International Journal of Control, Automation and Systems 16(X) (2018) 1-11

hun://dx.doi.org/10.1007/512555-017-0089 »

Decentralized Event-triggered Stabi

1 4 by s PO SEaLT
HItY Analysis ot Neutra

Neural Networks with Markovian Jump Para

Varying Delays
M. Syed Ali, R. Vadivel, and O, M. Kwon'*

ISSN:1598-6446 ¢ISSN; 20054092

hup//www.springer.com/12555

-lype bA V]

W—

meters and Mixec

t This paper investigates decentralized event-riggered stability analysis of neutral-type BAM neural net-
works with Markovian jump parameters and mixed time varying delays. We apply the decentralized event triggered
approach to the bidirectional associative memory (BAM) neural networks to reduce the network traffic and the
resource of computation. A bidirectional associative memory neural networks is constructed with the mixed time
varying delays and Markov process parameters. The criteria for the asymptotically stability are proposed by us-
ing with the Lyapunov-Krasovskii functional method. reciprocal convex property and Jensen's inequality. Stability
condition of neutral-type BAM neural networks with Markovian jump parameters and mixed delays is established
in terms of linear matrix inequalitics. Finally three numerical examples are given 1o demonstrate the effectiveness

of the proposed results

BAM Neural networks, event-triggered communication scheme, linear matrix inequality, Lyapunov-
Krasovskii functional, Markovian jumping parameters, time varying delay.

1. INTRODUCTION

Neural networks have found a large number of success-
ful applications in various fields of science and engineer-
ing. The bidirectional associative memory (BAM) neural
networks was proposed and researched by Kosko [1, 2],
consist of neurons in two layers, the X-layer and the Y-
layer. The first layer in the neurons are fully intercon-
nected 1o the neurons arranged in the second layer, while
there are no interconnect among neurons in the same layer
[3-5]. Moreover, it is well known that time delays are
very important in hardware implementations, because of
the finite switching speed of amplifiers or of information
processing, and the existence of time delays can lead to
oscillation, divergence, and even instability [6-8]. In past
years, some quite significant results on parameter uncer-
tainties and neutral-type neural network with time varying
delays have been reported [9-12].

When the neural network also incorporates sudden
changes in its structure, the Markovian jump linear sys-
tem is very appropriate to describe its dynamics [13]. This

class of systems 1s the special class of hybrid systems,
which is specified by two components in the particular
state. The first one denotes to the mode, which was de-
scribed by a continuous-time finite-state Markovian pro-
cess, and the second one denotes to the state which was
represented by a system of differential equations . Re-
cently, there has been a growing interest in the study of
BAM neural networks with Markovian jump parameters
[14-16].

With the high speed development of digital technolo-
gics. various number of control methods have been used
for find out the stability and controlling the consider neu-
ral network {17-19]. In the past few years event-triggered
control has been proved to be an efficient way to reduce
the transmitted data in the networks, which can relieve the
burden of network bandwidth [20, 21]. Nowadays. decen-
tralized event-triggered communication scheme(DETC)
attracts renewed consideration due to the presence of re-
liable wireless network transmission and low cost micro-
processors [22-25]. For instance the problem of network-
based event-triggered filtering for Markovian jump sys-
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act: This paper presents a new less conservative stability and H.. state-feedback controller design of nonlinear
uncertain systems with discrete interval and distributed time-varying delays, The main objective of this work is to

attain robust asymptotic stability of concerned nonlinear system with /4. performance index. By constructing
suitable Lyapunov-Krasovskii functional (LKF) with quadruple integral terms, sufficient conditions are obtained
for delay-dependent robust H.. state-feedback control in the form of linear matrix inequalities (LMIs). Finally,
numerical examples are added to show the advantage and useflulness of this work.
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INTRODUCTION

