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Three amide derivatives of 1-aminoanthraquinones (AAQs) synthesized from long chain fatty acids were
evaluated for corrosion inhibition efficiency against steel (API 5L-X60) in white petrol-water mixtures
at room temperature by weight loss and electrochemical studies. Potentiodynamic polarization studies
carried out at room temperature on steel (API 5L-X60) in white petrol with water containing 120 ppm of
chloride and 50 ppm of the 1-aminoanthraquinone derivatives showed that all the investigated com-
pounds are of anodic type and good corrosion inhibitors in white petrol-water mixtures. Oleic acid
derivative of 1-aminoanthraquinone was found to be the best corrosion inhibitor. It exhibited 86% inhi-
bition efficiency against the corrosion of API 5L-X60 steel. The surface analysis by AFM indicated the
adsorption of inhibitors on the metal surface. Besides, all the synthesized 1-aminoanthraquinone deriva-

tives exhibited antimicrobial efficacy against Serratia marcescens ACE2 and Bacillus cereus ACE4.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Oil fields are the biggest victim of corrosion and severe economic
loss is caused due to the metallic corrosion on piping and plant
systems. Statistical data show that failures by corrosion in the oil
and gas industry oscillate between 25% and 30% of the total losses
[1-3]. Different methods are used for protection of corrosion in
petroleum product pipeline and plants in aggressive environments,
where one of the most economic methods is the application of cor-
rosion inhibitors (CIs) [4-7]. Organic compounds used as typical
oil field corrosion inhibitors function by forming a film or protec-
tive barrier between metals and the corrosive fluids either because
of their anodic, cathodic or mixed type behaviour [8,9]. Alkenyl
phenols [10], aromatic aldehydes [11], nitrogen containing hete-
rocyclic and their quaternary salts [12] and condensation products
of carbonyls and amines [13] are some of the commonly used oil
field corrosion inhibitors. In oil transporting pipelines stagnation
of water occurs due to the slopes in the landscape and it acts as
breeding ground for bacteria. Now it is well established that bacte-
rial species exist in oil pipeline and degrade petroleum to maintain
their life cycle [14,15] and leads to severe corrosion problems [16].
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Mitigation of oil pipeline corrosion still remains as a daunting chal-
lenge and continuous efforts are being made to solve or minimize
this problem.

Quinones take part in several biological processes such as photo-
synthesis and respiration. In certain biomembrane assemblies they
are part of electron transfer chains, for example in mitochondrial
respiration, this role is played by ubiquinone or coenzyme Q [17].
Anthraquinone derivatives have been employed as dyes [ 18], chem-
ical sensors [19], organogelators [20], mesogens [21-26] and anti-
cancer agents [27]. We envisaged that a suitable quinone derivative,
due to the inherent ability to take part in electron transfer reaction,
can influence corrosion behaviour of a metal which is an electron
transfer electrochemical phenomenon [28]. In this direction, on
the development of novel corrosion inhibitors, three long chain
fatty acid (octanoic acid, decanoic acid and oleic acid) derivatives
of 1-aminoanthraquinone was synthesized (compounds 5-7) and
corrosion inhibition properties on API 5L-X60 mild steel in white
petrol-water mixture was evaluated. Selection of these compounds
as corrosion inhibitors is based on the facts that these compounds
contain lone pair of electrons on N atoms and 7 electrons in aro-
matic ring through which it can adsorb on the metal surface. The
lateral interaction of long chain of carbon atoms due to Van der
Waals forces can further facilitate formation of compact film of
inhibitor on the metal surface [29]. In the present study, mecha-
nism of action of 1-aminoanthraquinone derivatives as corrosion
inhibitor was also investigated in white petrol-water mixtures.
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2. Experimental work
2.1. Materials and methods

Octanoic acid, decanoic acid, oleic acid, 1-aminoanthraquinone, potassium car-
bonate, thionyl chloride and dimethyl formamide and acetone obtained from Aldrich
were used for the synthesis of 1-aminoanthraquinone derivatives. All used solvents
were of HPLC grade.

