panama (Rahim et al., 2008) with ferrous and
ferric salts. Natural products such as Henna extract (Lawsoniainermis) and its main constituents (lawsone, gallic
acid, [1—glucose and tannic acid) were investigated as corrosion inhibitor for corrosion of mild steel in 1 M HCI
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solution using electrochemical and surface analysis methods (Ostovari et al., 2009). The aim of the present study
was to study the inhibiting action of modified tannic acid derivatives in the nonionic form on the corrosion of
carbon steel in 1 M sulfuric acid solution using gravimetric and electrochemical techniques. The adsorption
behaviour of the inhibitors wasanalysed in order to choose the appropriate adsorption isotherm and determine
the energy of adsorption.

Il.  Experimental
2.1. Inhibitors
The synthesis of the tested inhibitors (TNisD, TNisH, TNysO, TNysL) was described briefly in our
recent study (Negm et al., 2012). The chemical structures of the different inhibitors are shown in Fig. 1.

2.2. Materials
Tests were performed on carbon steel of the following composition (wt.%): 0.11% C, 0.45% Mn,
0.04% P, 0.05% S, 0.25% Si and the remainder is Fe.

2.3. Weight loss method

Weight loss measurements were performed (in triplicate) on the carbon steel samples with a
rectangular form with a total area of 37 cm? in 0.5 M H,SO, solution with and without addition of different
concentrations of TNyisD, TNisH, TNisO, TNisL (50, 100, 200 and 400 ppm by weight). Before the
measurement, the carbon steel samples were abraded by 180, 400, 600, and 1200 grades of emery paper. They
were degreased with acetone and rinsed in distilled water several times. Then they were immersed in 1 M HCI
solution for 10 s (chemical method to remove rust products), rinsed with distilled water two times and finally
dried. After weighing accurately, each sample is placed in the acid solution (500 mL) for different immersion
time intervals of 3, 6 and 24 h at 25 °C. Then, the surface of each specimen was cleaned by double distilled
water followed by rinsing with acetone, dried and weighed to calculate the loss in weight (w) of each specimen.
For each experiment, a freshly prepared solution was used, and the solution temperature was thermostatically
controlled. The aggressive solutions (0.5 M H,SO,4) were prepared by dilution of an analytical grade H,SO4with
double distilled water. The corrosion rate (C,), surface coverage (6) and inhibition efficiency (n%) were
determined by using Eq. (1)—(3) (ASTM-G31-72, 1990):

W —W.
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where, w; and w, are the weight loss values in presence and absence of inhibitor, respectively. A is the total area
of the specimen and t is the immersion time.

2.4. Polarisation measurements

Electrochemical measurements were carried out using a Voltalab-40 Potentiostat PGZ-301 (France). A
conventional cylindrical glass cell of 250 mL with three electrodes was used. A platinum sheet of 2 cm? area
and saturated calomel electrode (SCE) were used as auxiliary and reference electrodes, respectively. The
working electrode in the form of disc cut from carbon steel with an area of 0.8 cm? was embedded with epoxy
except the working surface. Potentiodynamic polarisation curves of the tested inhibitors were obtained by
changing the potential automatically from -200 to +200 mV versus open circuit potential (OCP) with the scan
rate of 2 mV s™. The inhibition efficiency (n%) was calculated using Eq. (4) as follows (ASTM G3-89, 1994):

i A .
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|

Whereicorrninny@Ndicorinny are the corrosion current density values without and with the tested inhibitors.

corr(uninh)

2.5. Electrochemical impedance spectroscopy (EIS)

EIS measurements were carried out using a Voltalab-40 Potentiostat PGZ-301 attached with
Voltamaster software program (Hassan, 2005). The measurements were carried out using AC signal (10 mV)
peak to peak at the open circuit potential (OPC) in the frequency range of 100 kHz to 10 mHz. The inhibition
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efficiencies (n%) of the tested inhibitors were calculated from the values of R; at 50, 100, 200 and 400 ppm by
weight at 25 °C using Eq. (5) (Hsu and Mansfeld, 2001):

7% =[1— Rg}doo )
Rt
I1l.  Results and Discussion

The data obtained from the weight loss measurements were: corrosion rate (C,), surface coverage (0)
and inhibition efficiencies (n %) in presence of different concentrations of the inhibitors (50, 100, 200 and 400
ppm by weight) using Eq. (1)—(3) at 25°C were listed in Table 1. The corrosion inhibition efficiencies of TNysD,
TNsH, TNysO, TNysL inhibitorsshowedhigh tendency towards retardation of the carbon steel dissolution in 0.5
M H,SO, solution at all concentrations used. The inhibition efficiencies of the inhibitors were gradually
increased to reach the maximum value in presence of the different inhibitors at 200 and 400 ppm by weight.
While the corrosion rates decrease by increasing the concentration of the tested inhibitor.

