
A

i
a
a
a
t
c
t
s
o
©

K

1

c
t
i
fi
g
p
f
e
o
t
o
s
a
[

0
d

Colloids and Surfaces B: Biointerfaces 53 (2006) 260–270

Water-soluble inhibitor on microbiologically influenced
corrosion in diesel pipeline

N. Muthukumar, S. Maruthamuthu, N. Palaniswamy ∗
Corrosion Protection Division, Central Electrochemical Research Institute, Karaikudi 630 006, India

Received 6 July 2006; received in revised form 5 September 2006; accepted 26 September 2006
Available online 7 October 2006

bstract

The effect of water-soluble corrosion inhibitor on the growth of bacteria and its corrosion inhibition efficiency were investigated. Corrosion
nhibition efficiency was studied by rotating cage test and flow loop techniques. The nature of biodegradation of corrosion inhibitor was also
nalyzed by using Fourier transform infrared spectroscopy (FT-IR), nuclear magnetic resonance spectroscopy (NMR) and Gas chromatography
nd mass spectrometer (GC–MS). The bacterial isolates (Serratia marcescens ACE2, Bacillus cereus ACE4) have the capacity to degrade the
romatic and aliphatic hydrocarbon present in the corrosion inhibitor. The degraded products of corrosion inhibitor and bacterial activity determine
he electrochemical behaviour of API 5LX steel. The influence of bacterial activity on degradation of corrosion inhibitor and its influence on
orrosion of API 5LX have been evaluated by employing weight loss techniques and electrochemical studies. The main finding of this paper is that

he water-soluble corrosion inhibitor is consumed by the microbial action, which contributes to the decrease in inhibitor efficiency. The present
tudy also emphasis the importance of evaluation of water-soluble corrosion inhibitor in stagnant model (flow loop test) and discusses the demerits
f the water-soluble corrosion inhibitors in petroleum product pipeline.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The possible effect of corrosion inhibitor on bacteria is of
onsiderable interest to people involved in oil and gas produc-
ion and transmission pipelines. It is possible that corrosion
nhibitors will have biocidal effects on bacteria [1]. Organic
lm-forming inhibitors used in the oil and gas industry are
enerally of the cationic/anionic type and include imidazolines,
rimary amines, diamines, amino-amines, oxyalkylated amines,
atty acids, dimmer–trimer acids, naphthaneic acid, phosphate
sters and dodecyl benzene sulphonic acids. Their mechanism
f action is to form a persistent monolayer film adsorbed at
he metal/solution interface. It is well known that bacteria can
xidize a wide variety of chemicals and use them as nutrient

ource and enhance the proliferation of bacteria [2–4]. However
erobic bacteria and fungi participate in the corrosion process
5–7]. The microorganisms influence the corrosion by altering

∗ Corresponding author. Tel.: +91 4565 227550; fax: +91 4565 227779.
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he chemistry at the interface between the metal and the bulk
uid [8,9]. Thus, the alteration of the molecule of the inhibitor
aused by microbial degradation during their use, can affect
heir specific performance on corrosion inhibition [10]. Micro-
ial degradation of simple heterocyclic inhibitor of the type
orpholine (C4H9NO) has been recently reported by Poupin

t al. [11]. Bento et al. [12] and Muthukumar et al. [13] have
eported that the understanding of the microbial species involved
n microbial corrosion and their interactions with metal surfaces.
he degradation involved an enzymatic attack at the C–N posi-

ion, followed by ring cleavage to produce glycolic acid [11].
ominguez et al. [14] (1998) reported the loss in efficiency of
rganic corrosion inhibitors in the presence of Pseudomonas flu-
rescence isolated from injection water system used in off-sore
il production.

Recently Maruthamuthu et al. [15] and Rajasekar et al. [4]
ave noticed the degradation of corrosion inhibitors and their

ffect on the corrosion process in a petroleum product transport-
ng pipeline at northwest, India. In petroleum product pipelines,
t would be better to know if the water-soluble corrosion inhibitor
s acting as a nutrient source or as biocide or indeed whether what

mailto:swamy23@rediffmail.com
dx.doi.org/10.1016/j.colsurfb.2006.09.021


rface

i
d
e
A
c

2

2

u
i
s
p
s
p
w
p
o
T
e
s
u
t
T
a

2

u
o
h
D

2

d
n
m
1
H
e
u

2
c

b
a
i
i
d
o

s
o
a
w
I
F
I
w
a
w
w
f
p
3
i
u
w
r
c
R
e
p
o
t
d

2

2

t
S
2
t
b
a
t
o
2
I
i
w
c
d
o
2
i
A

2
w

u

N. Muthukumar et al. / Colloids and Su

ts effect at all. In the present study, a laboratory experiment was
esigned to evaluate the degradation of corrosion inhibitor by
mploying dominating individual species (Serratia marcescens
CE2, Bacillus cereus ACE4) and their role on corrosion pro-
ess in petroleum products.

. Materials and methods

.1. Background information of the study

A cross-country pipeline in India, transports petroleum prod-
cts such as kerosene, petrol and diesel. This pipeline has
ntermittent petroleum product delivery cum pressure booting
tations at different locations. Severe corrosion and microfouling
roblems have been faced in the pipeline even though corro-
ion inhibitor was added. About 200–400 kg of muck (corrosion
roduct) was received from a 200 km stretch of the pipeline
ithin 30 days [15]. The corrosion product was pushed out of the
ipeline by pigs (cylindrical device that moves with the flow of
il and cleans the pipeline interior) while cleaning the pipeline.
he corrosion product samples were collected in sterile contain-
rs for microbial enumeration and identification. In the present
tudy, commercially available water-soluble corrosion inhibitor
sed in petroleum transporting pipeline was evaluated to find out
he nature of degradation, which was used in petroleum pipeline.
he water-soluble corrosion inhibitor contains carboxylic acid
nd ester based compounds.