Over the past twenty years, great research interest has
been accumulated to time delay systems because they have
been successfully applied in various ficlds. such as aircraft
stabilization, nuclear reactors, ship stabilization, models
of lasers and neural networks. Thus the problems of time
delay systems have undergone much stability analysis in
recent decades [1,2]. Recently, a new type of time delays,
that is, interval time-varying delays, has been frequently
confronted from various practical and theoretical systems
and has been gathered much attention in the area of time-
delay systems [1,3]. Systems with distributed delays are
arisen when the number of summands in a system equa-
tion is increased and the differences between neighboring
argument values are decreased [4, 5]. It is often applied
to the modeling of feeding system and combustion cham-
bers in a liquid mono propellant rocket motor with pres-
sure feeding [1]. The existence of distributed delays in
a time-varying delay system may cause the filter design
more complicated and difficult to be solved by traditional
method.

The control design for uncertain systems with mixed
time-varying delays is one of the difficult issue in control
theory [6,7]. Theoretically. this issuc possibly solved by
Lyapunov method approach. H., performance is generally
used to synthesize controllers to ensure stability with guar-

anteed performance in control theory. Stability is a major
problem while synthesizing the controller design. Thus,
the stability problem and H.., control for delayed systems
have received significant research interest in the control
community [8,9],

In practice, real systems usually present some uncer-
tainties due to eavironmental noise and slowly varying
parameters, ete.  Accordingly, the stability problem of
uncertain nonlinear time-varying delay systems has been
received considerable attention [10, 11]. To the best of
the author’s knowledge. H.. control of nonlinear uncertain
systems with discrete interval and distributed time-varying
delays has not yet been fully investigated, which motivates
the current study.

From the above statements. we have studied the H.
state-feedback control problem for nonlinear uncertain
systems with mixed time-varying delays. By using the
LKF technique and convexity ol some maltrix functions, a
new method is proposed. Then, the less conservative cri-
teria for the existence of robust H.. controller are derived
in terms of LML At last, numerical examples are given to
show the usefulness and superiority of our approach.

Consider a nonlinear uncertain system:
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Abstract A novel approach to measure the contribution of air-
borne bacteria on corrosion effects of mild steel (MS) and alu-
minum alloy (AA) as a function of their exposure period, and the
atmospheric chemical composition was investigated at an urban
industrial coastal site, Singapore. The 16S rRNA and phyloge-
netic analyses showed that Firmicutes are the predominant bac-
teria detected in AA and MS samples. The dominant bacterial
groups identified were Bacillaceae, Staphylococcaceae, and
Paenibacillaceae. The growth and proliferation of these bacteria
could be due to the presence of humidity and chemical pollutants
in the atmosphere, leading to corrosion. Weighi loss showed
stronger corrosion resistance of AA (1.37 mg/em?) than MS
(26.13 mg/cm®) over the exposure period of 150 days. The
higher corrosion rate could be a result of simultancous action
of pollutants and bacterial exopolysaccharides on the metal sur-
faces. This study demonstrates the significant involvement of
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airborne bacteria on atmospheric corrosion of engineering
materials.
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Introduction

Microbiologically influenced corrosion (MIC) is an electro-
chemical progression in which microorganisms initiate, facil-
itate, or accelerate the corrosion reaction (Beech 2004;
Rajasekar et al. 2010, 2011). From previous studies, it is
known that microorganisms tend to append themselves to sur-
faces exposed to the ambient environment to colonize, prolif-
crate, and form a biofilm (Flemming 1996). The biofilm.
consisting of microbial cells and their metabolites as well as
extracellular polymeric substance (EPS), creates gradients of
pH, dissolved oxygen, nutrient contents, temperature and
pressure, leading to MIC of metals and alloys (Sarro et al.
2006; Sherar et al. 201 I; Narenkumar et al, 20 6). The overall
economic burden of corrosion amounts to at least 4%—5% of
the GNP (Gross National Product), and 20%-25% of this cost
has been estimated to be due to the action of microorganisms
(Flemming 1996; Koch et al. 2002).