The corrosion rates of the carbon steel in presence of the different inhibitors are completely depending
on the alkyl chain length attached to the inhibitors at similar concentration. The shorter chain length inhibitor, as
represented in case of TN;sD, has high corrosion rate (C,) of 0.51mg cm™ h™at 50 ppm by weight at 25 °C.
Replacing the dodecyl chain with hexadecyl(TNsH) and octadecyl chain (TNs0) decreases the corrosion rates
considerably to lower values (0.45 and 0.41 mg cm, respectively) at 50 ppm by weight at 25 °C. The presence
of the unsaturation centre in the alkyl chain as in case of TNsL decreased the corrosion rate to lower extent at
0.37 mg cm™ h! at the same concentration. The corrosion process occurs due to the interaction between the
metal surface and H,SO, solution according toEq. 6,(Godec, 2009):

Fe + HZSO4—> FESO4 + H2 (6)

The role of the corrosion inhibitors is to decrease the dissolution of the metal in the acid solution. That
role is precededby adsorption of the inhibitor molecules at the metal surface which decreases the extent of metal
interaction with the corrosive ions(Negm et al., 2011). The inhibitors under investigation have high tendency
towards adsorption at the different interfaces due to their high surface activity (Negm et al., 2012). The inhibitor
molecules form a protective layer at the metal surface which decreases the corrosion rate (Quraishi and Jamal,
2000). This protective layer is formed due to the adsorption of the charged centres of the inhibitor molecules on
the metal surface, while the alkyl chains directed to the polar medium. The organic nature of the alkyl chains
prevents the penetration of the aggressive ions to the metal surface. Longer alkyl chains cover larger area at the
interface and also increases the density of the protective layer. That explains the high inhibition efficiency of the
octadecyl derivative (TNys0) and the relatively low inhibition efficiency of dodecyl derivative (TNysD), Table
1. The oleate derivative has higher tendency towards adsorption at the interface (Negm et al., 2012), which is
accompanied by the lowest corrosion rate and highest inhibition efficiency, Table 1.

The inhibitor concentration plays aremarkable role on the inhibition of the carbon steel corrosion in
presence of the tested inhibitors. It is clear from Table 1 that at similar immersion time, C,values decrease
considerably by increasing the inhibitor concentration from 50 to 400 ppm by weight. That can be attributed to
the increase in the thickness of the adsorbed layer of the inhibitor molecules on the metal surface by increasing
the concentration, which increases n% values.

The immersion time was found to influence the inhibition process of the carbon steel in 1 M H,SO, in
presence of the different inhibitors. At short immersion time, 1 and 3 h, the surface coverage values were
increased noticeably by increasing the concentration. Increasing the immersion time to 6 hdecreases the
corrosion rates moderately and consequently a minor increase in the surface coverage is obtained. At 24 h
immersion, the corrosion rates stay almost constant to that obtained in case of 6 h immersion time, also the
effect of the inhibitor concentration is decreased. That is due to the increase of the protective layer thickness by
increasing the immersion time. No further adsorption is occurred at 24 h, hence the corrosion rate decreased to
its minimum values and the surface coverage stays almost constant, which accompanied by narrow inhibition
efficiencies. The corrosion rate of the TN;sL inhibitor after 3 h was 0.14 mg cm™? h™%, while increasing the time
of immersion to 6 and 24 h decreases C,values to 0.08 and 0.02 mg cm?ht,

The obtained inhibition efficiencies of the tested inhibitors are ranged between 87.7-90.6% at the
lowest inhibitors concentration (50 ppm by weight) and ranged between 94.4-96.4% at the highest inhibitors
concentration (400 ppm by weight). Comparing our values in Table 1 by the values obtained for the nonionic
derivatives vanillin as environmentally friendly corrosion inhibitors (in our previous study)(Negm et al., 2011)
indicates the good performance of the tannic acid nonionic derivatives as corrosion inhibitors. The adsorption of
the tested inhibitors on the metal surface increases by the presence of n-electrons of aromatic ring and lone pair
of electrons of hetero-atoms (N, O, S, and P) (Quraishi et al.,1997). The tested inhibitors are strongly adsorbed
at the metal/solution interface due to: (a) the presence of the benzene rings, nonionic chain and the alkyl chains
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within the chemical structure of the inhibitors; (b) the hydroxyl groups in the inhibitor molecules are protonated
in the acidic medium to form a positive centre which attracted to the negative sites on the metal surface.