2.2. Spectral characterization of inhibitors

All the products obtained were completely characterized using nuclear magnetic
resonance (NMR) spectroscopy, Fourier transform infrared spectroscopy (FT-IR) and
ultra visible spectrophotometer (UV) studies. The FT-IR spectroscopy was used to
detect the functional groups present in the compounds. PerkinElmer, Paragon 500
model FT-IR was used for the analysis of the corrosion inhibitors. The spectrum
was taken in the mid-IR region of 400-4000cm~' with 16-scan speed. The sam-
ples were mixed with spectroscopically pure KBr in the ratio of 1:100 and pellets
were fixed in the sample holder and the analyses were carried out. '"H NMR spectra
were measured in a solvent of deutrated chloroform (CDCl3 ), containing 0.1% (v/v) of
tetramethylsilane (TMS) as an internal standard. The chemical shifts (§) are reported
in ppm and the coupling constants (J) in Hz. All experiments were performed on a
Bruker 400 MHz spectrometer. UV-vis spectra were carried out on CARY 500 scan
UV-Visible spectrophotometer with CHCl3 as solvent.

2.3. Corrosion study

The corrosion inhibition efficiency of 1-aminoanthraquinone derivatives 5-7
was evaluated using weight loss method. Steel API 5L-X60 grade (C-0.29 max, S-0.05
max, P-0.04 max, Mn-1.25 max, Fe-remaining all) coupons of size 2.5 cm (I) x 2.5 cm
(b) x 0.5 cm (t) were mechanically polished to mirror finish and then degreased using
trichloroethylene [30]. To simulate the oil field pipeline environment, control sys-
tem consisting of 500 ml of oil with 2% of water containing 120 ppm of chloride
ion was made. Quinone derivatives 5-7 (at different concentrations) were added
in experimental system. Three mild steel specimens were immersed into each sys-
tem and corrosion inhibition was evaluated by ASTM standard (G 170) reported
by Papavinasam et al. [31] for the period of 10 days. After inoculation period, the
coupons were removed and pickled, washed with water and dried by air drier. Final
average weight loss values for three coupons were taken and the corrosion rate was
calculated.

24. Electrochemical studies

The electrochemical experiments were carried out using a conventional three-
electrode cell assembly at 28 + 1 °C. All the solutions were prepared using AR grade
chemicals using triple distilled water and deaerated by purging purified nitro-
gen for half an hour before the start of the experiments. The working electrode
was a steel (API 5L-X60) sample of 1cm? area and the rest being covered with
araldite epoxy. A large rectangular platinum foil was used as counter electrode
and saturated calomel electrode as the reference electrode. The working elec-
trode was polished with different grades of emery papers, washed with water and
degreased with trichloroethylene. The polarization and impedance studies were car-
ried out after 30 min of immersion using Solatron Electrochemical Analyzer (Model
1280 B). The polarization was carried out using Corware software from a cathodic
potential of —0.2V to an anodic potential of +0.2V with respect to the corrosion
potential at a sweep rate of 0.5mVs~!. The data in the Tafel region (-0.2V to
+0.2'V versus corrosion potential) have been processed for evaluation of corrosion
kinetic parameters. The linear Tafel segments of the anodic and cathodic curves
were extrapolated to corrosion potential for obtaining the corrosion current val-
ues.

The inhibition efficiency was evaluated from the measured Icorr Values using the
relationship (Eq. (1)):

1% = Jeor “leorr 499 (1)
Icorr

where Iy and I, are the corrosion current values without and with the addition

of various concentrations of 1-aminoanthraquinone derivatives.

The impedance measurements were carried out using ac signals of 10 mV ampli-
tude for the frequency spectrum from 100 kHz to 0.01 Hz. Marquardt’s model [32]
based on Taylor series expansion, a non-linear fitting technique was applied for
calculating impedance parameters. A mixture of petroleum and water (containing
120 ppm chloride ion) in the ratio of 2:1 was made [33]. In each system two mild
steel specimens were immersed and stirred vigorously for a period of 7 days. After
the test period, electrochemical tests were carried out in a special cell containing
aqueous medium collected from the experimental system. Impedance and polar-
ization measurements were carried out by employing water obtained after 7 days
period of stirring.