Steel and its alloys are the most commonly employed me-
tallic materials for construction of a wide range of equipment
and metallic structures deployed in open-air environments due
to their low cost and excellent mechanical strength (Brown
and Masters 1982; De |a Fuente et al. 2011). Most types of
steel are exposed to open-air conditions, habitually in exceed-
ingly polluted atmospheres, where corrosion is much more
severe than in clean rural environments. Atmospheric corro-
sion leads to degradation of structures, devices, and products
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Abstract This article evaluates the exponential dissipa-
tivity and passivity criterions for generalized bidirectional
memory  neural networks (BAMGNNES)
including interval time-varying delayed signals. Exponen-
tial dissipativity and passivity criterions are proposed by
making suitable Lyapunov—Krasovskii functional and
proposing a novel approach. The improved reciprocally
convex combination and weighted integral inequality
techniques are utilized to obtain new exponential dissipa-
tivity and passivity conditions of such delayed BAMGNNS,
The feasibility of the obtained results is clearly demon-
strated by numerical examples.
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1 Introduction

Artificial neural networks (NNs) have been successfully
studied in the past 2 decades, since they have been applied
and extended to numerous engineering systems, such as
image processing, communication, fault diagnosis, parallel
computations, fixed-point computations, and industrial
automation [1]. During the implementation and application
of NNs, time-delayed signals are unavoidable because of
the inherent finite signal transfer time between the neurons.
The existence of time-delayed signals in systems may
cause divergence, instability, and the gradual degradation
of the system performance. Thus, time-delayed NNs have
received a great deal of research attention [2-10]. In pre-
vious years, static NNs and local field NNs have been
studied separately. To avoid such doubly work, Zhang et al.
[11] proposed a new combined NN model named as gen-
eralized neural network (GNN), which brings both static
and local field NNs together, Recently, a number of sta-
bility problems for such GNNs have been investigated in
[12-15],

Recently, the dissipativity problem has gained extensive
research attention, since it is an important subject for
physical systems, such as the design of group coordination,
hybrid systems, nonlinear time-delay systems, and Interne!-
based control [16. 17]. Passivity, and its generalization
dissipativity, characterizes the energy consumption of a
system and is used in a variety of applications (e.g., elec-
trical, mechanical, chemical, and communication systems),
In most cases, passivity can be used to demonstrate that
passive systems will be stable under specific criteria
(18, 19]. The dissipativity criteria are a more general case
of passivity and stability analyses. Thus, it is essential 1o
consider dissipativity problems for NN,
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. Introduction

In recent years, the stability analysis of memnstor-hased neural
networks (MNNs) has been greatly focused and has become an
emerging area of research due to rhe fact that it has most successiul
applications such as image processing, OPUMIZALON, Patlern recogn-
tion and other arcas [ 1], Marcover, MNNs are made of hybrid
complementary metal oxide semiconductors that have a very wide
range of applications in bioinspired engincering |4 6], MNNs are well
suited to characterize the nonvolatile feature of the memory cell
because of hysteresis effects. The studies of MNNs would benefit a
number of important applications in neural learning circuits (],
associative memaries 16}, new classes of artificial neural systems

A The MNNs are a class of state-dependent nonlinear systemns
from a systems-theoretic point of view |7 10 Wil the development
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tan ol Jlangsa Provinee of Ching under Grant no. BIK2012740
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This paper deals with the problem of passivity analysis issue for a class of memristor-based neutral-type
stochastic bidirectional associative memory neural networks (MNSBAMNNS) with discrete interval and
distributed  time-varying delays. By constructing new  Lyapunov-Krasovskii functional (LKF) with
quadruple integral terms and suitable activation function conditions, some delay-dependent passivity
criteria are obtained i the linear matrix inequality (LM1) format. A numerical example is given o
demonstrate the effectivencss and superiority of the new scheme

¢ 2015 Flsevier BV AN nights reserved

and apphication of memnstors, the studies of such state-dependen
nonlinear system o with s various generalizations have become an
active area of research, to allow the memristars to be readily used in
emcrgmg technologies.