IV.  Potentiodynamic polarisation

The polarization profiles of carbon steel electrode in 0.5 M H,SO, solution at 25 °C in the absence and
presence of TNysO and TNgsL inhibitors as representative samples for the tested inhibitors (TNysD, TNysH,
TN;50, TNysL) are shown in Fig. 2a,b. The Electrochemical parameters including corrosion potential(Ecoy),
corrosion current density (icorr), anodic and cathodic Tafel slopes (B., Bc) were obtained from the polarisation
curves and listed in Table 2.The anodic and cathodic current—potential curves are extrapolated up to the
intersection point where corrosion current density (i) and corrosion potential (Eo)/SCE are obtained
(McCafferty, 2005). Inspecting the polarisation data disclosed that increasing the inhibitor concentration
decreases the corrosion current density (ic,r) and increases the inhibition efficiency (n %)which suggests that
the tested inhibitorsare good corrosion inhibitors for carbon steel in 0.5 M H,SO,.

From the polarisation data listed in Table 2, it is obvious that both cathodicand anodic reactions were
inhibited when theinhibitors were added to the solution(Liu et al., 2009; Musa et al., 2010). Furthermore, the
anodic and cathodicTafel slopes (B., Bc)stay almost constantwith inhibitor concentration.That can be explained
from the viewpoint of thermodynamics, as the inhibitor molecule is adsorbed onto carbon steel surface, which
hindered the acid attack of the metal surface (Lebrini et al., 2005).

In acidic solutions, the anodic reaction of corrosion is the dissolution of Fe** ions into the solution, and
the cathodic reaction is the discharge of hydrogen ions to hydrogen gas (H,). It is apparent from Table 2 that the
addition of the inhibitors shifts the corrosion potentials (E) towards higher negative direction and anodic (f3,)
and cathodic (B;) Tafel slopes changedfaintly, which indicates the inhibition of both cathodic and anodic
reactions(Obot and Egbedi, 2010).The parallel cathodic Tafel curves in Fig. 2a,b reveal that the hydrogen
evolution is activation—controlled and also not affected by the presence of the inhibitors (Negm et al., 2012). It
is also clear that the values of anodic Tafel slope (B,) almost remain unchanged (except for some points were
moderately changed) in the presence of the different inhibitors. This suggests that the inhibitors were adsorbed
onto the metal surface and blocking the reaction sites of the metal surface without affecting the anodic reaction
mechanism (Abdel-Rehim et al., 2001). It is reported that the inhibitors affect either the anodic or the cathodic
reaction, or both of them (Musa et al., 2010). The inhibitor can be classified as an anodicor cathodic type when
the change in Eyvalue is larger than 85 mV (Li et al., 2008).The maximum shift in E¢,, in the measurements
was 41.5 mV indicating that the inhibitors are mixed type inhibitors. It is seen that i, values decrease sharply
with increasing the concentration of the inhibitors from 50 to 200 ppm by weight, while above 200 ppm, i
decrease slowly. This is due to the fact that the inhibitor molecules adsorb on the metal surface, which form a
barrier between the metal surface and corrosive surroundings. The thickness of the formed barrier is increased
by increasing the inhibitor concentration, which decreases i, considerably.The results obtained from the
polarisation technique in acidic solution were in good agreement with those obtained from the weight loss
method within 5%. That was reported in the previous studies (Negm et al., 2012). The efficiencies obtained
from polarisation measurements were comparable to those obtained from the weight loss measurements after 3 h
because the polarisation measurements were obtained after 3 h stabilization of the working electrode. At longer
immersion time (i.e., at 6 and 24 h), the efficiencies obtained from the weight loss measurements were increased
(Table 1). That was ascribed to the increase in the layerthickness of adsorbed inhibitor molecules at the interface
via increasing the immersion time.