.2. Microorganism

The strains S. marcescens ACE2 and B. cereus ACE4 [4] were
sed in this study were isolated from oil transporting pipeline of
il refineries in northwest India (the nucleotide sequences data
as been deposited in GenBank under the sequence numbers
Q092416 and AY912105).

.3. Composition of growth medium

The medium used for detecting the corrosion inhibitor
egrading process by ACE4 was Bushnell–Hass broth (mag-
esium sulphate, 0.20 gm/l; calcium chloride, 0.02 gm/l;
onopotassium phosphate, 1 gm/l; di-potassium phosphate,
gm/l; ammonium nitrate, 1 gm/l; ferric chloride, 0.05 gm/l,
i-Media, Mumbai) and Bushnell–Hass agar. Three sets of

rlenmeyer flasks were used for the inhibitor degradation studies
sing the selected bacterial strains.

.4. Biodegradation of corrosion inhibitor and their
haracterization

Two sets of Erlenmeyer flasks containing 100 ml of the BH
roth, 400 ppm of water-soluble corrosion inhibitor with ACE2
nd ACE4 were inoculated. An uninoculated control flask was

ncubated parallelly to monitor abiotic losses of the corrosion
nhibitors substrate. The flasks were incubated at 30 ◦C for 30
ays in an orbital shaker (150 rpm). At the end of the 30 days
f incubation period, the residual corrosion inhibitor for each

r
p
l
n
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ystem of the entire flask was extracted with an equal volume
f dichloromethane. Evaporation of solvent was carried out in
hot water bath at 40 ◦C. About 1 �l of the resultant solution
as analyzed by Fourier transform infrared spectroscopy (FT-

R) and H1 nuclear magnetic resonance spectroscopy (NMR).
T-IR spectrum (Nicolet Nexus 470) which was taken in the mid
R region of 400–4000 cm−1 with 16-scan speed. The samples
ere mixed with spectroscopically pure KBr in the ratio of 1:100

nd the pellets were fixed in the sample holder, and the analysis
as carried out. Infrared peaks localized at 2960 and 2925 cm−1

ere used to calculate the CH2/CH3 ratio (absorbance) and
unctional group of both aliphatic and aromatic components
resent in water-soluble corrosion inhibitor. H1 NMR (Bruker,
00 mHz) analysis was used to detect the protons of the nuclei
n the diesel compound. The sample of diesel was dissolved
sing deutrated chloroform solvent. Tetramethyl silane (TMS)
as used as a reference standard. The 1 �l of the resultant cor-

osion inhibitor solution was analyzed by Thermo Finnigan gas
hromatography/mass spectrometry (trace MS equipped with a
TX-5 capillary column (30 m long × 0.25 mm internal diam-
ter) and high purity nitrogen as carrier gas. The oven was
rogrammed between 80 and 250 ◦C at a heating temperature
f 10 ◦C/min. The GC retention data of the inhibitor correspond
o structural assignations done after NIST library search with a
atabase and by mass spectra interpretation.

.5. Inhibitor efficiency test

.5.1. Rotating cage test
Corrosion inhibition efficiency was studied by rotating cage

est [16, ASTM G170]. API 5LX grade steel (C, 0.29 max;
, 0.05 max; P, 0.04 max; Mn, 1.25 max) coupons of size
.5 cm × 2.5 cm were mechanically polished to mirror finish and
hen degreased using trichloro ethylene. Four coupons supported
y polytetra fluro ethylene (PTFE) disks were mounted at 55 mm
part on the rotatory rod. Holes were drilled in the top and bot-
om PTFE plates of the cage in order to increase the turbulence
n the inside surface of the coupon. The rotatory rod runs at
00 rpm, which corresponds to a linear velocity of 0.53 m/s.
n the present study, 500 ml of diesel with 2% water contain-
ng 120 ppm chloride as system I (control); 500 ml of diesel
ith 2% water containing 120 ppm chloride and 2 ml of mixed

ultures of ACE2 and ACE4 as control system II; 500 ml of
iesel with 2% water containing 120 ppm chloride and 100 ppm
f corrosion inhibitor as system III; while 500 ml diesel with
% of water containing 120 ppm chloride, 100 ppm of corrosion
nhibitor inoculated with 2 ml of mixed cultures of ACE2 and
CE4 were used as the experimental system IV.

.5.2. Flow loop test—for simulating the stratification of
ater in pipe flow

In order to simulate this sort up condition, a flow loop set-
p was fabricated [16]. The flow loop system consists of a

eservoir that maintains the solution under test, a pump with
iping and bypass valve that controls the solution flow. Flow
oop model has been made in the laboratory for creating stag-
ant water in the pipeline for simulating the field conditions.
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he low velocity region is maintained in the cylindrical PVC
ipe having a length of 20 cm and diameter of 12 cm. The suc-
ion line precedes the cylindrical device and the out let from the
evice is connected to the reservoir. The experimental set-up
as washed by water thoroughly and dried well. The polished
etal coupons were suspended in the set-up in the hook pro-

ided. In the present study, the following systems were made.
he 8000 ml diesel + 2% water (120 ppm chloride) as system V

control); 8000 ml of diesel with 2% water containing 120 ppm
hloride and 2 ml of mixed cultures of ACE2 and ACE4 sys-
em VI; 8000 ml of diesel with 2% water containing 120 ppm
hloride and 100 ppm of water-soluble corrosion inhibitor as
xperimental system VII; 8000 ml diesel with 2% of water con-
aining 120 ppm chloride, 100 ppm of water-soluble corrosion
nhibitor inoculated with 2 ml of mixed cultures of ACE2 and
CE4 as system VIII.

