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ABSTRACT

Microbiologically influenced corrosion (MIC) is caused by the presence of sulfate-reducing
bacteria (SRB) and is of great concern to the heavy metal industries. Inhibitors and biocides
are commonly used to control the problem. Nevertheless, the solutions are too expensive
and may create environmental problems by being corrosive to metals. Ultrasound wave
exposure is one of the potential alternatives to biocides for the mitigation of MIC risk in
pipeline system. In this work, a combination of ultrasound wave and green biocides of glu-
taraldehyde and ethanol has been proposed to exterminate SRB in a medium. An amount
of 100 ml of Desulfovibrio vulgaris (ATCC7757) broth number 1249 was grown in 125 ml
anaerobic vials at 37˚C for one day followed by exposure to various mitigation methods.
Results from the study show that a combination of ultrasound and biocide can effectively
reduce the dosage of biocide during corrosion treatment. The effectiveness of mitigation
based on ultrasound-biocide combination is better than the treatment based solely on bio-
cide whereby the extermination of SRB was found 10 times more effective according to the
reduction of cell numbers of planktonic’s SRB. Ultrasound technique can provide a feasible
alternative as an effective assist to chemical inhibitors and biocides for controlling MIC in a
more eco-friendly manner.
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1. Introduction

Corrosion is defined as the destruction or
deterioration of material due to the reaction with its
surrounding environment. Corrosion problems are a
major issue in the operation and maintenance of oil
and gas industry pipelines [1] and have inflicted huge
cost of repair and maintenance to the industry. It was
reported that the annual cost of all forms of corrosion
to oil and gas industry was estimated as $13.4 billion

in 2001 [2]. The corrosion of pipelines, tanks, storage
units, and associated equipment increases the risk of
the release of hazardous materials to the environment,
with concomitant pollution issues [3].

Microbiologically influenced corrosion (MIC) is
defined as a degradation of material under the
influence of environmental factors complicated by the
metabolic activities of micro-organisms. It is a wide-
spread problem in oil and gas, paper, and nuclear
industries. Considerable efforts were implemented to
control it, either through the use of corrosion
inhibitors or biocides [4–6].*Corresponding author.
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Sulfate-reducing bacteria (SRB), known as
Desulfovibrio vulgaris, is one of the most destructive
micro-organism that can cause corrosion because of its
ability to reduce sulfate or sulfite ions present in the
media to sulfide ions [7]. Sulfide produced by SRB is
the most reduced form of sulfur and is highly soluble
and reactive [8]. These bacteria are nonpathogenic and
anaerobic in nature. They produce enzymes which
have the power to accelerate the reduction of sulfate
compounds to the corrosive hydrogen sulfide. In other
words, SRB acts as a catalyst in reduction reaction.
There are two types of SRB, namely planktonic, which
is free floating in the system, and sessile bacteria,
which are adherent and attached to the surface.

Biocide treatments, such as glutaraldehyde
(GTD), cocodiamines, and tetrakis hydroxymethyl
phosphonium sulfate (THPS) are widely used to mit-
igate MIC in steel pipes and in closed systems [9].
Cathodic protection is also used successfully to pre-
vent MIC when used with coating [10]. However,
the use of biocides and cathodic protection tech-
niques is very expensive for the industry [11,12] and
some studies suggest that water-soluble inhibitors
should be avoided in petroleum product transport-
ing pipelines [13]. Biocides can also cause environ-
mental pollution in terms of chemical wastage and
they may be corrosive to metals [14]. To avoid
unintended chemical corrosion caused by biocides,

Fig. 1. Structure of biocide: (a) GTD [18] and (b) Ethanol [19].

Table 1
Test matrices for GTD and ethanol and combination with mechanical treatment (ultrasound) of planktonic SRB