V.  Adsorption isotherm of inhibitors
The adsorption isotherm provides basic information on the interaction between inhibitor and steel
surface.
The obtained results were best fitted by Langmuir adsorption isotherm (Figure 3) according to Eq. (9)
which modified to Eq. (7) (Ameer et al., 2010):
2ol )
0 Kads

The straight lines obtained in Figure 3 suggest that the adsorption of inhibitors on carbon steel in 0.5 M
H,SO, solution follows Langmuir’s adsorption isotherm (Noor and Al-Moubaraki, 2008).

The regression coefficients values (R*>0.999-1.0) reveal that the adsorption of TN;sD, TNysH, TNysO,
TNjsL inhibitors oncarbon steel surface obeys Langmuir adsorption isotherm and the inhibition process is due to
the adsorption of inhibitor molecules on the metal surface (Table 3).Meanwhile, the obtained slopes were close
to 1, which suggest an associative adsorption of inhibitor molecules at the metal surface (Hegazy et al., 2010).

It is well recognized that the first step in inhibition of metallic corrosion is the adsorption of organic inhibitors
on the metal/solution interface.That adsorption depends on:chemical structure of the molecule, temperature and
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electrochemical potential at metal/solution interface. In fact, H,O molecules adsorb at metal/solution interface,
and the adsorption of the inhibitors from the solution regarded as a quasi—substitution process between the
organic compounds in the aqueous phase [Org.] and water molecules at the electrode surface [H,O.qs] as
represented in Eq. (8) (Valcarce and Vazquez, 2009).
Orgsory + XH20 ads) <> Orgags) + XH20 o1y 8

wherex is the number of water molecules replaced by one organic inhibitor.

The equilibrium constant(K,g) of the reaction represented in equation (11)is correlated to the standard
free energy of adsorption (G°,gs) Of the inhibitor molecules on the metal surface according to Eq.(9)(Valcarce
and Vazquez, 2009; Shukla and Quraishi, 2009):

K,=——e R 9)

Generally, the energy values of —20 kJ mol™ or less negative are associated withan electrostatic
interaction between charged molecules and charged metal surface, i.e., physisorption(Bentiss et al., 2005).
While, those of —40 kJ mol™ or more negative regarded as chemisorption, which is formed by sharing or
transferringof charges from the inhibitor molecules on the metal surface to form a covalent bonds(Machnikova
et al., 2008; Singh and Quraishi, 2009). G.4Vvalues of the studied systems are ranged between —32.67 kJ mol ™!
and —32.75 kJ mol ™, Table 3. These values indicate that the inhibitors are adsorbed on the metal surface via
mixed mechanism involves physical and chemical adsorption. Physical adsorption occurs between the active
positive centers on the metal surface and the m-bonds in the benzene ring. Chemical adsorption is due to
formation of coordinated bonds between the inhibitor molecules and the d-orbital of Fe on the steel surface
through lone pair of electron of O atoms (Solmaz et al., 2008). The increase in negativity of G, values by
increasing the alkyl chain length of the inhibitors is attributed to the role of the chains in the adsorption of the
inhibitor molecules on the metal—solution interface (Machnikova et al., 2008; Solmaz et al., 2008).

VI.  The electrochemical impedance spectroscopy (EIS)

The EIS diagrams for the carbon steel in 0.5 M H,SO, solution in absenceand presence of various
concentrations of the tested inhibitors are given in Fig. 4a,b, which indicates that the Nyquist plot yields
adepressed semicircles.The depressed nature of the semicircle is due to the presence of micro roughness and
other inhomogeneties of the electrode formed during the corrosion process (McCafferty, 1997; Popova et al.,
2003). This implies that corrosion of the carbon steel in 0.5 M H,SO, solution mainly controlled by a charge-
transferprocess (Achouri et al., 2001; Dehri et al., 2003; Bentiss et al., 2011).The difference in real impedance at
lower andhigher frequencies on Nyquist plots is considered asa charge-transferresistance. The charge-transfer
resistance (Ry) is corresponded to the resistance between the metal and outerHelmholtz layer.The differencein
real impedance at lower and higher frequencies in Nyquistplots increased after the addition of TNsD, TNysH,
TNys0, TNysL inhibitors into the aggressivesolution. At lower inhibitor concentration, there is only adsorption
of molecules on cathodic and/or anodic sites. This adsorption decreases the active centres on the metal surface.
This is more pronounced with the increase in concentrationof the inhibitors, which can be attributed to the
increase in the thickness of inhibitor layer by increasing the concentration. This layer acts as a barrier forthe ions
and the electrons pass.The EIS data were analyzed by fitting the equivalent circuitmodel shown in Fig. 5 which
fits well with the experimentalresults (R? = 0.98 — 0.95).The circuits comprise a solution resistance Rs, in series
withthe circuit comprises a charge transfer resistance (R.) and CPE which is a constant phase element.CPE is
mathematically expressed as in Eq. 10 (Banerjee et al., 2012; Mar et al., 2012):