2.5. Atomic force microscope (AFM)

The API 5L-X60 specimens of size 1.0 cm x 1.0 cm x 0.06 cm were abraded with
emery paper (grade 320-500-800) to give a homogeneous surface, then washed with
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Scheme 1. Schematic diagram of synthesis of 1-aminoanthraquinone derivatives
(5-7).

distilled water and acetone. The specimens were immersed in white petrol-water
mixture prepared with and without addition of 50 mgl-! 1-aminoanthraquinone
(AAQ) derivatives at 30°C for 8 h, cleaned with distilled water, dried with cold air
blaster. All the specimens were characterized by atomic force microscope, pico scan
2100 model (Molecular Imaging, USA), using gold-coated SiN3 cantilevers (force
constant 3N'W-1) of 30 nm tip area. AFM pictures were realized in contact mode.

2.6. Antimicrobial assessment

The strains Serratia marcescens ACE2 and Bacillus cereus ACE4 were used in this
study were isolated from oil transporting pipeline of oil refineries in Northwest
India. (The nucleotide sequences data have been deposited in GenBank under the
sequence numbers DQ092416 and AY912105). The antimicrobial properties of the
synthesized 1-aminoanthraquinone derivatives were evaluated using a 100 ppm
concentration [34]. The antimicrobial assay consists of 5 ml of white petrol, 5 ml of
minimal media (Bushnell-Haas broth) and AAQ derivatives containing 107 colony-
forming units (CFU)ml~! of S. marcescens ACE2 (Gram-negative) and B. cereus ACE4
(Gram-positive) were inoculated separately. In control system, the growth of bac-
teria was checked without the addition of AAQ derivatives. After 24 h, 1 ml white
petrol was serially diluted by sterilized distilled water to 9 ml by pour plate tech-
nique [34]. 1 ml of the dilution were placed onto a nutrient agar plate and incubated
at 37 °C for 24 h for bacterial enumeration.

2.7. X-ray diffraction (XRD) study

A computer controlled X-ray diffraction technique, JEOL Model JDX-8030 was
used to scan the corrosion products between 10° and 80° 26 with copper Ko radiation
(Ni filter) at a rating of 40kV, 20 mA. The dried corrosion products were collected,
crushed into a fine powder and used for XRD analysis for determining the nature of
film present on the metal surface.

3. Results and discussion
3.1. Synthesis of inhibitors

Literature methods already known for the synthesis
of 1-stearoyl, 1-palmitoyl and 1-lauroyl derivatives of 1-
aminoanthraquinone or its closely related variants reveal that
the products were obtained only in poor yield, ranging from
2% to 6.5%. Moreover solvent such as nitromethane was used
which is difficult to purify at the workup stage [35]. Similarly
1,4-diaminoanthraquinone derivatives were prepared, only in mod-
erate yield, by treatment of 1,4-diaminoanthraquinone with acyl
chlorides in the presence of pyridine and N,N-dimethylacetamide
as solvent [36]. Based on this background we have planned for an
improved procedure for the synthesis of 1-aminoanthraquinone
derivatives 5-7. Accordingly, 1-aminoanthraquinone was treated
with acid chlorides 2-4 in the presence of potassium carbonate
(K5CO3), in acetone at reflux temperature to give corresponding
amides in very good yield (Scheme 1). Acid chlorides were prepared
by treatment of corresponding acid with equivalent quantity of
thionyl chloride (SOCI,). All the products were obtained as yellow
solid with characteristic melting point.

3.2. Characterization of inhibitors

All the 1-aminoanthraquinone derivatives were characterized
using NMR, FT-IR and UV studies. Introduction of long alkyl chain
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Scheme 2. Intramolecular hydrogen bonding of 1-aminoanthraquinone derivatives
(5-7).

gave raise to good solubility for 1-aminoanthraquinone deriva-
tives 5-7 in non-polar organic solvents, such as benzene, toluene
and tetrahydrofuran (THF). The solubility increased proportionately
with increase in alkyl chain length. As such 1-aminoanthraquinone
is not freely soluble in organic solvents such as chloroform, ethy-
lacetate and hexane.