After 7 days, the coupons were removed and washed in
lark’s solution [17] for 1 min to remove the corrosion prod-
cts and rinsed with sterile distilled water, dried. Final weights
f the six coupons in each system were taken and the average
orrosion rates were also calculated. The inhibition efficiency
IE) was calculated as follows:

nhibition efficiency (IE%) = W − Winh

W
× 100

here Winh and W are the values of the weight-loss of steel after
mmersion in solutions in the presence and in the absence of
nhibitor, respectively.

.6. Electrochemical methods for the evaluation of inhibitor

After the weight loss experiments (rotating test), electro-
hemical tests were carried out in a special cell containing
queous medium collected from the rotating cage [18,4]. API
LX steel coupon of size 1 cm2 as working electrode, a standard
alomel electrode (SCE) and platinum wire as counter electrode
ere employed for impedance and polarization studies. The
afel polarization curves were obtained by scanning the potential
rom the open circuit potential towards 200 mV anodically and
athodically. The scan rate was 120 mV/min. Polarization mea-
urements were carried out potentiodynamically using model
GP201, employing potentiostat with volta master-1-software.

.7. Surface analysis study

To verify the adsorption of inhibitor on the metal surface in
otating cage test after 10 days, the film formed on the metal sur-
ace was carefully removed and dried, mixed thoroughly with
otassium bromide (KBr) and made as pellets. These pellets are
ubjected to FT-IR spectra (Perkin-Elmer, Nicolet Nexus-470)
o find out the protective film formed on the surface of the metal
oupons. The surface morphological characteristics of the con-

rol and experimental carbon steel were observed under scanning
lectron microscope (SEM) Hitachi model S-3000H at mag-
ification ranging from 50× to 200× operated at accelerating
oltage of 25 kV.

(
o
C
o

ig. 1. Growth of mixed cultures (ACE2 and ACE4) in BH liquid medium in
resence and absence of water-soluble corrosion inhibitor.

. Results and discussions

In oil pipelines, water can also stratify at the bottom of line
f the velocity is less than that required to entrain water and
weep it through the pipeline system. Liquids (hydrocarbon)
tratify along the bottom of the pipe, with water forming a
eparate layer beneath the liquids where hydrocarbon degra-
ation occurs at the interface easily by microbes. Hence, the
ole of bacteria on degradation and corrosion is an impor-
ant area in petroleum product pipelines. The involvements of
acterial species on water-soluble corrosion inhibitor degrada-
ion and corrosion have been studied by various investigators
19,20,10,15,4]. It enlightens the role of bacterial species of S.
arcescens ACE2 and B. cereus ACE4 on biodegradation of

orrosion inhibitor in petroleum products and its influence on
orrosion process in tropical countries.

.1. Biodegradation analysis

.1.1. Growth of bacteria
The total viable count of bacteria in the presence and in

he absence of water-soluble corrosion inhibitor during degra-
ation is presented in Fig. 1. The count is ranging between
06 and 108 in the presence of water-soluble inhibitor. In
he absence of water-soluble corrosion inhibitor, the bacterial
pecies ACE2 and ACE4 count decreased and found to be rang-
ng between 2.13 × 106 and 2.38 × 108 CFU/ml, although initial
oad (2.14 × 108 CFU/ml) was same in all the systems. The pro-
iferation of bacteria is higher in the presence of water-soluble
nhibitor compared to absence of inhibitor. It could be explained
hat ACE2 and ACE4 utilizes the inhibitor as organic source with
norganic nutrients from the BH media for their proliferation.
t indicates that water-soluble corrosion inhibitor enhanced the
roliferation of bacteria (ACE2 and ACE4).

.1.2. Degradation of water-soluble corrosion inhibitor
FT-IR spectrum of water-soluble corrosion inhibitor

Fig. 2(a)) shows OH stretching bands in the range of 3429 cm−1.
t is due to the hydroxyl group present in the inhibitor. The methyl

CH3) and methylene (CH2) protons are observed in the range
f 2959 and 2873 cm−1. The strong band at 1709 cm−1 is due to

O (carbonyl group) stretching band, it indicates the presence
f carboxylic acid group in inhibitor. The peaks at 1459 cm−1and
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ig. 2. Fourier transform infrared spectrum: (a) water-soluble corrosion
nhibitor (uninoculated system – control), (b) inoculated with Serratia
arcescens ACE2, and (c) inoculated with Bacillus cereus ACE4.

378 cm−1 are due to C–H def for methyl group. The peaks at
173 and 1078 cm−1 indicate the presence of C O stretching for
ster (C–O–C) group. The peaks at 897 and 839 cm−1 indicate
he sub substituted benzene ring.

In presence of S. marcescens ACE2 with water-soluble cor-
osion inhibitor (Fig. 2(b)), the methyl (CH3) and methylene
CH2) protons are observed in the range of 2916 and 2852 cm−1,
espectively. The olefinic ( C–H) overtones band is observed in
he range of 1917 cm−1. The strong band at 1706 cm−1 is due
o C O stretching band for acid group. The peaks at 1546, 1458
nd 1412 cm−1 are due to carboxylate anion (COO−) bands. A
eak at 1372 cm−1 indicates the presence of C–H def for methyl
roup. The peaks at 1237and 1113 cm−1 are C O stretching for
ster group. A peak at 933 cm−1 indicates the presence of sub-
tituted benzene ring due to the substitution reaction induced by
acteria and a peak at 723 cm−1 is due to olefinic or aromatic
–H out of plane bending band. FT-IR spectrum reveals that

he oxygen substitution reaction is taking place during degra-
ation, due to the bacterial activity (oxygenase enzyme). The
ydroxyl peak at 3429 cm−1 could not be observed in presence
f ACE2 when compared to control (without bacteria). It reveals
hat the inhibitor contains carboxylic acid group and this acid