Test Vials SRB 500 ppm 1000 ppm 5% 10%

Ultrasound
(min)

numbers Glutaraldehyde Glutaraldehyde Ethanol Ethanol 15 30

1 5 2 ml
2 5 2 ml 1 ml of 5% 5.3 ml of 95%
3 5 2 ml 1 ml of 5% 5.3 ml of 95% Yes
4 5 2 ml 1 ml of 5% 5.3 ml of 95% Yes
5 5 2 ml 1 ml of 5% 10.6 ml of 95%
6 5 2 ml 1 ml of 5% 10.6 ml of 95% Yes
7 5 2 ml 1 ml of 5% 10.6 ml of 95% Yes
8 5 2 ml 2 ml of 5% 5.3 ml of 95%
9 5 2 ml 2 ml of 5% 5.3 ml of 95% Yes
10 5 2 ml 2 ml of 5% 5.3 ml of 95% Yes
11 5 2 ml 2 ml of 5% 10.6 ml of 95%
12 5 2 ml 2 ml of 5% 10.6 ml of 95% Yes
13 5 2 ml 2 ml of 5% 10.6 ml of 95% Yes
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nonoxidizing biocides are favoured in the heavy
metal industries [15]. GTD is the most popular non-
oxidizing biocide. They are classified under broad-
spectrum and biodegradable biocide. As explained
by Reza [11], a broad-spectrum biocide must be able
to kill as many diverse types of micro-organisms
and as many of the same type of micro-organism as
possible.

More environmental methods are under consider-
ation as an alternative to biocides, one such approach
is by using ultrasound [5]. Ultrasound is a cyclic
sound pressure with a frequency greater than the
upper limit of human hearing. Although this limit var-
ies from person to person, the lower limit is approxi-
mately 20 kHz and this serves as a useful lower limit
to describe ultrasound [13]. Reza [11] also explained
that the production of ultrasound is used in many

different fields, typically to penetrate a medium and
measure the reflection signature or supply focused
energy. Although ultrasound is primarily a mechani-
cal method to mitigate bacteria, thermal and chemical
effects also contribute to microbial sterilization.

The present study was conducted by evaluating
the impact of combination of biocide and ultrasound
treatment to remove corrosion causing micro-organ-
ism. The objective of this work is to determine
whether an ultrasonic system can provide a feasible
alternative of an effective adjunct to the chemical
inhibitors and biocides for controlling MIC. As most
of the previous studies were mainly focusing on
mitigation by using either biocides [2,4] or ultrasound
[3,4], this paper is focusing on the combination of both
methods in the treatment of SRB. The main goal is to
identify the efficiency of ultrasound in reducing the

Fig. 2. Optical micrograph of carbon steel API 5L grade x70 coupon sample (a) 50x magnification, (b) 100x magnification,
(c) 200x magnification, and (d) 500x magnification.
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amount of biocide to mitigate the MIC without jeopar-
dizing the proven effectiveness of biocide treatments.

2. Experimental procedure

2.1. Coupon preparation

Coupons were prepared using carbon steel pipe
grade API 5L-X70 (specimens were machined from the
actual segment of pipe API 5L X-70 obtained from local
gas operator). The coupons were refined with 100 grit
Si–C paper, cleaned, and dried with ethanol to remove
all forms of dirt, grease, and small Si–C particles on
the coupons surface. The cleaned and dried coupons
were then coated with prime coat leaving only the top
surface exposed. The coupons then were dried over-
night in an oven at 37˚C. The exposed area of the cou-
pons was polished again with series of Si–C papers
grade (320, 600, and 800), followed by ethanol degreas-
ing. Image analyser was used to observe the morphol-
ogy of carbon steel coupon size 10m × 20m. Biofilm on
the coupon surface was observed by field-emission
scanning electron microscopy (FESEM) (Gemini
SUPRATM FESEM 35 VP).

2.2. Culture and medium

The strain D. vulgaris ATCC 7757 is a marine strain
of SRB and was grown in a modified ATCC broth
number 1249 (Modified Barr’s Medium). The

anaerobic condition was created by purging filtered
nitrogen [16,17]. The medium for SRB growth com-
poses of the following chemicals (per litre of distilled
water): sodium lactate 4.5 ml, yeast extract 1.0 g,
potassium di-phosphate (K2HPO4) 0.5 g, magnesium
sulfate (MgSO4) 4.096 g, sodium citrate (2H2O) 5.7 g,
calcium sulfate monohydrate (CaSO4.2H2O) 1.27 g,
and ammonium chloride (NH4Cl), 1.0 g. The pH was
adjusted to 7.0 with 1 M sodium hydroxide (NaOH).