I real nervous networks, synapric ransimission is 4 noisy process
Brought on by random Huctuations from the release of neviotrans
nutters and further prebabibstic causes. Therelore, noise cannot be
avoided inreal appheations of aruficial neural netwaorks. Practically
there are two main resources that degrade the performance of neura,
networks that is parameter uncertainties and stochastic perturbation
DL o o pth moment exponential stochastic synchronization ¢
coupled MNNs with mixed delays has been studied via delayes
mpulsive control. Synchronization control of stachastic MNNs wil |
nuxed delays has been presented i |

sichrectional associative memory neural networks (BAMNNsY ar
composcd ol neurons ordered i two layers: x=layer and y-laver. Th
nenrons meone laver are ully interconpected to the newrans in
1 opractical apphcations, the BAMNNS have beer
stuccesslully apphied o automatic control, pattern recourmion, associa
Lve memory, image processing, optimization and parallei computa-
ton. Thus, many researchers have studied stability properties of the
BAMNES and presented various sulfficient conchtions for the asympto-
L More recently, the functional differentia,
memristor-hased BAMNNS wit!?

otihwer Lo R ||

Lo stalihity results
mclusions andd dynanue behavaors fog
arying delays wege invesgial

Ie-
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In this paper, a class of uncertatn neural networks with discrete miterval and distrihuted time-varyin
delays and Markovian jumping parameters 'MIPsS are carnied out. The Markovian jumping parameter.
are modeled as o Markov chamn
tuncuonals (LIKEs ) and Hncar mati inequality technique, some new delay-dependent coiter s derivec
o guarantee the mean-square asymptotic stability of the cquibrium point. Numerieal sunulations ar,
given to demonstrate the effectiveness of the proposed method. The results are also compared with th
existing results to show the less conservativencss, 4

contnuous-tme, fhnte-state By using the Lyapunov-Krasovski
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1. Introduction

It is well known that, many kinds of neural networks such as
cellular neural networks, Hopfield neural networks, Cohen-Gross-
berg neural networks, recurrent neural networks (RNNs), complex
dynamical networks (CDNs), bidirectional associative memory
(BAM) neural networks, chaotic neural networks (CNNs) and static
neural networks (SNNs) have been studied, since their extensive
applications in different fields such as fault diagnosis, pattern
recognition, signal processing and parailel computation
some of these apphcations require the equiibnum points of the
designed network to be stable, Since axonal signal transmission
time delays often occur in various neural networks. and may also
cause undesirable dynamic network behaviors such as oscillation
and instability. Thus it is important to study the stability of neural
networks [7-9].

On the other hand Markovian jump neural networles (M]INNs)
can be regarded as a special class of hybrid systems, which can
model dynamic systems whose structures are subject to random
abrupt parameter changes resulting from component or intercor-
nection failures, sudden environment changes, changimg subsys-
tem interconnections, and so forth {1010 A neural network may

The work was suppoited by Natonal Board of Higher Mathematics (NBHM)
New Delhi under research Project no, 2/48/10/20011-R&D-1/805
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have hinite modoes, which may jump from one to another ar varo
tme, It is shown that such jumping can be determined by
Markovian chain | 1210 Much work on MJNNs Bas been reported
the literature |17 160 A great rumber of results an the stabilit
and estimation problems related to such neural networks (NNs
have appeared in the recent years |17 . Applications of this kind ¢
neural networks can be tound in modeling produchon systen
cconomic systens, and other practical systems. 3
Fhe phenomena of time-delays are very often encountered ¢
e, HKe communication: systens, nucle g