roup is cleaved to carboxylate anion (COO−). In presence of B.
ereus ACE4 with water-soluble corrosion inhibitor (Fig. 2(c)),
H stretching band is observed in the range of 3430 cm−1. The
ethyl (CH3) and methylene (CH2) protons can be noticed at

o
9
b
n
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he peaks of 2959, 2873 and 2832 cm−1, respectively. The strong
and at 1706 cm−1 is due to C O stretching band for acid group.
he peaks at 1554 and 1458 cm−1 are due to COO− (carboxy-

ate anion) bands. Another peak at 1378 cm−1 indicating the
resence of C–H def for methyl group. The peaks at 1171 and
077 cm−1 indicate the presence of C O stretching for ester
roup. The peak at 897 and 839 cm−1 indicates the presence of
ubstitued benzene ring. In presence of bacterial species ACE2
nd ACE4, a new peak can be noticed at 1554 cm−1, 1458 cm−1

nd 1378 cm−1, indicates the carboxylate anion (COO−). It
eveals that due to bacterial activity, the acid group is cleaved
nd produced as the carboxylate anions. The absence of hydroxyl
eak (OH) in the inhibitor during degradation, which indicates
hat the ACE2 is a more degrader than ACE4.

NMR spectrum of water-soluble corrosion inhibitor shows
he characteristic band in Fig. 3(a). The peak at 7.05 ppm is due to
romatic C–H protons. The multiplet peaks at 4.89–5.29 ppm is
ue to oxygen-included protons. The CH2 aliphatic protons can
e observed between 2.57 and 2.59 ppm. Another acetylenic pro-
on peak is observed between 2.19 and 2.29 ppm. The aliphatic
ethylene (CH2) peaks are noticed at 1.1 and 1.6 ppm and the
ethyl proton peaks are observed at 0.86 ppm. It reveals the

resence of aliphatic and aromatic protons based compounds in
ater-soluble corrosion inhibitor. In presence of bacteria ACE2

Fig. 3(b)), the two types of olefinic protons can be observed at
.35, 5.33 and 5.28 ppm. The disappearance of aromatic protons
t 7 ppm reveals that bacteria consumed the aromatic compound.
he CH2 proton peak is observed in the range of 1.85 to 2.51 ppm
s a mutiplet peak. An aliphatic peak at 1.58 and methyl protons
t 0.28 and 0.97 can be noticed. In presence of bacteria ACE4
Fig. 3(c)), the two types of acidic protons can be observed at
.35, 5.33 and 5.28 ppm. The peak at 7 ppm indicates the pres-
nce aromatic protons. The acetylene proton peak is observed
n the range of 1.98–2.89 ppm as a mutiplet peak and aliphatic
eak at 1.58 and methyl protons can be noticed at 0.86 and
.19. The intensity of aliphatic proton peaks at (1.58, 0.97 and
.28) is lesser in ACE2 when compared to ACE4. It reveals
hat ACE2 consumes high quantity of hydrogen in the 30 days
eriod of degradation. ACE2 consumes both aliphatic and aro-
atic hydrocarbons present in the inhibitor but ACE4 consumes

nly aliphatic protons as a food source which supports the FT-IR
pectrum.

The GC retention data of the water-soluble inhibitor cor-
espond to structural assignations done after NIST library
earch with a database and the mass spectra interpretations
re presented in Table 1. From the GC–MS analysis (Fig. 4),
t can be observed that the water-soluble corrosion inhibitor
uninoculated system) consists two major components which
re (1) 2-docene-1-yl(−) succinic anhydride and (2) bis(2-
thylhexyl) phthalate [1,2-benzene dicarboxylic acid bis(2-
thylhexyl) ester] and the molecular weight is about 266 and
90, respectively.

In presence of ACE2 (Fig. 5), the new compounds can be

bserved at 1.69, 3.78, 5.40, 6.54, 7.43, 7.59, 8.38, 9.19, 9.77,
.94, 16.18 min retention time which indicate the presence of
enzene,1,2,3,5-tetramethyl, naphthalene,2-methyl, 1,1′-biphe-
yl,2-methyl, benzene,1-methyl-2-(phenylmethyl), benzene,
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Fig. 3. H1 NMR spectrum: (a) water-soluble corrosion inhibitor (uninoculated
system – control), (b) inoculated with S. marcescens ACE2, and (c) inoculated
with B. cereus ACE4.
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Table 1
GC–MS data of pure water-soluble corrosion inhibitor

Retention time (min) Compound

9.03 2-Docene-1-yl(−) succinic anhydride
9.30 2-Docene-1-yl(−) succinic anhydride
9.52 2-Docene-1-yl(−) succinic anhydride
9.69 2-Docene-1-yl(−) succinic anhydride

10.01 2-Docene-1-yl(−) succinic anhydride
10.07 2-Docene-1-yl(−) succinic anhydride
10.24 2-Docene-1-yl(−) succinic anhydride
10.12 2-Docene-1-yl(−) succinic anhydride
10.43 2-Docene-1-yl(−) succinic anhydride
11.10 2-Docene-1-yl(−) succinic anhydride
11.28 2-Docene-1-yl(−) succinic anhydride
12.89 2-Docene-1-yl(−) succinic anhydride
13.66 2-Docene-1-yl(−) succinic anhydride
16.18 Bis(2-ethylhexyl) phthalate [1,2-benzene dicarboxylic ac
Fig. 4. GC–MS spectrum of pure water-soluble corrosion inhibitor.