The prepared medium was then sterilized for
20 min at a pressure of 1.2 × 104Mpa. After the
medium cooled down, 2 ml ferrous ammonium sul-
fate Fe(NH4)2(SO4)2 was sterilized with 0.2 μm filter
and added separately. The SRB was grown in this
100 ml of medium contained in 125 ml vials at 37˚C
under anaerobic conditions. Two chemical-based bio-
cides, GTD and ethanol, were used in the experi-
ment. GTD, an organic compound (CH2(CH2CHO)2)
and ethanol, a straight chain alcohol made from
fruit or sugar containing materials, such as molasses
with molecular formula of C2H5OH, are shown in
Fig. 1(a,b).

Nitrogen sparging was used to remove the oxygen
present in the medium. Different concentrations of
GTD and ethanol were added to vials before inocula-
tion (Table 1). A 100 ml of two-day old SRB stock cul-
ture was used to inoculate each vial. Statistically, five
vials were used for every single difference in treat-
ment concentration in order to obtain the accurate

Fig. 3. FESEM image of SRB biofilm.
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data from average number of cells. The SRB cell con-
centration was measured by diluting the sample. It
was then followed by a process of calculation of the
planktonic of SRB using hemocytometer method and
microscope. The concentration after inoculation was
estimated to be 2.0 × 106 cells/ml.

An anaerobic laminar flow chamber with a
nitrogen environment was used to provide an anaero-
bic environment for inoculation. A 100 ml of medium
was distributed into each vial with an appropriate
amount of a biocide, followed by exposure to
low-frequency ultrasound wave for 15 and 30 min

Fig. 4. FESEM image of corrosion product on the surface of coupon (a) before exposure to SRB and (b) after exposure to
SRB (corrosion product).
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separately. The initial SRB cell concentrations were
estimated and the vials were sealed and then placed
in an incubator at 37˚C. SRB growth was measured by
counting the numbers of cells using a hemocytometer
under optical microscope at 400x magnification.

3. Results and discussion

3.1. Surface analysis

Fig. 2 illustrates the microstructures of the carbon
steel API 5L grade 70 (X70) under different levels of
magnification using image analyzer. It shows that X70
has refined grain structure indicative of its greater
strength as compared to lower grade of carbon steel.
The smaller grain size steel has a higher susceptibility
to MIC [20]. Fig. 3 depicts the D. vulgaris strain ATCC
7757 biofilm on the coupon steel being examined by
FESEM. Biofilm can develop when the planktonic

bacteria is attached to the coupon surface [21]. The
formation of H2S in the presence of SRB can form a
temporary protective layer for a short period of time
that may cause pitting corrosion under anaerobic con-
ditions [20,22–24].

Fig. 4 shows the coupon surface before and after
exposure to SRB colony. After exposure to the SRB for
certain period of time, the surface of steel coupon was
fully covered by the produced corrosion product origi-
nated from SRB metabolic activities.

3.2. Comparison of treatment concentration

GTD is a widely used biocide in oil fields, as are
THPS, quaternary ammonium compounds, and
bromo-nitropropanediol. Due to its broad-spectrum
and biodegradability, GTD was selected for this study.
GTD can act as a suppressor for SRB cell growth

Fig. 5. Effects of 500 ppm glutaradehyde and ethanol on the number of cells of SRB in sonicated and unsonicated
medium with 15min exposure: (a) 5% ethanol and (b) 10% ethanol.
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because of its interaction with the SRB culture med-
ium [25]. The second type of biocide, ethanol, was
selected due to the miscibility of ethanol with water.
This contrasts with that of longer chain alcohols (five
or more carbon atoms).

The differences of mitigation efficiency using bio-
cide treatments, sonication and biocide treatments,
and with and without treatment results are shown in
Figs. 5–8 with different concentrations of GTD and
ethanol.

Referring to the results of SRB growth without
treatment, the growth process of SRB was character-
ized by a rapid growth and decline period. SRB
growth started to increase approximately from day-1
to day-3. During this stage, the concentration of
hydrogen sulfide (H2S) increased proportionally
according to the increasing number of cells [25,26]. As
nutrients became insufficient, the cell density naturally

declined [27]. After day-3, the cell numbers of SRB
started to decrease due to the depletion of hydrogen
sulfide (H2S), inhibiting the growth of SRB. The bacte-
ria count dropped drastically after day-7 and marked
the end of the experiment. The characteristics of
unpleasant smells from hydrogen sulfide and
black-colored solution were the evidence of SRB
growth and its metabolism in the medium [26].