The 'H NMR spectrum of AAQ derivatives 5-7, recorded in
CDCl3, shows a triplet in the region of 0.919-0.858 ppm which is
characteristic of terminal ~CH3 group. The multiplet in the region
of 1.32-1.38 ppm and 1.78-1.85 ppm corresponds to the presence
of several -CH, groups. The -CH, protons adjacent to carbonyl
group appears as a triplet at 2.59 ppm. The anthraquinone aromatic
ring protons appear as a multiplet in the range of 9.13-9.15 ppm,
8.92-8.26 ppm, 8.08-8.03 ppm and 7.85-7.72 ppm. The amide pro-
ton appears as a singlet at 12.35ppm. Thus we confirmed the
integration of long alkyl chain to the 1-aminoanthraquinone core
unit.

IR spectra for compounds 5-7, showed -N-H signals in the range
at3208-3350 cm~! indicating primary amine was transformed into
amide. The wave numbers corresponding to amide —C=0, hydro-
gen bonded quinine C=0 and non-hydrogen bonded quinine C=0
could be observed in the region 1701-1703 cm~!, 1665-1668 cm™!
and 1643-1645cm~! respectively. In general -C=0 frequency for
non-hydrogen bonded secondary amides carbonyl is observed in
the range 1680-1630cm™, in solid state. Higher wave numbers,
1701-1703 cm~!, observed for the amide -C=0 in compounds 5-7,
show that the double bond character is further strengthened due
to the influence of strong electron withdrawing nature of quinone
function. In similar systems it was reported that intramolecular
hydrogen bonding was reason for this kind of shift [37].

Scheme 2 shows the type of intramolecular hydrogen bond-
ing between amide proton and one of the quinone -C=0 in
1-aminoanthraquinone derivatives 5-7. The introduction of strong
electron withdrawing amide group lead to the hypsochromic yel-
low shift in absorption frequencies as noticed from its UV spectral
data. This could be also due to amide —C=0 competing with quinone
—C=0 group and weaken the intramolecular hydrogen bonding. Our
observation supports the observations made by Philipova et al. [38]

3.2.1. Preparation of octanoic acid (9,10-dioxo-9,10-dihydro-
anthracen-1-yl)-amide (5)

Part 1: Preparation of octanoyl chloride—A solution of octanoic
acid (3.25 g, 0.0225 mole) and four drops of DMF in benzene (10 ml)

Table 1

was taken in a two necked round bottom flask equipped with a con-
denser, guard tube and a dropping funnel. Thionyl chloride (2.67 g,
0.0225 mole) was added slowly through dropping funnel to the
reaction mixture as the reaction becomes endothermic. Stirred for
10 min and heated in an oil bath for 1 h at 60 °C. The octanoyl chlo-
ride thus prepared was taken as such for further reaction which is
followed in part 2.

Part 2: Preparation of octanoic acid (9,10-dioxo-9,10-dihydro-
anthracen-1-yl)-amide (5)—A mixture of 1-aminoanthraquinone
1 (3g, 0.0134 mole) and K,CO3 (3.68¢g, 0.0268 mole) in acetone
(30 ml) was taken in round bottom flask equipped with guard tube
and a dropping funnel and stirred at room temperature for 45 min.
Octanoyl chloride in benzene, prepared as described in part 1, was
added during 15 min to the reaction mixture. Reaction mixture was
stirred at reflux temperature for 6 h (TLC, hexane:ethyl acetate, 7:3,
R¢=0.4) and then allowed to attain room temperature. Poured into
water (100 ml) and solid separated was extracted with ethyl acetate
(4x 20ml) using a separating funnel. The combined organic layer
was washed with saturated NaHCO3 (2x 20 ml) solution, dil. HCI
(2x 20 ml) and water (20 ml) then dried with Na,SO4. Ethyl acetate
was evaporated to afford octanoic acid (9,10-dioxo-9,10-dihydro-
anthracen-1-yl)-amide in 95% yield as a yellow solid. M.P.
132-134°C.