,1′-methylenebis[4-methyl],benzene,1,1′-methylenebis[4-me-
hyl], 3,5,3′,5′-tetramethylbiphenyl, 1,5,6,7-tetramethyl-3-phe-
ylbicyclo[3,2,0]hepta-2,6-diene, 1,5,6,7-tetramethyl-3-phe-
ylbicyclo[3,2,0]hepta-2,6-diene, 1,5,6,7-tetramethyl-3 phenyl
icyclo[3,2,0]hepta-2,6-diene, bis(2-ethylhexyl) phthalate,
espectively. It can be explained that it is due to the decom-
osition or degradation of aliphatic and aromatic compounds
resent in the inhibitor (Table 2). The high concentration
relative abundance—100%) of benzene,1,2,3,5-tetramethyl
n presence of ACE2 indicates utility of the high molecular
eight of aliphatic and aromatic components present in the
ater-soluble corrosion inhibitor. The molecular weight of the
ater-soluble corrosion inhibitor highly reduced by ACE2 from
92 to 142.

In presence of ACE4 (Fig. 6) the presence of 2-docene-1-
l(−) succinic anhydride but the intensity of the peak is remark-
bly reduced when compared to control (Table 3). The new
ompound [3′,8,8′-trimethoxy-3-piperidyl-2,2′-binaphthalene-
,1′,4,4′-tetrone] was observed at 16.20 min retention time. It

ndicates that bis(2-ethylhexyl) phthalate [1,2-benzene dicar-
oxylic acid bis(2-ethylhexyl) ester] is the major component
resent in water-soluble corrosion inhibitor and is completely
onsumed by ACE4. Another significant observation is the for-

Molecular formula Molecular weight

C16H26O3 266
C16H26O3 266
C16H26O3 266
C16H26O3 266
C16H26O3 266
C16H26O3 266
C16H26O3 266
C16H26O3 266
C16H26O3 266
C16H26O3 266
C16H26O3 266
C16H26O3 266
C16H26O3 266

id bis(2-ethylhexyl) ester] C24H38O4 390
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ig. 5. GC–MS spectrum of pure water-soluble corrosion inhibitor inoculated
ith ACE2.

ation of new compound benzene,1,2,3,5,tetramethyl at 1.69
etention time in presence of both bacterial species (ACE2
nd ACE4). In presence of ACE4 there is no change in
he compound 2-docene-1-yl(−) succinic anhydride present as
nhibitor.

The present study reveals that, the isolates have the capacity
o degrade both the aromatic and aliphatic hydrocarbon present
n the water-soluble corrosion inhibitor in petroleum product
ipeline. Videla et al. [10] also noticed microbial degradation
f film forming inhibitor and observed that Pseudomonas sp.
solated from injection water degraded several aromatic com-
ounds and generated energy for its metabolic activity. They
lso suggested that dimethylamine, imidazoline, morpholine,
yclo hexylamine and quaternary ammonium compounds are
iodegradable. The present study also supports the observation
ade by Rajasekar et al. [4] that the strain ACE4 has the high

reference to degrade both aliphatic and aromatic components
n a inhibitor.

FT-IR spectrum reveals that the oxygen substitution reaction
as taken place during degradation, which is due to the bacterial

ctivity (oxygenase enzyme). The hydroxyl peak at 3429 cm−1

ould not be observed in presence of ACE2 when compared to
ontrol (without bacteria). It reveals that the inhibitor contains

(
t
t

able 2
C–MS data of water-soluble corrosion inhibitor after 30 days of inoculation with st

etention time (min) Compound

1.69 Benzene,1,2,3,5-tetramethyl
3.78 Naphthalene,2-methyl
5.40 1,1′-Biphenyl,2-methyl
6.54 Benzene,1-methyl-2-(phenylmethyl)
7.43 Benzene,1,1′-methylenebis[4-methyl]
7.59 Benzene,1,1′-methylenebis[4-methyl]
8.38 3,5,3′,5′-Tetramethylbiphenyl
9.19 1,5,6,7-Tetramethyl-3-phenylbicyclo[3,2,0]hepta
9.77 1,5,6,7-Tetramethyl-3-phenylbicyclo[3,2,0]hepta
9.94 1,5,6,7-Tetramethyl-3-phenylbicyclo[3,2,0]hepta
6.18 Bis(2-ethylhexyl) phthalate
ig. 6. GC–MS spectrum of pure water-soluble corrosion inhibitor inoculated
ith ACE4.

arboxylic acid group, this acid group is cleaved into carboxy-
ate anion (COO−) and hydrogen was consumed by bacteria
ACE2). The absence of hydroxyl peak (OH) in the inhibitor dur-
ng degradation indicates that the ACE2 is more degrader than
CE4. The NMR results reveal that the intensity of aliphatic
roton peaks at (1.58, 0.97 and 0.28) is lesser in ACE2 when
ompared to ACE4. It reveals that ACE2 consumes high quantity
f hydrogen in the 30 days period of degradation. ACE2 con-
umes both aliphatic and aromatic hydrocarbons present in the
nhibitor but ACE4 consumes only aliphatic protons as a food
ource, which supports the FT-IR spectrum. GC–MS results con-
lude that the molecular weight of the water-soluble corrosion
nhibitor is highly reduced by ACE2 from 392 to 142. ACE4
hows the presence of 2-docene-1-yl(−) succinic anhydride but
he intensity of the peak is remarkably reduced when compared
o control. The degraded products viz., 3′,8,8′-trimethoxy-3-
iperidyl-2,2′-binaphthalene-1,1′,4,4′-tetrone was observed at
6.20 min retention time. Another significant observation is
he formation of new compound benzene,1,2,3,5,tetramethyl at
.69 min retention time in presence of both the bacterial species

ACE2 and ACE4). In presence of ACE4 there is no change in
he compound 2-docene-1-yl(−) succinic anhydride present in
he inhibitor.

