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Abstract

This study focused on presenting the newly developed growth model for

bacterial species present in a petrochemical processing plant in South Africa.

The findings of the study serve as a theoretical basis for future experiments

aimed at understanding the formation of bacterial metabolites as the bacteria

develops. An unstructured kinetic model using AQUASIM 2.3, together with

experimental spectrophotometric results, were used to evaluate the growth of

Gram-negative bacteria in a batch reactor system. Spectrophotometer results

showed the absence of a stationary phase. The exponential bacterial growth

phase supported the total organic carbon (TOC) results, showing that bacterial

growth occurred on days 6 and 13; this is rarely reported in literature, as the

growth in this system was much slower than the growth of single-strain

studies. The TOC concentration values indicated that carbon sources did not

deplete in the death phase, suggesting the presence of a long-term stationary

phase and the production of acetate. The presence of Pseudomonas sp. and

sulphate-reducing bacteria (SRB) are commonly reported in industrial systems

as they play a role in equipment failure in industry. However, in this multispe-

cies study, methods using third generation sequencing together with high-

performance liquid chromatography (HPLC) have shown that the selective

attachment and production of acetate by abundant Clostridium sp. has

ascertained their role in equipment failures in the petrochemical environment.
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1 | INTRODUCTION

Bacteria in wastewater treatment processes play an
important role in the depletion of nutrient carbon source
(substrate concentration). The substrate can also be
comprised of domestic and industrial waste.[1,2] When

the bacteria degrade the nutrient, they continuously grow
until the concentration of the nutrient is completely
depleted.[2] The same concept applies in petrochemical
cooling water systems, where hydrocarbons (substrate)
such as jet fuels, petrol, and diesel are utilized by bacteria
to grow and survive. Cooling towers provide a stable
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environment for microbial growth owing to the temperature,
pH, continuous aeration, nutrients, and sunlight, resulting in
diverse microbial populations.[3] A study by Tsao et al.[4]

investigated the microbial diversity of three cooling tower
basins over the course of one year and found that bacterial
diversity in all three cooling towers was broadly comparable
to other freshwater systems such as Sphingomonadales,
Psuedomonadales, Rhizobiales, and Burkholderiales. Although
each cooling tower showed a dynamic site-specific micro-
bial community, the shared taxa on the three locations
mainly included groups generally associated with slime-
forming bacteria such as Pseudomonadales and Firmicutes.
Bacterial growth is typically described in four phases[5];
however, most authors do not make mention of the long-
term stationary phase.[6] In this study, the four phases
were evaluated together with the fifth phase called the
long-term stationary phase. The lag phase is observed as a
delay before exponential growth, the exponential phase is
where cell division continues at a constant rate, the sta-
tionary phase is usually seen when the conditions become
unfavourable for growth and bacteria stop replicating,[7–9]

the death phase is seen as the phase where cells lose via-
bility, and finally, the long-term stationary phase occurs,
which can continue for years.[6] Bacterial metabolites play
an important role in industrial equipment failures. A study
by Zhu et al.[10] highlighted that the culture plate method
is not effective in revealing the complexities that exist dur-
ing multispecies bacterial attachment to industrial grade
steel surfaces. The study also detected an abundance of
Clostridium sp. which was not commonly reported in the
petrochemical industries and may play a key role in indus-
try equipment failures.[10] It has been postulated that vari-
ous species present in a mixed bacterial culture may
inhibit each other, leading to the production of organic
acids which may impact the life-time of industry equip-
ment.[11] A maritime study by Wang et al.[12] investigated
the corrosive properties of the single-strain Bacillus subtilis;
although the bacteria had developed biofilm which initiated
localized corrosion, corrosion was then aggravated by the
acidity of the bacterial metabolite.

Microbial growth kinetics have been the subject of
many scientific studies and have many consequences for
our society.[13] A combination of mathematical modelling
and experimental data give a meaningful and quantita-
tive interpretation of the experimental results that reveal
new aspects of microbiology physiology.[13] A Monod
model was presented in this study which highlighted that
maximum specific growth rate is unique for every bacte-
rial culture.[14]

In light of the above fact, this multispecies study used
culture characterization methods on industry grade steel
together with HPLC to give insight on the key players
responsible for equipment failures in the petrochemical
industry.