IR (KBr): 323529cm~! (-N-H str), 2926.26cm~! (-C-H
str), 1702cm~! (amide >C=0), 1643.53cm~! (quinone >C=0),
1667.57 cm~!, 1579.57cm™", 1528.88cm~! (aromatic -C-H) and
1266.88cm~! (-C-N bond).

UV (CHCl3): 330 (2.50) and 414 (4.49).

'H NMR (400 MHz, CDCl3): § 12.351 (s, 1H), 9.119-9.151 (m),
8.924-8.261 (m), 8.081-8.036 (m), 7.859-7.729 (m, 7H attached
to Cy, C3, Cy4, Cs, Cg, C7, Cg), 2.592 (t, 2H), 1.859-1.788 (m, 2H),
1.385-1.320 (m, 8H), 0.919-0.858 (t, 3H).

The same methodology was adopted for the preparation of
compounds 6 and 7 (decanoic acid and oleic acid substituted
aminoanthraquinone derivatives).

3.3. Corrosion study

Corrosion inhibition efficiency for quinone derivatives 5-7 was
evaluated using gravimetric method. The results observed (Table 1)
show that this is the first time a quinone derivative was found
to show corrosion inhibition properties in white petrol pipeline
environment. As the chain length increases the corrosion inhibi-
tion efficiency increased proportionately and the highest efficiency
being observed for compound 7 with Cyg side chain (84%). It gives
rise to indirect indication that as compounds 5-7 binds to the metal
surface large surface coverage is possible with compounds possess-
ing long alkyl chain.

3.4. Electrochemical study

The potentiodynamic polarization behaviour in the Tafel
region for steel (API 5L-X60) in white petrol-water mixture,
with and without the addition of various concentrations of
1-aminoanthraquinone derivatives is shown in Figs. 1-3. The polar-

Corrosion inhibition efficiency of AAQ derivatives (compounds 5-7) evaluated by weight loss method.

Concentration Octanoic acid substituted (Cs) AAQ

Decanoic acid substituted (Cio) AAQ

Oleic acid substituted (C;5) AAQ

(ppm) (compound 5) (compound 6) (compound 7)

Corrosion rate (mm year—') IE (%) Corrosion rate (mm year—1) IE (%) Corrosion rate (mm year—) IE (%)
Blank 0.4924 - 0.4924 - 0.4924 -
25 0.3164 36 0.2544 48 0.1343 73
50 0.2739 51 0.2159 56 0.0969 81
100 0.2349 52 0.1954 60 0.0779 84
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Fig. 1. Polarization behaviour of carbon steel API 5L-X in white petrol-water
mixtures—effect of AAQ derivative (compound 5).
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Fig. 2. Polarization behaviour of carbon steel API 5L-X in white petrol-water
mixtures—effect of AAQ derivative (compound 6).

ization parameters such as corrosion potential (Ecorr), cOrrosion
current density (Icorr) and Tafel constants (b, and b.) were derived
from these figures and are given in Table 2. In the case of 1-
aminoanthraquinone derivatives 5-7, the inhibition efficiencies
increased with increasing concentration. The result reveals that
compound 7 has good corrosion inhibition efficiency when com-
pared to other compounds 5 and 6. These results, together with
the Ecorr displacement towards more positive values are indica-
tive of an effective inhibition of the carbon steel corrosion. Besides,
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Fig. 3. Polarization behaviour of carbon steel APl 5L-X in white petrol-water
mixtures—effect of AAQ derivative (compound 7).

Table 2
Electrochemical parameters for the corrosion of carbon steel API 5L-X60 in white
petrol-water mixtures—effect of AAQ derivatives (compounds 5-7).

Concentration of AAQ IS b, bc laarse
derivatives (ppm) (mVSCE-') (mVdec') (mVdec') (pAcm2)
Blank —671 168 176 29.2
Compound 5

25 -515 199 215 26.1

50 -504 157 203 18.2

100 —495 199 215 4.39
Compound 6

25 —647 185 233 19.2

50 -656 210 196 16.6

100 —-598 184 210 6.46
Compound 7

25 —656 193 197 17.9

50 —620 174 196 16.3

100 —-577 172 213 10.7

they are in good agreement with those obtained from weight loss

measurements.