Zepe =Y. (i)™ (10)

whereY. is a proportionality factor and ‘n’ has the meaning of phase shift. The value of ‘n’ represents

the deviation from the ideal behaviour and it lies between 0 and 1 (Mar et al., 2012).

The Nyquist plots represented in Fig. 3a,bare not perfect semicircles as supposed in the theory of
EIS.The Nyquist plots obtained in the real system represent a generalbehaviour where the double layer on the
interface of metal/solutiondoes not behave as a real capacitor. On the metal side, electronscontrol the charge
distribution, whereas on the solution side, it iscontrolled by ions. As ions are much larger than the electrons,the
equivalent ions to the charge on the metal will occupy quitea large volume on the solution side of the double
layer (Ozcan et al., 2004). Therefore,CPE used in place of double layer capacitance, Cq, to representthe
nonideal capacitive behaviour of the double layer.The data obtained from the equivalent circuit are presented in
Table 4. The data show that Ryvalue were increased from 98.15 Q cm™ for the blank to 530, 504, 648.7 and
592.3 Q cm?, respectively, after the addition of 400 ppm by weight of TN3sD, TN;sH, TNysO, TNysLinhibitors.
The increase in Ry values is attributed to the formation of an insulating protective film at the metal/solution
interface. The decrease in Cy values can be attributed to a decrease in local dielectric constant and/or to an
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increase in the thickness of the electrical double layer, suggesting that the inhibitor molecules are adsorbed at
the metal/solution interface (Umoren et al., 2010; Badr, 2009; Okafor and Zheng, 2009).

The double layer formed between the charged carbon steel surface and theinhibitor solution is
considered as an electrical capacitor. The adsorption ofthe inhibitor molecules on the carbon steel surface
decrease the electrical capacity becausethey displace the water molecules and the ions are originally adsorbedon
the surface (Amin et al., 2010; Avci, 2008). Similar trend was observed by increasing the alkyl chain length
from 10 methylene group in case of TNysD to 16 methylene group in TNsD, Cy values decreased from 21.6 pF
cm? to 19.5 pF cm? at 400 ppm by weight. The lowest Cgy value was 14.1 pF cm?, corresponds to TN;sL
inhibitor at 400 ppm by weight which contains 16 methylene groups and one double bond (Umoren et al., 2010;
Lebrini et al., 2007). Furthermore, the thickness of the protective layer increased with theincrease in the
inhibitor concentrations as understood from the gradual decrease in Cq by the gradual increase in the inhibitors
concentration.