2 | MATERIALS AND METHODS

2.1 | Bacteria, media, and culture
conditions

A perforated (0.178 mm) stainless steel mesh, designed to
collect bacteria, was inserted in the cooling tower coupon
rack, where cooling water was supplied at a temperature
of 35�C at low flow. After 11 months, the mesh was
removed from the coupon rack using sterilized tweezers
and inserted in a sterile sample bag containing cooling
tower water. The mesh was then inserted in a 1 L glass
batch reactor with a screw-on lid containing media which
was prepared using 0.5 g KH2PO4, 1 g NH4Cl, 4.5 g
Na2SO4, 0.005 g CaCl2 � 2H2O, 0.06 g MgSO4 � 7H2O,
12 g 50% solution sodium lactate, 1 g yeast extract, 0.004 g
FeSO4 � 7H2O, and 5 g Na3C6H5O7 sodium citrate mixed in
1 L distilled water. The batch reactor was incubated at a con-
stant temperature of 35�C at aerobic conditions, similar to the
cooling tower conditions. The initial pH of 6.52 was adjusted
to 7 using 5 M NaOH. Tryptone soya agar (TSA) plates media
was prepared using 40 g of TSA in 1 L distilled water. MTT
solution was prepared in a dark room using 5 mg of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium (MTT)
powder in 1 mL distilled water filtered into a 2 mL vial and
frozen at �72�C. Media, distilled water, and instruments
used were autoclaved at 121�C at a pressure of 1.5 kPa for
20 min. Similar industry batch media was prepared by
Prithiraj et al.[15] and Zhao et al.[16]

2.2 | Metabolic activity

Metabolic activity was evaluated in a batch reactor
containing prepared media inoculated with a mixed
bacterial culture as described in Section 2.1. The batch
media was gently mixed from side to side before duplicate
2 mL aliquots of sample were extracted. One sample was fil-
tered and the other was not filtered. Vials were diluted with
3 mL of autoclaved distilled water. The diluted samples
including 0.2 mL MTT solution was added to 2 mL vials.
The 2 mL vials were placed in an incubator at 35�C for
60 min. Dimethyl sulphoxide (DMSO) was added before
measuring absorbance using a Hatch DR 6000 spectropho-
tometer. Metabolic activity was calculated using the unfil-
tered sample absorbance value subtracted by the filtered
sample absorbance value. Measurements were conducted in
duplicates. Figure 1 summarizes the process followed.

2.3 | Monod model

The Monod model was first introduced by Jacques
Monod in 1942 to describe the relationship between
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specific growth rate and substrate utilization rate in a
bioreactor.[14] The model can be defined in two forms:
based on substrate concentration only, and on both
substrate and biomass concentration. For bacterial
growth, Monod formulated an equation which is presented
as Equation (1).

μ¼ μmaxSð Þ= KsþSð Þ, ð1Þ

where S is the concentration of the nutrient in the media
at time t and μ is the specific growth rate. It should be
noted that μ does not start at zero due to the degradation
of substrate by bacteria for maintenance energy. μmax is
the maximum specific growth rate, and this value cannot
be negative as it is the maximum value for growth
rate. Ks (constant) = half-life saturation constant when
μ = μmax/2; S = Ks.

2.4 | Total organic carbon (TOC) and
high-performance liquid
chromatography (HPLC)

The total carbon in the bacterial media was measured
using a Teledyne (Tekmar 14-9600-200, United States)
TOC analyzer. Samples were filtered using 0.45 μm
syringe filter under sterile conditions, then diluted by a
factor of 1000. The machine uses a voltage of 230 and
2.50 amp; the machine conforms to UL STD 61010A-1
certified to CSA Standard C22.2 N0.1010.1.

HPLC analysis was conducted to evaluate the degra-
dation of the specific carbon sources (lactic acid and
citric acid) in the batch reactor over time. A high-
performance liquid chromatographic system equipped
with a UV/Vis detector and a BioRad Aminex (HPX-87,
United States) column was used. The detector was set at
210 nm. The flow rate of the 0.5 mM sulphuric acid mobile

phase was set at 10 μL/min, using 10 μL injection volume if
the samples and the column temperature were set at 35�C.

Simulated concentration models for depletion of
lactate and citrate and sensitivity models were generated
using AQUASIM 2.3 software. Experimental measure-
ments from the HPLC analysis were included in the
model using first order batch reactor kinetics.

2.5 | Colony forming units (CFU)

The number of live heterotrophic bacteria was measured
using the standard plate count method.

Bacteria plating was carried out under a laminar flow
hood. All instruments were autoclaved before use. The
plates were wrapped in parafilm and placed in a fridge at
�3�C. Colony forming units were calculated using
Equation (2).

log CFU
ML

¼ log N�Fð Þ, ð2Þ

where N is the plate count (number of colonies counted
on the plate), F is the dilution factor, and ML is the
volume of culture plate.