The Nyquist plots of the impedance values of the steel (API 5L-

X60) in white petrol-water mixtures with and without the addition
of various concentrations of 1-aminoanthraquinone derivatives are
presented in Figs. 4-6 and in Table 3. Marquardt’s model [32]
based on Taylor series expansion, a non-linear fitting technique
was applied to find the capacitance loops in inhibitor system
and control system. Single capacitive loop was noticed in the
absence of inhibitor system (blank). Two capacitive loops were
noticed while adding the inhibitor. The first capacitive loop in
the high frequency (HF) range of the Nyquist diagram was not

Table 3
Impedance data for carbon steel API 5L-X in white petrol-water mixtures—effect of AAQ derivatives (compounds 5-7).
Compounds Concentration (ppm) Ryr (2 cm?) Cyr (Fcm?) Rir (2cm?) Cir (Fecm?)
Compound 5 25 1244 5.84 x 10-10 368 2.24x 103
50 1048 1.17 x 10-° 1186 7.63 x 10>
100 1395 7.44 x 10710 1687 9.61 x 10>
Compound 6 25 1392 9.14 x 1010 558 539 x 102
50 1109 1.45 x 109 838 6.81x 107>
100 1543 3.42x10°° 2225 1.73 x 10
Compound 7 25 1125 7.28 x 10710 176 7.00 x 10-°
50 972 3.09x10°? 620 8.69 x 10>
100 1571 3.90 x 109 7252 2.73 x 10>
Blank (no inhibitor) 377 1.28 x 1077 436 1.75x 103
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Fig.4. Impedance diagram: (a) Nyquist plots and (b) Bode modulus. (¢) Bode phase angle plots diagrams for API 5L-X steel in white petrol-water mixtures containing different

concentrations AAQ derivative of compound 5.

clearly defined, but the corresponding to the low frequency (LF)
range was well defined. The HF time constant was attributed to
the contribution of the intact part of the adsorbed film to the
total system impedance, whereas the LF data points were associ-
ated with the Faradaic process occurring on the bare metal through
defects and pores [39-41] in the adsorbed inhibitor layer. Nyquist
plots of API 5L-X60 in white petrol-water mixtures were anal-
ysed by using the equivalent circuits represented in Fig. 7. In the
case of 100 ppm of compounds 6 and 7, an inductive loop was
observed in the lower frequency area. This is due to the move-
ment of ions between inhibitor film (compounds 6 and 7) and the

metal surface. The corresponding equivalent circuit is represented
in Fig. 7b.

The respective Bode modulus plots are shown in
Figs. 4b, 5b and 6b. The electrode impedance greatly increased
from 25 ppm to 100 ppm when compared to control (blank) exper-
iment. The Bode phase angle versus log frequency plots, Figs. 4-6,
shows the phase shift in the high frequency side for 100 ppm of
AAQ derivatives (compounds 5-7), which is an indication of the
inhibitive nature of the synthesized compounds [42,43]. This is in
agreement with the results of polarization data. The capacitance
values were lower in all inhibitor addition systems when compared
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Fig. 5. Impedance diagram: (a) Nyquist plots and (b) Bode modulus. (c) Bode phase angle plots diagrams for API 5L-X steel in white petrol-water mixtures containing different

concentrations AAQ derivative of compound 6.
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Fig. 7. Corresponding equivalent circuit for API 5L-X60 in white petrol-water sys-
tem: (a) in test system of 25-100 ppm containing compound 5 and 25 ppm and
50 ppm of compounds 6 and 7; (b) in test system of 100 ppm containing compounds
6and 7.

D

to control. It also confirms that the adsorbed film reduced the
dielectric constant present on the metal surfaces. The decrease
of capacitance values in the presence of inhibitors such as propyl
amine (PA) and isopropyl amine (i-pA) for steel in petroleum-water
mixture medium was reported by many investigators [44-46].
The reduction in capacitance could be accounted for the decrease
in local dielectric constant and/or an increase in thickness of the
electrical double layer. It reveals that the inhibitors adsorb at the
metal-solution interface [47,48].