Fig. 5 displays the result of bacterial growth in
sonicated (15 min of exposure) and unsonicated
medium with different concentrations of ethanol. The
results show that the number of bacteria increased
rapidly over samples without treatment on day-2 and
the bacterial cell number slowly decreased thereafter.
As opposed to results from untreated medium, the
bacteria count drastically dropped from day-2 and
almost reached full extermination extinction after
day-7. The extermination of the bacteria is due to

Fig. 6. Effects of 1,000 ppm GTD and ethanol on the number of cells of SRB in sonicated and unsonicated medium with
15min exposure (a) 5% ethanol and (b) 10% ethanol.

R. Mohd Rasol et al. / Desalination and Water Treatment 52 (2014) 3637–3646 3643



sonication and biocide treatment assisted by the
depletion of nutrient on day-7. This reflects the effi-
ciency of sonication-biocide combined treatment to
reduce bacterial cell density without relying on nutri-
ent depletion. At 5% ethanol dosage, sonication and
biocide treatment was found to be more effective in
the extermination of bacteria from day-2 to day-7. The
comparable performance between sonication-biocide
combined treatment and biocide only could be
achieved by increasing the ethanol dosage to 10%.

The next step was to examine the effects of broad-
spectrum biocide (GTD) on bacterial extermination by
doubling the GTD concentration to 1,000 ppm, whilst
maintaining the ethanol dosage and 15 min of expo-
sure to ultrasound. Based on comparison between
results from Figs. 5(b) and 6(b), it is noticeable that
the doubled amount of concentration of GTD at 10%
level of ethanol has increased the rate of removal of

bacteria almost twice. There is not much difference in
terms of performance between sonicated and unsoni-
cated medium at 10% dosage of ethanol, even though
sonication did show lesser effect according to the
lower bacteria count obtained on day-7. The whole
setup of the experiment was repeated with a higher
exposure of medium to ultrasound. The time was
raised from 15 to 30 min. Overall results from Figs. 7
and 8 indicate that a higher period of exposure did
slightly improve the performance of bacteria removal.

Bacteria disinfection through mitigation process
using combination of mechanical treatment
(ultrasound) and biocides was performed to inhibit
the growth of SRB in the medium. Sonicated medium
was found to have the least number of bacterial
counts on day-7 for all setup of experiments. This
reflects the efficiency of mechanical treatment together
with biocide in suppressing the growth of SRB. The

Fig. 7. Effects of 500 ppm glutaradehyde and ethanol on the number of cells of SRB in sonicated and unsonicated
medium with 30min exposure (a) 5% ethanol and (b) 10% ethanol.
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increment of biocide dosage has overpowered the son-
ication, whereby the performances of unsonicated
mediums are almost comparable with sonicated med-
ium. Sonication process seems to have better influence
on bacteria disinfection at low dosage of biocide when
GTD and ethanol were set at 500 ppm and 5%, respec-
tively. Time of exposure to ultrasound played less
important role in the efficiency of this mitigation treat-
ment, since there is no distinct difference of disinfec-
tion efficiency between 15 and 30 min of exposure.

The findings prove that ultrasound can be used
with lower dosage of biocide to disinfect SRB in the
medium. The combination of biocide and ultrasound
treatment can reduce bacterial numbers to very low
levels within few minutes of exposure. The reduction
of biocide amount in the treatment can minimize the
chemical wastage as well as reduce the corrosiveness
of the treatment toward steel.

4. Conclusions

Environmental concerns have prompted research-
ers to find alternative ways to mitigate MIC, other
than fully depending on chemical and abrasive bio-
cides. This research has provided valuable information
regarding the performance of ultrasound with low
dosage of biocide in SRB mitigation treatment. The
use of a higher range of ultrasound or more exposure
time are two more variables that needs to be consid-
ered in the future to achieve mitigation of SRB that
are high enough to have a marked effect on corrosion.
The corrosion of pipeline steel in a flowing medium
with SRB present may be suppressed by combination
ultrasound and biocide. However, the overall effi-
ciency of the proposed hybrid treatment still depends
on the concentration of bacteria surviving and becom-
ing recontaminated during treatment.

Fig. 8. Effects of 1,000 ppm gluthradehyde and ethanol on the number of cells of SRB in sonicated and unsonicated med-
ium with 30min exposure (a) 5% ethanol and (b) 10% ethanol.
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