2.6 | 16S rDNA gene sequencing on
colony plates

TSA spread plates for days 3, 6, 9, and 13 were analyzed
using 16S rDNA gene sequencing.

The strain identification was based on the plus/minus
600 bp partial sequence of the 16S rDNA gene of the
organisms using a Veriti 96 Well Thermal Cycler
(AB Applied Biosystems). The sequences were compared
against the GenBank of the National Centre for

FIGURE 1 Process flow diagram to measure absorbance. DMSO, dimethyl sulphoxide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl

tetrazolium.
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Biotechnology in the United States of America using a
basic BLAST search.

The 16S gene profiling was started by purifying all
polymerase chain reaction (PCR) products by adding
2 U/μL of Exonuclease 1 (Thermo Scientific) and 2 U/μL
of FastAP (Thermo Scientific). This was followed by incuba-
tion on the T100TM Thermal Cycler (BioRad) at 37�C for
15 min to activate the enzymes and a second incubation at
85�C for 15 min. Sometimes, a second amplification prod-
uct remained after cleaning; therefore, a Zymoclean
Gel DNA Recovery Kit (Zymo Research) was used to purify
the band of the expected size.

The purified products were then sequenced using the
BigDye Terminator v3.1 Cycle Sequencing kit (Thermo
Fisher Scientific, USA). The AB13100 Automated Capillary
DNA sequencer (Thermo Fisher Scientific, Carlsbad, USA),
was used to determine DNA sequence chromatograms from
the purified sequencing products.

A separate batch reactor with the same prepared media
and culture collection method as discussed in Section 2.1
now included a carbon steel coupon that was used to
conduct 16S rDNA gene sequencing on a smooth finished
coupon by swabbing the coupon using a sterile swab.
Genomic DNA (gDNA) extraction (Zymo Research) was
conducted on the swabs. The extracted gDNA was ampli-
fied in a PCR machine (Eppendorf Master cycler Nexus
Gradient). The 27F and 1492R universal primer pair
was used.[16] This was done in order to target the V1 and
V9 region of the bacterial 16S rDNA gene. The amplicons
were barcoded with Pacbio M13 barcodes for multiplexing
through limited PCR. The resulting barcoded amplicons
were quantified and a pooled equimolar and AMPure PB
bead-based purification step was then performed. The
PacBio SMRTbell library was prepared from the pooled
amplicons following the manufacturer’s protocol. Sequenc-
ing primer annealing and polymerase binding was done
following the SMRTlink software protocol to prepare the
library for sequencing on the PacBio Sequel IIe system.

Samples were sequenced on the Sequel system by
PacBio software. Raw subreads were processed through
the SMRTlink (v9.0) software and USEARCH. The
taxonomic information was determined based on the
Ribosomal database project’s 16s database v16. The taxa
classification percentage abundance reports were created
using inhouse Python script. Highly accurate reads were
processed via circular consensus sequences (CCS) and
VSEARCH software.

2.7 | Alloy preparation

The carbon steel coupon, measuring 1 cm by 1 cm, was
polished to 3 micron using silicon carbide waterproof

paper and 3-micron polish. The coupons were polished
using a Struers (Tegramin – 30, United States, Cleveland)
automatic polishing machine for 3 min, using a force of
35 N at 300 revolutions per minute. Under a laminar flow
hood, carbon steel alloys were fastened on cable ties and
sterilized for 1 h using 70% ethanol. The fastened
coupons were inserted into the batch reactor containing
the media inoculated with a mixed bacterial culture.
Coupons were rinsed three times to remove loosely
attached bacteria.

3 | DISCUSSION

3.1 | Metabolic activity

Figure 2 presents the different phases of growth on multi-
species bacteria collected from a cooling tower in a petro-
chemical proccessing plant. The lag phase was observed
from days 1–6. In comparison to the single-species studies
conducted by Kuang et al.[17] and Wang et al.,[12] where the
lag phase is usually observed from days 1–2, the bacterial
consortia in the current study showed a much slower
growth rate. The lag phase is generally poorly understood,
primarily because of a lack of data that describe the under-
lying physiological and molecular processes.[18] It has been
assumed that the lag phase allows acclimation of the bacte-
rial cells and exploration of the new environment.[8] There
was no stationary phase observed; this was possibly due to
a high substrate utilization rate by the bacteria, resulting in
quicker growth and death phase. This hypothesis is guided