3.5. AFM measurement

Atomic force microscope is a powerful technique for characteriz-
ing the surface morphology [49-52]. The adsorption process due to
the action of 1-aminoanthraquinone derivatives (compound 7) was
monitored with an AFM after 8 h immersion time and presented in
Figs. 8 and 9. The surface morphology of the sample before expo-
sure to 1-aminoanthraquinone derivatives is presented in Fig. 8.
Fig. 9 shows a thin and covering surface film composed of many
particles. Fig. 9a shows the spherical or bread-like particles appear
on the surface, which does not exist in Fig. 8a. Investigation by

D D

Scheme 3. Redox activity nature of 1-aminoanthraquinone derivatives (formation of semiquinone and hydroquinone).
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Fig. 8. Cross-sectional profiles of the API 5L-X60 surface in white petrol-water mix-
ture: (a) in the absence of 1-aminoanthraquinone (AAQ) derivatives (3D view), (b)
surface topography of API 5L-X60 in absence of AAQ derivative (2D view) and (c)
height profile of the API 5L-X60 surface, which is made along the line marked in
corresponding (b).

Table 4
Bacterial count in presence of AAQ derivatives (compounds 5-7) in white
petrol-water interface.

Sl.no. Compound Total viable count (CFUml-1)
Serratia marcescens ACE2  Bacillus cereus ACE4
1 Control (without AAQ)  7.63 x 10° 6.89 x 10°
2 Compound 5 1.77 x 10° 4.73 x 104
3 Compound 6 5.46 x 10% 5.63 x 10°
4 Compound 7 1.58 x 102 2.57 x 10%

Leng and Stratmann [53] suggested that adsorption of corrosion
inhibitors may form a few protective monolayers. These particles
may be mainly composed of the adsorbed 1-aminoanthraquinone
derivative molecules.

3.6. Antimicrobial efficacy

After 24h incubation period, the total viable bacterial
counts (TVC) of the 1-aminoanthraquinone derivatives against
S. marcescens ACE2 and B. cereus ACE4 are listed in Table 4.
All of the AAQ showed biocidal properties against the bacte-
ria. Compounds 5-7 reduced the counts from 108 CFUmI! to
10°CFUmI-! to 102CFUmI~! of S. marcescens and B. cereus at
100 ppm. The observation shows that if the alkyl chain of 1-
aminoanthraquinone derivatives contained less than eight carbons,
they showed weak antibacterial activities these findings agree
well with other reports [54-56]. It is also interesting to note that
the 1-aminoanthraquinone derivatives generally showed better
antimicrobial efficacy against S. marcescens than B. cereus. Gram-
positive bacteria (B. cereus) show greater resistance to mechanical
rupture than Gram-negative cells (S. marcescens). Because, Gram-
positive bacteria, the main component of the cell walls is a rigid
network composed of three macromolecular concentric shells,
while Gram-negative bacteria have a network that is only one
molecule thick, together with up to 25% (mass) of lipoprotein and
lipopolysaccharide [57].

3.7. Analysis of X-ray diffraction patterns
The X-ray diffraction patterns of the film formed on surface of

the mild steel specimens immersed in various test solutions are
given in Fig. 10. The peak due to iron appeared at 20 =43.80°, peaks
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Scheme 4. Enlarge view of inhibitor adsorption on API 5L-X60 in white petrol-water mixtures.
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Fig. 9. AFM pictures of the morphology of the electrode (API 5L-X60) obtained after 8 h of immersion in white petrol-water mixture of AAQ derivative (compound 7) at
50 ppm: (a) in the presence of 1-aminoanthraquinone (AAQ) derivative (3D view), (b) surface topography of API 5L-X60 in presence of AAQ derivative (2D view) and (c) height
profile of the API 5L-X60 surface, which is made along the line marked in corresponding (b).
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Fig. 10. XRD pattern obtained on the surface film formed on API 5L-X60 steel at the
end of 10 days in different environment. Curves: (a) blank, (b) 50 ppm of compound
5, (¢) 50 ppm of compound 6 and (d) 50 ppm of compound 7.