rain Serratia marcescens ACE2

Molecular formula Molecular weight

C10H14 134
C11H10 142
C13H12 168
C14H14 182
C15H16 196
C15H16 196
C16H18 210

-2,6-diene C17H20 224
-2,6-diene C17H20 224
-2,6-diene C17H20 224

C24H38O4 390
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Table 3
GC–MS data of water-soluble corrosion inhibitor after 30 days of inoculation with strain Bacillus cereus ACE4

Retention time (min) Compound Molecular formula Molecular weight

9.06 2-Docene-1-yl(−) succinic anhydride C16H26O3 266
9.34 2-Docene-1-yl(−) succinic anhydride C16H26O3 266
9.54 2-Docene-1-yl(−) succinic anhydride C16H26O3 266
9.83 2-Docene-1-yl(−) succinic anhydride C16H26O3 266

10.03 2-Docene-1-yl(−) succinic anhydride C16H26O3 266
10.26 2-Docene-1-yl(−) succinic anhydride C16H26O3 266
10.41 2-Docene-1-yl(−) succinic anhydride C16H26O3 266
11.14 2-Docene-1-yl(−) succinic anhydride C16H26O3 266
11.30 2-Docene-1-yl(−) succinic anhydride C16H26O3 266
10.85 2-Docene-1-yl(−) succinic anhydride C16H26O3 266
16.20 3′,8,8′-Trimethoxy-3-piperidyl-2,2′-binaphthalene-1,1′,4,4′-tetrone C28H25NO7 487

Table 4
Corrosion rates of API 5LX with water-soluble corrosion inhibitor in rotating cage method

S. no. System Weight loss (mg) Corrosion rate
(mm/year)

Inhibition
efficiency (%)

1 System I (control): 500 ml of diesel + 2% water (120 ppm chloride) 26.5 0.3262 –
2 System II: 500 ml of diesel + 2% water (120 ppm chloride) + bacterial culture 41.7 0.5133 –
3 System III: 500 ml of diesel + 2% water (120 ppm chloride) + water-soluble 8.9 0.1095 66.43
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System IV: 500 ml of diesel + 2% water (120 ppm chloride) + bact
(ACE2 and ACE4) + water-soluble inhibitor (100 ppm)

.2. Weight loss studies

.2.1. Inhibitor efficiency

.2.1.1. Rotating cage test. The inhibition efficiency (IE) of
ater-soluble corrosion inhibitor is presented in Table 4. The

orrosion rate of API 5 LX in control system (without inocu-
ums) is 0.3262 mm/year in 168 h. In presence of microbes and
bsence of water-soluble corrosion inhibitor (system II), the cor-
osion rate is about 0.5133 mm/y when compared to the absence
f microbes. The water-soluble corrosion inhibitor gives inhibi-
ion efficiency of about 66%. In presence of water-soluble cor-
osion inhibitor along with bacteria, the inhibition efficiency of
bout 52%. The present observation reveals that bacteria reduces
he efficiency of water-soluble corrosion inhibitor about 12%.
.2.1.2. Flow loop test. The inhibition efficiency (IE) of water-
oluble corrosion inhibitor is presented in Table 5. The corro-
ion rate of API 5LX in control system (without inoculums) is
.0923 mm/year in 168 h. In presence of microbes and absence

3
3
5

able 5
orrosion rates of API 5LX with water-soluble corrosion inhibitor in flow loop meth

. no. System

System V (control): 8000 ml of diesel + 2% water (120 ppm chloride)
System VI: 8000 ml of diesel + 2% water (120 ppm chloride) + bacterial
(ACE2 and ACE4)
System VII: 8000 ml of diesel + 2% water (120 ppm chloride) + water-s
inhibitor (100 ppm)
System VIII: 8000 ml of diesel + 2% water (120ppm chloride) + bacteri
culture (ACE2 and ACE4) + water-soluble inhibitor (100 ppm)
ulture 12.6 0.1551 52.45

f water-soluble corrosion inhibitor (system II), the corrosion
ate is higher in the range of 0.4874 mm/y when compared to the
bsence of microbes. The water-soluble corrosion inhibitor gives
nhibition efficiency of about 36%. In presence of water-soluble
orrosion inhibitor along with bacteria, the inhibition efficiency
s about 15%. The present observation reveals that bacteria
educe the efficiency of water-soluble corrosion inhibitor to
bout 21%.

The weight loss data reveals that bacterial culture reduces the
fficiency of inhibitor. It is due to the degradation of inhibitor
n the system. The reduction in efficiency of inhibitor is higher
n flow loop method when compared to rotating cage method. It
ndicates that the water stagnant point in the flow system may
nhance the inhibitor degradation, and affect the inhibition effi-
iency.
.2.2. Electrochemical studies

.2.2.1. Rotating cage method. The polarization results for API
LX in water collected from rotating cage are presented in

od

Weight loss (mg) Corrosion rate
(mm/year)

Inhibition
efficiency (%)

7.56 0.0923 –
culture 39.6 0.4874 –

oluble 4.8 0.0590 36.40

al 6.43 0.0791 14.62
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Table 6
Polarization data for API 5LX with water-soluble corrosion inhibitor in rotating cage method