reactars, aeralt stabilizaton: ship stabilization, madels of lase

various plivsical syater

manual control and systems with lossiess transnis«ien lines, |
example see ! Cstability s always required for the real-waol i
applications of neural networks, since their potential applicatia -
o solve some previously unsolvable problems and improve syst
performance in many fields such as patern recognition, lau
diagnosis, signal processing and parallel computation. Some
these applications require the equilibrium pomts of the designd?
network Lo be stables Thus, stability analvsis s one ol g
fTundamental research issues in the study ol neural netwaorks,
the past decade, lots of research efforts have been devoted to th
stability analysis of neural networks with ume delays. This
because time delays are unavoidable in neural networks and, mor,
mportantly, the existence of time delays often makes a neur,
network unstable, 3
I practice, mterval time delavs cxast i biological and artific
netral
amplifiers. That is, the range of delay varies

networks due to the finite seatchung speed of neurons a3
oareintervad forwhi

5
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1. "'ntroduction

In recent years extensive research goes on delayed neural networks
since their potential applications to solve some previously unsolvable
problems and umprove system performance in many felds such as
pattern recognition, fault diagnosis, signal processing and parallel
computation. Some ol these applications require the equilibrium
points of the designed network to be stable. Thus, the problems of
tume delay systems have undergone much stability analysis in recent
decades [1-12}.

Time delay 1s an interesting feature of signal transmuission
between neurcons, and becomes one of the mam sources for
causing instability and poor performances of neural networks,
see 2z a1 According to the way it occurs, time delay can be
classified as two-types: discrete and distributed delays. Discrete
time-delay is relatively easier to be identified i practice and
hence the stability analysis for neural networks with discrete
delays has been an attractive subject of research in the past lew
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Ningba (2012A610032), and a Project Funded by the Prority Academie Program
Development of Jiangsu Higher Education Institutions,
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This paper deals with the robust Hy control problem for a class of uncertam neural networks with
discrete interval and distributed time-varying delavs, The mam purpose of this paper it estimate
robust asymptotic stability of the given neural network with H

performance analysis . By constructing

novel Lyapunov-Krasovskii functionals with taple integral terms, several new less conservaiive delay.
dependent stability conditions for H. control are obtamed in terms of hinear matrx imequahities
Numerical examples are given tollustrate the elfectiveness of the proposed theoretical results, The
method given in this paper shows less conservative results when comparing with some existing

2015 Elsevier BV AL rights reserved,

years., Neural network usually has a spatial nature due to the
presence of various parallel pathways with a variety of axan stzes
and lengths, so it is desirable to model them by intraducing
unbounded delays, Thus, there will be a distribution of conduction
velocities along these pathways and a distribution ol propagation
delays. In these circumstances the signal propagation is not
instantaneous and cannot be modelled with discrete delays and
a more appropriate way is to incorporate continuously distributed
delays in nevral network models. For some systeims. delay phe
NOMend may aot be simply considered as delavs m the veiocnty
terms andfor discrete delays in the states. Theretore, it is desirable
to extend the system madel ronciude distrbuted detays in recent
vears there has been a growinge research imterest m stady of nearal
networks with distributed delays
distnbuted delays showld e taken into account when modething o
realistic networks |- i Recently, a new type of time delays,
that is, mterval tume-varying delays, has been frequently con
fronted [rom vanious pracucal and theoretical systems and has
gathered much attention in the area ol time-delay systems

In fact, bath diserete and

The control design Tor uncertam neuaral networks wath disorete
interval and distributed  time-varying delays as been o had
problem ol control theory. Stability is one of the most important
problem in the synthesis of control systems. H-. performance s
usually analyzed in conuol theory o synthesize controllers
achieving stabilizauon with guaranteed performance, Theretore,
the problem of delay-dependent stability analysis and H. control
for delayed svstems has received substantial observation among
control community for the last few years |
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BAM Neural Networks with Mixed
Time-Varying Delays
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This article is concerned with the asymptotic stability analysis of Takugi-Sugeno stachastic fuzzy Colien-Grossherg
neural netwcorks with discrete and distribitted time-varying delays. Based on the Lyapunor functional and linear
matrix inequality (LMI) technique, sufficient conditions are devived 1o ensuie the global convergence of the equilib-
rivm point. The proposed conditions can be checked easily by LM Control Toolbox in Matlab, It hes been shown
that the results are less restrictive than previonsly known criteria. Uhey are obtained under mild conditions, assums-
ing neither differentiability nor strict monotonicity for activation function. Numerical examples are given to dem-
onstrate the effectiveness of our results. © 2014 Wiley Periodicalsslne, Complexity 21: 143154, 2016