at 20=30.4°, 36° and 62.4° were assigned to iron oxides. In the case
of steel pipes immersed in white petrol-water mixtures, those were
mainly Fe(OH)s, Fe, O3 and FeOOH. The XRD pattern of the surface of
the alloy immersed in the solution containing 50 ppm AAQ deriva-
tives (compound 5-7) are given in Fig. 10b-d. It is observed that
the peaks due to iron oxides such as Fe; 03 and FeOOH showed less
intensity than the corresponding to the control material (Fig. 10a).

3.8. Mechanism of inhibition

Generally all petroleum product pipelines have water contam-
ination in the range between 2% and 11%. A tentative mechanism
is proposed for the observed corrosion inhibition phenomena. The
white petrol-water in pipeline is considered as three layers. First
layer is considered as pipeline (electrode), the synthesized deriva-
tives dissolved in white petrol medium were considered as a second
layer. The third layer was white petrol-water interface.

It is well known that iron dissolves as Fe2* from first layer at
anodic area (Eq. (2)). This reaction is rapid in most media [58]:

Fe — Fe?* 4+ 2e~ (2)

Due to the redox active nature of synthesized compounds
5-7, it can take the anodically produced two electrons and form
semiquinone and hydroquinone [28] at the second layer (Scheme 3).
Further the hydroquinone loses two electrons and returns to the
original state of quinone in a cyclic process. The two electrons are
consumed by bacteria for respiratory process at the third layer
(Scheme 4).In the present study, the movement of ions on the metal
surface was observed in the impedance spectroscopy. The inter-
action of quinone model compounds or humus substances with
the bacterial life cycle has already been reported by Cervantes et
al. [59-61]. The anodically produced Fe%* ions could coordinate
with compounds 5-7 using the hetero (nitrogen and oxygen) atoms
present. Subsequently due to the lack of electrons from the anodic
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spot, the cathodic reaction is suppressed. The inhibition effect of
these compounds is attributed to the adsorption of the inhibitor
molecules on the metal surface. It can be concluded that the fatty
acid derivatives of 1-aminoanthraquinone in white petrol-water
system inhibits corrosion due to the adsorption of these compounds
on the steel surface through their lone pair of electrons and  elec-
trons of the aromatic ring. All the studied 1-aminoanthraquinone
derivatives 5-7 shows the inhibition efficiency ranging from 36% to
84% in the concentration range of 25 ppm, 50 ppm and 100 ppm. It
can be noticed that when the inhibitor concentration increased, the
resistance of inhibitor layer increased. Thus, at 25 ppm concentra-
tion, the octanoic acid substituted 1-aminoanthraquinone showed
lower efficiency in comparison with other inhibitors due to less sur-
face coverage. The increase in carbon chain increased the corrosion
inhibition efficiency. The order of inhibitor efficiency is compound
5 (Cg)<compound 6 (C1g) < compound 7 (C;g).

4. Conclusion

We have successfully demonstrated that fatty acid deriva-
tives of 1-aminoanthraquinone can be used as corrosion inhibitor
for steel API 5L-X60 in white petrol-water mixtures. Inhi-
bition efficiency increases with increase in concentration of
1-aminoanthraquinone derivatives. Among the derivatives 5-7,
oleic acid substituted 1-aminoanthraquinone (compound 7) was
found to be a good inhibitor for carbon steel (API 5L-X60) corrosion
in white petrol-water mixtures. The results obtained from elec-
trochemical studies were in good agreement with those obtained
from weight loss measurements. EIS measurements indicated the
single charge transfer process controlling the corrosion of iron.
They bring down the corrosion rate by adsorption mechanism.
AFM studies also confirmed the film formation of the synthe-
sized compounds (compounds 5-7) on the metal surface. All the
1-aminoanthraquinone derivatives, 5-7 exhibited antimicrobial
efficacy against S. marcescens ACE2 and B. cereus ACE4.
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