VII.  Mechanism of inhibition

Adsorption of inhibitor molecules on the metal surface is either physical or chemical adsorption(Negm et
al., 2011). In the physical adsorption (physisorption)of inhibitors on the metal surface, there must be interactions
between metal surface and the moleculesvia relatively weak interactions, e.g. dipole—dipole interactions(Negm
et al., 2011). Whilein case of chemical adsorption (chemisorption)(Negm et al., 2012), itoccurs by the sharing of
electrons ininhibitor molecules and metals, or the transfer of charges/electrons from the inhibitor molecules to metal
surface. Considering the chemical structures of the tested inhibitors in the present work, there are four types of adsorptions.
Firstly, the metal surface becomes negatively charged by adsorbing sulfate anions (SO,”) on the surface (Pavithra, 2010). So,
there are electrostatic interactions between negatively charged surface and positively charged atoms, which retard the anodic
dissolution of iron (Aramaki et al., 1987). Secondly, according to the donor—acceptor interaction concept(Negm et al., 2012),
n-electrons of the benzene rings and the double bond of the oleate derivative (TN;sL) in the inhibitor molecules can interact
with vacant d-orbital of the metal surface (Hackerman et al., 1966).Thirdly, the polyethylene glycol groups of nonionic
chains can adsorb on the metal surface through H-bonding, involving the displacement of water molecules from
the metal surface. Lastly, the neutral parts of the molecules can then adsorb, onto metal surface when free
surface areas are available.From Table 1, it is seen that at low concentration of the different inhibitors, i.e. 50
ppm by weight, the n (%) values depend strongly on the type of the alkyl chain length attached to the molecules.
1 (%) of TNysD, TNysH and TNysO inhibitors were 90.2, 91.8 and 92.3%, respectively. While in case of the
oleic derivative (TNysL), the efficiency increased remarkably (95.0%) due to the presence of the unsaturation in
the alkyl chain.The adsorption of the inhibitor molecules on the metal surface is represented in Figure 6. The
adsorption of the alkyl chains (Fig. 6A) is achieved through the r-orbital of double bond and the vacant d-orbital
of metal(Negm and Zaky, 2008; Negm et al., 2012), which might cover the steel surface more effectively and,
thus, enhance the corrosion inhibition. Also, that overlap occurs in case of the benzene rings (Fig. 6B). In case
of short alkyl chain (TNsD), the geometrical factor restricts the chains orientation and prevents their regular
adsorption at the interface, which is responsible for the relatively low inhibition efficiency. In case of long
chains, the alkyl chain starts to be located in on the metal surface (Ali et al., 2005).
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Table 1. Corrosion rate® (C,), surface coverage (8) and inhibition efficiency (n %) of TNisD, TNisH,

TN150 and TNysL inhibitors/carbon steel in 0.5 M H,SO, at different concentrations and at different

immersion times obtained by weight loss measurementsat 25 °C

Concentration 3h 6h 24h

Inhibitor :
(ppm by weight) (mg (?I’;IZ h) 0 n% (mg (E:nr,;z h) 0 n% (mg ((::r;]'z h?) 0 n%
Blank 0.0 4.40 0.0 0.0 3.37 0.0 0.0 3.32 0.0 0.0
50 0.51 087 87.1 0.44 0.88 883 0.29 091 913
TNysD 100 0.39 090 90.1 0.35 091 90.7 0.24 093 9238
200 0.30 092 924 0.26 093 931 0.17 095 949
400 0.22 0.94 944 0.19 0.95 950 0.13 096 96.1
50 0.45 089 88.6 0.39 090 89.7 0.25 091 914
TNyH 100 0.38 0.90 904 0.31 092 918 0.18 093 932
200 0.28 093 929 0.24 094 936 0.14 096 95.6
400 0.20 095 949 0.13 0.97 96.6 0.09 097 973
50 041 0.90 896 0.29 092 923 0.16 095 952
TN:O 100 0.31 0.92 92.1 0.24 094 936 0.11 0.97 96.7
200 0.22 094 944 0.18 095 952 0.03 099 991
400 0.15 0.96 962 0.1 097 973 0.03 099 991
50 0.37 091  90.6 0.25 093 934 0.11 097 96.7
TNeL 100 0.29 093 926 0.18 095 952 0.08 098 976
1 200 0.18 095 954 0.09 098 976 0.02 099 994
400 0.14 096 964 0.08 098 979 0.02 0.99 994

®Values were average of three trials with error ratio of 6%.

Table 2. Polarisation parameters for the corrosion of carbon steel in 0.5 M H,SO, containing different

concentration of TN4sD, TNisH, TNysO and TNysL inhibitors at 25 °C
Concentration Egrvs. SCE, Ry, icorr Ba

ihi Cc

Inhibitor (ppm by weight) (mV) (Q cm?) (mA cm®) (mV dec?) (mvﬁdec'l) n (%)
Blank 0.0 -575.6 0.430 0.439 224.8 -323.2 0.0
50 -576.1 294.2 0.043 2254 -158.7 90.2

TNysD 100 -575.4 285.6 0.031 229.6 -169.1 929
200 -590.7 287.8 0.029 237.1 -143.1 934

400 -602.1 304.6 0.024 226.2 -167.3 94.5

50 -559.9 183.8 0.036 160.8 -167.1 918

TNyH 100 -567.5 288.8 0.028 175.7 -1726  93.6
200 -583.7 326.8 0.024 183.1 -1525 945