S. no. System Ecorr (mV) Ba (mV/decade) Bc (mV/decade) Icorr (A/cm2)

1 System I: 500 ml diesel + 2% water (120 ppm chloride) −580 142 645 4.75 × 10−6

2 System II: 500 ml diesel + 2% water (120 ppm chloride) + bacterial
cultures (ACE2 and ACE4)

−240 192 190 1.80 × 10−9

3 System III: 500 ml diesel + 2% water (120 ppm chloride) + water-soluble −488 65 169 1.13 × 10−8
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inhibitor 100 ppm
System VI: 500 ml diesel + 2% water (120 ppm chloride) + bacterial
cultures (ACE2 and ACE4) + water-soluble inhibitor 100 ppm

able 6 and Fig. 7. The corrosion potential (Ecorr) for API
LX steel in control system is –580 mV versus SCE (stan-
ard calomel electrode), while adding water-soluble corrosion
nhibitor the corrosion potential shifted to −488 mV. Besides,
he corrosion current in control system is 4.75 × 10−6 A/cm2

hile, adding water-soluble corrosion inhibitor the corrosion
urrent is suppressed where the current is in the range of
.13 × 10−8 A/cm2. But in presence of bacterial system, the
otential is about −240 mV and the corrosion current is reduced
o 1.80 × 10−9 A/cm2 and bacteria along with water-soluble cor-
osion inhibitor the corrosion current is 2.51 × 10−8 A/cm2 and
he potential is −356 mV versus SCE. The result indicates that
he inhibitor reduces the current significantly without bacteria.
acteria shift the potential to positive side, indicates that bacte-

ia adsorbs on the metal surface and improves the passivity and
uppresses the corrosion current.

But in presence of bacteria the inhibitor does not give sig-
ificant reduction in corrosion current. It reveals that bacteria
ccelerate corrosion and it interferes the inhibitive action of
nhibitor biodegradation. The corrosion potential (Ecorr) indi-
ates the shifts of open circuit potential (OCP) from −580 to
488 mV versus SCE in presence of inhibitor while in presence

f bacteria the potential goes to negative side. It also reveals

hat the bacterial contamination interferes the inhibitive action.
t can be explained that the biodegraded products dissolve in
ater and supply electron to metal surface, which accelerates

ig. 7. Polarization curve for water-soluble corrosion inhibitor in rotating
age system: (a – system I): 500 ml diesel + 2% water containing 120 ppm
hloride (control); (b – system II): 500 ml diesel + 2% water containing
20 ppm chloride + 2 ml bacterial culture (ACE2 and ACE4); (c – system III):
00 ml diesel + 2% water containing 120 ppm chloride + 100 ppm water-soluble
nhibitor; (d – system IV): 500 ml diesel + 2% water containing 120 ppm chlo-
ide + 100 ppm of water-soluble inhibitor + 2 ml bacterial culture (ACE2 and
CE4).

I
c
o

F
e
(
8
V
i
c

−356 152 204 2.51 × 10−8

he cathodic process. In presence of water-soluble corrosion
nhibitor, the dissolved amine proton in water may decrease the
athodic current where as the anodic current is increased by the
etabolic products of the bacteria dissolved in the contaminated
ater.

.2.2.2. Flow loop method. The polarization data for API 5LX
teel for the control system and the inhibitor added system is
resented in Fig. 8 and Table 7. In control system (system V),
he corrosion potential (Ecorr) is about −350 mV, while adding
nhibitor, bacterial cultures and bacterial cultures with inhibitor
he potential shifted to −307, −605 and −614 mV, respectively.
he nature of curves indicate that the inhibitor suppresses both
nodic and cathodic reaction and it can be claimed as mixed
nhibitor. The corrosion current is about 1.57 × 10−7 A/cm2 in
ontrol system whereas in the presence of inhibitor, bacteria
nd bacteria with inhibitor the corrosion current is 9.82 × 10−9,
.05 × 10−5 and 1.52 × 10−7 A/cm2, respectively.

In presence bacteria, the corrosion current (Icorr) is increased
hen compared to control (system V), which contradicts with

otating cage method. It can be explained that the water contact in
tagnant system on coupons may be the reason for the high cor-
osion rate and detailed study is needed for this stagnant model.
n system VIII, the corrosion current I is more or less same as
corr
ontrol (system V), which also indicates the bacterial influence
n inhibition activity.

ig. 8. Polarization curve for API 5LX in diesel water system, in pres-
nce and absence of water-soluble corrosion inhibitor in flow loop method:
a) system V: 8000 ml diesel + 2% water (120 ppm chloride); (b) system VI:
000 ml diesel + 2% water + 5 ml mixed cultures (ACE2 and ACE4); (c) system
II: 8000 ml diesel + 2% water (120 ppm chloride) + water-soluble corrosion

nhibitor 100 ppm; (d) system VIII: 8000 ml diesel + 2% water + water-soluble
orrosion inhibitor 100 ppm + 5 ml mixed cultures (ACE2 And ACE4).
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Table 7
Polarization data for API 5LX with water-soluble corrosion inhibitor in flow loop method

S. no. System Ecorr (mV) Ba (mV/decade) Bc (mV/decade) Icorr (A/cm2)

1 System V: 8000 ml diesel + 2% water (120 ppm chloride) −350 36 376 1.58 × 10−7

2 System VI: 8000 ml diesel + 2% water (120 ppm chloride) + bacterial
culture (ACE2 and ACE4)

−605 102 350 1.05 × 10−5

3 System VII: 8000 ml diesel + 2% water (120 ppm chloride) + water-soluble
inhibitor 100 ppm

−307 213 163 9.82 × 10−9
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System VIII: 8000 ml diesel + 2% water (120 ppm chloride) + bacter
culture (ACE2 and ACE4) + water-soluble inhibitor 100 ppm

.3. Surface analysis

.3.1. FT-IR studies
Fig. 9(a) shows the FT-IR spectrum of corrosion product

ample collected from rotating cage system without inhibitor
system I). The peak at 3133 cm−1 indicates the presence of
H stretch. The peaks at 2922 and 2852 cm−1 indicate the pres-

nce of CH aliphatic stretch. The peaks at 1576 and 1457 cm−1

ndicate the C C aromatic nuclei. The peak at 1378 cm−1 indi-
ates the presence of CH def for methyl group. The peaks at
124 and 1019 cm−1 indicate the C O (carbonyl group) stretch
or C–O–C group. It may be ester peak. The peaks at 880 and
45 cm−1 indicate the presence of substituted benzene peak.