Hey Words: Cohen~Grossherg bidirectional associative memory neural network; global asymptotic stability;

-8 fuzzy model

1. INTRODUCTION

uring the last decades, artificial neural networks have

this model bas receved mereasing interest due o s

|
|

promising potential for applications in classification, par-

received considerable attention due 1o their applica-

tions in signal processing, image processing,
and optimization. In 1983,

and Grossberg [1] proposed a class of neural networks,

]Jil”('l n

recognition, control, Cohen

which are called now Cohen-Grossberg neural networks,

Correspondence to: Syed Ali, E-mail: syedgru@gmail.com

adlel computaton, associative memory, especially in solv-

some aptimization problems, Such applicatons rely

Iherefore, the

ing
on - the gualitative: properties ol stability,
gualitative analysis is prior condition to develop the appli-
cation ol these dynamical networks. Conversely, the time
delay ds inevitable in electronic implementation of neural
networks due to their finite speed of switching and trans-
mission ol signals. Such time delay may cause influence

© 2014 Wiley Periodicals, Inc.,

Vol. 21 No. §
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Bismuth Oxyiodide Nanoflakes Showed Toxicity Against the Malaria
Vector Anopheles stephensi and In Vivo Antiplasmodial Activity
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Abstract

Anopheles sieplionsi is a mosquito vector of malaria, which is still considered a relevant public health problem due to
increasing outdoor transmission, growing resistance to insecticides used to target vectors, and antiplasmodial drugs as well.
Thus, there is a vital need to explore novel sources of effective compounds. In this study, the hydrothermal method was
used for the synthesis of bismuth oxyiodide (BiOI) nanoflakes. Furthermore, the toxicity of BiOI nanoflakes was evaluated
for the first time on /. srephensi, as well as in vivo against the malaria parasite Plasmodium berghei. The synthesis of BiOl
nanoflakes was confirmed by various characterization techniques, including X-ray diffraction, Fourier transform-infrared
spectroscopy, licld emission scanning electron microscopy and transmission electron microscopy (HR-TEM). LCs, of BiOI
nanoflakes on A. stephensi were 2.263 ppm (larva I), 3.414 ppm (II), 4.956 ppm (III), 6.983 ppm (IV) and 8.605 ppm
(pupae). In vivo antiplasmodial experiments conducted on P. berghei infecting albino mice showed 27.2% of chemo-
suppression allcr < days of treatment with 300 mg/kg/day of BiOl, a lower performance if compared to chloroguine.
Overall, our resulis suggested that hydrothermal synthesis of BiOI nanoflakes may be considered to develop newer and
safer tools for malaria vector control,

Ci

Keywords Culiciduc - Integrated vector management - Mosquito - Nanotechnology - Plasmodium berghei