400 -596.5 567.7 0.020 168.5 -126.3 954

50 -582.3 270.8 0.034 124.0 -161.5 923

TN:O 100 -587.2 592.7 0.031 136.0 -152.2 92.9
200 -618.5 590.4 0.027 130.6 -137.3  93.8

400 -645.1 535.6 0.023 145.7 -136.7 94.8

50 -559.2 154.1 0.022 218.7 -170.8 95.0

TNyl 100 -570.9 315.8 0.020 205.6 -167.6 954
200 -504.1 403.5 0.017 204.5 -1445 96.1

400 -603.3 540.3 0.012 207.8 -1505 97.3
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Table 3. Thermodynamic parameters from Langmuir adsorption isotherm for the adsorption of TNysD,
TN;i5H, TN4s0 and TNysL inhibitors on the carbon steel surface in 0.5 M H,SO, solution

_ . Regression coefficient, Kads AG,,
Inhibitor  Slope R? (10° M) K3 mol®
TNisD 1.009 1.0 9.91 3267
TNisH 1.008 1.0 9.92 32.70
TN1s0 1.006 1.0 9.93 32.72
TNisL 1.004 0.999 9.95 32.75

®Values were average of three trials with error ratio of 6%.

Table 4. Electrochemical impedance parameters for the corrosion of carbon steel in 0.5 M H,SO,
containing different concentration of TN;sD, TNysH, TN;sO and TNysL inhibitors

Inhibitor ~ Concentration Rs Cal Ret n (%)
(ppm by weight) (Qem?) (uFcm?) (Qemd)
Blank 0.0 47 395 9815 0.0
50 10.4 32.1 122.1 91.9
TND 100 9.3 29.9 4285 92.4
200 6.2 265 4882 933
400 5.8 21.6 530.0 945
50 6.0 28.7 192.3 92.7
100 59 272 3077 931
TisH 200 58 253 3537 936
400 49 21.3 504.0 94.6
50 5.6 245 306.0 93.8
100 5.2 23.6 486.7 94.0
ThisO 200 38 219 5489 945
400 35 19.5 648.7 95.1
50 8.2 217 2117 945
TNl 100 6.7 195 3754 951
200 42 17.7 5294 955
400 3.8 14.1 592.3 96.4

RCOO—CH,CHy—O—(CH,CHp-0)yz—CH,CH,—0  OH

HO
0 o]
\
HO o 0- CH,CH,~0—(CH,CHj-0);5—CH,CH,—OCOR
0
RCOO— CH,CH;—0—(CH,CH,~0)3—CH,CH,- O OH HO OH

OH
>—Qo CH,CHy—O— (CH,CH,~0) 5~ CH,CH,—OCOR

RCOO—CH,CHy—0—(CH,CH;-0)5~CH,CH,—0  OH

R = Cy1H,3 (Dodecanoic acid),
C15H31 (Hexadecanoic acid),
C17H35 (Octadecanoic acid),
Cy7H33 (O|e|C acid).
Fig.1.Chemical structure of the tested inhibitors (TNysD, TNisH, TN3sO, TNysL), where: TN refer to
tannic acid polyethylene glycol, and D, H, O, L refer to the alkyl chains (R).
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Fig. 2a.Polarization curve of carbon steel corrosion in 0.5 M H,SO, in presence of different concentrations (ppm
by weight) of TN4s0 inhibitor at 25 °C.
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Fig. 2b.Polarization curve of carbon steel corrosion in 0.5 M H,SO, in presence of different concentrations (ppm
by weight) of TNysL inhibitor at 25 °C.
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Fig. 3. Langmuir adsorptionisotherm of TNysD, TNisH, TN;sO, TNysL inhibitors on the surface of carbon steel
in 0.5 M H,SO, at 25 °C obtained from weight loss data after 24 h, values are average of three trials with error
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Fig. 4a. Nyquist plots of carbon steel corrosion in 0.5 M H,SQO, in presence of different concentrations (ppm by

weight) of TNysO inhibitor at 25 °C.
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Fig. 4b. Nyquist plots of carbon steel corrosion in 0.5 M H,SO, in presence of different concentrations (ppm by
weight) of TNysL inhibitor at 25 °C.
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Fig. 5. Equivalent circuit fits the electrochemical impedance measurements

Fig. 6.Adsorption of the inhibitor molecules on the carbon steel surface.
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