Fig. 9(b) shows the FT-IR spectrum of muck sample col-

ected from the rotating cage system with inhibitor (system
II). The peaks at 2925 and 2855 cm−1 indicate the presence
f CH aliphatic group. The peak at1633 cm−1 indicates C C

ig. 9. FT-IR spectrum for surface film collected in rotating cage method: (a)
ystem I; (b) system III; (c) system I; (d) system IV.

f
s
e
t

F
s

−614 87 292 1.52 × 10

onjugated diene. A peak at 1443 cm−1 indicates the CH def
or methyl group. Another peak at 1020 cm−1 indicates the CO
tretch for C–O–C group.

Fig. 9(c) shows the FT-IR spectrum of muck sample collected
rom the rotating cage system with bacterial culture (system
I). A peak at 3342 cm−1 indicates the presence of OH stretch.
he peaks at 2925 and 2859 cm−1 indicate the presence of CH
liphatic stretch. A peak at 1725 cm−1 indicates the presence
f C O (Carbonyl group). The peak at 1631 cm−1 indicates the
resence of C C conjugated diene. The peaks at 1461 cm−1 and
376 cm−1 indicate the CH def for methyl group. The peaks at
168 and 1034 cm−1 indicate the presence of C O (carbonyl
roup) stretch for C–O–C group. The peaks at 809 and 742 cm−1

ndicate the presence of substituted benzene compounds.
Fig. 9(d) shows the FT-IR spectrum of muck sample collected
rom the rotating cage system inhibitor with bacterial culture
ystem (system IV). A peak at 3133 cm−1 indicates the pres-
nce of OH stretch. The peaks at 2925 and 2889 cm−1 indicate
he presence of CH aliphatic stretch. The peaks at 1805, 1776

ig. 10. FT-IR spectrums for surface film collected in flow loop method: (a)
ystem V; (b) system VII.
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Fig. 11. Scanning electron micrograph of API 5LX in

nd 1754 cm−1 indicate the presence of C O group. A peak at
632 cm−1 indicates the presence of conjugated diene. A peak
t 1538 cm−1 indicates the presence of C C aromatic nuclei.
he peaks at 744 and 629 cm−1 indicate the presence of C–Cl
eak.

Fig. 10(a) shows the FT-IR spectrum of corrosion product
ollected from flow loop system without inhibitor (system V).
he peak at 3331 cm−1 indicates the presence of OH stretch.
he peaks at 2924 and 2853 cm−1 indicate the presence of CH
liphatic stretch. The peak at 1641 cm−1 indicates the presence
f C C conjugated diene. The peaks at 1019 cm−1 indicates the
resence of C O (carbonyl group) stretch for C–O–C group. FT-
R spectrum of inhibitor added system (system VII) (Fig. 10(b))
eveals that the adsorption of inhibitor on the metal surface could
ot be noticed at 1557, 1550 and 1470 cm−1. It may be due to
he activity of bacteria in flow system.

The commercially available inhibitor consists of carboxylic
cid and ester based compounds. While adding inhibitor in the
ow loop method (Fig. 10(a) and (b)), both the components
dsorb on the metal surface and inhibit the corrosion. Besides,
t is well known that ester is a preservative for diesel, which
lso adsorb on the metal surface in the lab conditions. But in the
resence of inhibitor with bacterial culture inoculated system,
he carboxylic anion [COO−, 1567, 1550, 1470 cm−1] could not
e adsorbed on the metal surface. Besides, due to the bacterial
dhesion on the metal surface, C O stretch amide group can be
oticed at 1805 and 1776 cm−1 on the metal surface. It reveals
hat the bacteria form as biofilm with amide group (–CONH–). It
s also possible that the biofilm degrade the acid group (COO−)
o amide group (–CONH–). The amide formation may be due to
he organic complex between biofilm (Amino acids) and corro-

ion inhibitor. Hence, the efficiency of inhibitor is reduced about
1% in rotating cage method and 60% in flow loop method. The
resent observation supports the observation made by Rajasekar
t al. [4].
ystem I; (b) system II; (c) system III; (d) system VI.

.3.2. SEM analysis
SEM picture of the metal surface was recorded before and

fter treatment with inhibitor (Fig. 11a–d). As seen from the
icture in absence of inhibitor (Fig. 11a) pitting type of corrosion
as observed whereas in presence of inhibitor there was only
ery mild and uniform corrosion (Fig. 11c). The pitting type
orrosion has taken place in presence of bacterial culture alone
nd along with inhibitor system (Fig. 11b–d).

. Conclusions

. The selection of inhibitor in petroleum product pipeline is an
important factor that the inhibitor should not be soluble in
water.

. Microbial activity can result in inhibitor degradation, which
would lead to unacceptable level of turbidity, corrosion of
pipeline and souring of stored products. Hence, the quality
of degradation characteristics should be checked by microbes
collected at pipeline.

. The FT-IR, NMR and GC–MS results reveal that S.
marcescens ACE2 is major aliphatic and aromatic hydro-
carbon degrader when compared to B. cereus ACE4.

. The weight loss data and electrochemical studies reveal that
bacterial culture reduces the efficiency of inhibitor. It is due
to the degradation of inhibitor in the system. The reduction
in efficiency of inhibitor is higher in flow loop method when
compared to rotating cage method. It indicates that the water
stagnant point in the flow system may enhance the inhibitor
degradation, which may affect the inhibition efficiency.

. While administering the inhibitors, the pipeline should be
pigged. Immediately after pigging the line, a higher con-

centration of the micro biocide can be added followed by
periodical additions at lower concentrations (shock treat-
ment). Besides, the persistency and the level of inhibitor
should be checked by collection of samples periodically at
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