Introduction growing resistance to antiplasmodial drugs and insecticides

used to target malaria mosquitoes [11, 48, 53, 61]. This is
Despite a recent decline, the epidemiological burden of  reflected by residual transmission to the vulnerable groups
malaria persisis i1 sub-Saharan Africa due to several factors,  that accounted for 92% of global deaths reported from

including increncing outdoor transmission as well as  African region in 2016 [71]. Residual transmission, which is
B Kadarkarai Murugan ®  Department of Medical Microbiology and Parasitology,
kmvvkg@gmail.com Universiti Putra Malaysia (UPM), Serdang, Selangor 43400,
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Solution Combustion Synthesis of Hierarchically
Structured V,05 Nanoflakes: Efficacy Against
Plasmodium falciparum, Plasmodium berghei
and the Malaria Vector Anopheles stephensi
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sugunnathan Madhavan® - Aruliah Rajasekar® -
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\bstract The effective prevention and treatment of malaria still represent a major
public health challenge. Here, the solution combustion method was used for the
synthesis of hierarchically structured V1205 nanoflakes, The toxicity of V,0j
nanollakes was evaluated on the malaria vector Anopheles stephensi and on the
ialaria parasites Plasmodium falciparum and P. berghei, relying to in vitro and
11 vivo assays. V,05 nanoflakes were examined by various techniques, including
powder X-ray diffraction, field emission scanning electron microscopy (FESEM),
cnergy dispersive X-ray spectroscopy (XRD), and high resolution transmission
clectron microscopy (HR-TEM). LCs, of V,0s5 nanoflakes against A. stephensi
arvae and pupae were 1.936 ppm (larva 1), 3.606 ppm (II), 4.750 ppm (III),
0036 ppm (IV), and 8.876 ppm (pupae). Furthermore, the antiplasmodial activity

V>0s nanoflakes was evaluated against chloroquine-resistant (CQ-r) and CQ-
sensitive (CQ-s) strains of P. Jalciparum. 1Cs, of V,05 nanoflakes were 84.54 pHg/ml
(000-s) and 88.17 pg/ml (CQ-r). In vivo antiplasmodial experiments conducted on
" berghei infecting albino mice showed moderate activity of V,0s nanoflakes, if
vompared to chloroquine. Overall, our results highlighted the promising potential of
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Role of Bucillus subtilis and Pseudomonas aeruginosa
on Corrosion Behaviour of Stainless Steel
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Abstract Corrosion behavior of $8304 in minimal salt
medium with 1.5% NaCl as a corrosive agent in presence
of Bacillus subtilis strain S1X and Pseudomonas aeruginosa
strain ZK has been investigated. Electrochemical techniques
such as Talel polurization and electrochemical impedance
spectroscopy witl surface analytical techniques like atomic
force microscop . canning electron microscopy—energy dis-
persive spectiuin analysis and Fourier transform infrared
spectroscopy showed that both bacteria inhibit corrosion of
S$8304 duc to the development of a protective biofilm on
metal surface. "he pH values of bacterial-inoculated sys-
tems decreased v il increasing incubation time showing the
production of soine acidic metabolites by bacterial isolates.

Keywords 11iciobiologically influenced corrosion -
Stainless steel 4 - Biofilm - Electrochemical impedance
spectroscopy - Tuiel polarization

1 Introduction

Corrosion of a
chemical proc
metal to an en

tlerial, particularly a metal, is an electro-
which shifts an electron from zero-valent
nmental electron acceptor that results in
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University of Sing-ore, Singapore 117576, Singapore

the decline of metal surface [1-3]. Microorganisms are con-
sidered to play an important role in this process, and the phe-
nomenon is termed as microbiologically influenced corrosion
(MIC) or biocorrosion. MIC or biocorrosion is a long-lasting
problem that affects a diverse range of industries including
dentistry, pulp and paper, shipping, gas and petroleum indus-
tries, sugar industries [1,4-7]. Stainless steel 304 (SS 304)
is an important alloy because of its mechanical properties
and resistance (o corrosion. 8304 is widely used in dif-
ferent industries such as in the manufacture of implantable
medical devices, power generation plants, food production
industry, cooling water systems in industries, nuclear power
plants, oil drilling platforms, pulp and paper industries and
has some marine applications [8-10]. Stainless steel exhibits
resistance to corrosion due to the presence of nickel (Ni),
manganese (Mn), chromium (Cr) and perhaps molybdenum
(Mo), which are the main alloying metals in its metallurgi-
cal formulation, The resistance of stainless steel to corrosion
is due to the passivation of its surface which results from
the reaction of the alloying elements mentioned above, with
oxygen to form a stable oxide film [1 1, 12]. Despite that pas-
sivation, slow corrosion rate and a reduced amount of cor-
rosion products on the surface of SS 304 render this metal
vulnerable to biofouling [13,14]. This passivated surface of
stainless steel provides an ideal location for the attachment
of microbes and therefore is vulnerable to localized corro-
sion in the form of pits, under stress or in chloride-containing
solutions/medium [15,16]. All types of stainless steel do not
have the same behavior, but generally, stainless steel tends
to be deteriorated in the presence of microbial biofilms. For
the formation of a mature biofilm, bacterial gene expression
is changed which concurrently changes metabolic activities
of bacterial cells in their biofilm mode of development. This
change in metabolic activities causes corrosion of stainless
steel. The process of biocorrosion starts with the develop-
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vl a culturable corrosive bacterial community in water samples from a cooling tower was performed using traditional

cultivation techniques and its identification based on 165 rRNA gene sequence. Seven aerobic bacterial species were identified:
Pseudomonas putida ARTYPI, Pseudomonas aeruginosa ARTYP2, Massilia timonae ARTYP3, Massilia albidiflava ARTYP4,
Pseudomornas mosselii ARTYPS, Massilia sp. ARTYPS6, and Pseudomonas sp. ARTYP7, Although some of these species have
cormonly been observed and reported in biocorrosion studies, the genus Massilia is identified for the first time in water from
acuoling tower The biocorrosion behaviour of copper metal by the new species Massilia timonae ARTYP3 was selected for further
i Vit using a weight loss method, as well as electrochemical and surface analysis techniques (SEM, AFM, and FTIR). In

ti o]
n 1 surf:

1. Introd ction

Inorder to implement efficient monitoring and control strate-
gies for th 1 ol biocorrosion, it is important to have
knowledy - robial population responsible for this
phenome as el as interactions of different microorgan-

isms with 11 tallic surfaces [1-8]. In many industries, cooling
towers are commonly used for heat transfer from recirculated
water to the atmosphere, typically by means of trickling or

spraying the water over a material with high surface area
[9]. These tovers ¢ nerally have sizable water reservoirs, with
temperali icully maintained between 25°C and 35°C.
These col vide an ideal environment for microbial
growth wion [10-13]. Both microbes and the
substratcs ial growth can either be present in
the incomi '+ be introduced from the atmosphere.
Copper and coppe alloys, which are used in many cooling
tower sys(: nown to be susceptible to microbiolog-
ically infl: rrosion (MIC) [10, 14]. Corrosion and

{1 uninoculated system, thin bacterial biofilms and pitting corrosion were observed on the copper metal surface in
of M. timonae. The use of a biocide, bronopol, inhibited the formation of biofilm and pitting corrosion on the copper

its products have a negative impact on heat transfer and
can cause a decrease in cooling efficiency of the cooling
tower. Organisms responsible for MIC, including bacteria,
microalgae and fungi readily attach themselves to the copper
surface by excreting extracellular polymeric substances (EPS)
to form a slime layer [15-18] and thereby initiate corrosion. A
multilayer structure of microorganisms and their EPS have
been reported to be entrapped between layers of different
inorganic corrosion products on copper-based surfaces after
exposure to natural seawater environment [19-24].
Interestingly, many traditional chemicals used water
treatment, for example, antiscalants and zinc-based corrosion
inhibitors, which are a source of nutrients that accelerate
the growth of microbes in cooling towers [25]. Nonetheless,
the control of corrosive bacterial fouling can be achieved
through the application of effective biocides [26], or nitrate,
or nitrite [27-30]. Environmental regulations and the devel-
opment of water reservoirs in environmentally sensitive areas
have spurred the development of easily degradable “green”
5 (0
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