FIGURE 2 Bacterial growth curve (metabolic activity at

550 nm). Growth phases are indicated with a grey dotted line,

media was incubated at 35�C, and aerobic conditions exist.
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by the fact that the bacteria originate from a petrochemical
environment which tends to have sufficient concentrations
of hydrocarbons as their food source in continuous supply
and utilized the limited carbon sources at a high rate.[19]

For future investigations, it would be worthwhile to evalu-
ate the bacterial growth phases using hydrocarbons that are
introduced into the cooling tower systems such as diesel
and jet fuel (Table 1). Table 1 presents the composition and
hydrocarbon content in the cooling water. The composition
of the cooling water will always vary due to operational
demands; therefore, it was impossible to prepare a batch
media to the exact composition as the cooling water.
The peak in growth was reached on day 13, where
Gram-negative bacteria then entered the death phase the
day after. This is seen as an uncommon phenomenon, as
the peak in growth was previously reported to be shortly
after day 2.[12,17] In the death phase, the Gram-negative
bacteria started to lose viability; however, there were viable
Gram-positive bacteria which could not be quantified using
the spectrophotometer and will be discussed in the sections
below.

3.2 | Kinetic growth model using Monod
equation

The growth characteristics typically found in batch flask
systems are shown in Figure 3. This is also the type of
growth that would be expected under conditions in a
natural environment where substrate and nutrients are
limited.[5] According to Contois,[20] the use of simple
substrates, such as lactate used in this study, and homog-
enous cultures produce a more accurate Monod model. It
is to be noted that the Monod model does not account for
the lag, death, or long-term stationary phases.[21]

In the present model, it was observed that there was a
fairly fast and sharp decrease in the substrate concentra-
tion, with most of it being consumed within the first day
of the growth process. This was accompanied by a gradual
increase in the specific growth rate with a maximum
rate of 0.45 1/day observed on day 13. The specific growth
rate at this point is independent of the substrate concen-
tration; this means that if the substrate concentration
were to be increased in this system, there would be no

TABLE 1 Cooling water

composition.
pH Zna Mga Caa Naa Fea NH3

a Pa M-Alka Silicaa TOCa

8.59 0.53 24.12 34.28 32.34 0.17 0.10 0.00 156 4.38 10.26

8.68 0.53 29.46 49.68 43.10 0.23 1.33 0.22 173 6.37 10.28

6.72 0.43 21.59 29.09 35.61 0.08 0.56 0.00 133 5.15 10.84

8.09 0.92 30.68 45.02 46.92 0.29 0.05 0.00 144 8.38 7.72

7.70 0.70 30.52 39.04 37.40 0.19 0.35 0.12 156 4.09 8.38

Abbreviations: M-Alk, the amount of carbonate in the water down to a pH of 4.6; TOC, total organic carbon.
aValues are presented in mg/L.

FIGURE 3 Monod model

with lactate as the substrate.

The green and black lines

indicate the simulated curves,

and the blue and red lines

indicate the measured values.
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further effect on the specific growth rate. The current
model supports this statement, where an increase in
lactate concentration was observed on days 12–15. In the
present model, the lag, exponential, and death phases
were seen, with the absence of the stationary and long-
term stationary phases. In the simulated curve, only the
exponential phase of growth was observed, where
the maximum specific growth rate was reached much
faster with a value of 0.22 1/day on Day 5. Overall, the
Gram-negative species in this system performed better
under low substrate conditions compared to the simu-
lated model, especially during starved conditions (0 g/L).
From the model, specific growth rate (μ) can be deter-
mined at different phases of the growth curve, which
gives insight about the microorganisms in the system.

3.3 | Colony forming units

The CFU graph in Figure 4 presents data on the TSA
plates from day 3 (lag phase). The number of bacteria in
the TSA plates peaked on days 7 and 9, with the highest
peak observed on day 13. These days are supported by
the growth curve (Figure 2). However, the CFU results
showed that there was still bacterial growth on day 15;
this may be due to Gram-positive bacteria that could not
be measured using the spectrophotometer.

3.4 | 16S rDNA gene sequencing

16S rDNA sequence on colony plates revealed that the dom-
inant bacterial strain was the Gram-negative Pseudomonas

aeruginosa motile bacterium on days 3, 6, and 13
(Table 2).[22] This aerobic slime-forming bacterium is
commonly associated with marine and industry equipment
failures.[23,24]

It has been reported that Pseudomonas sp. can initiate
and accelerate the corrosion process.[23,25] 16S rDNA did
not detect sulphate-reducing bacteria (SRB) usually asso-
ciated with corrosion.[26] It was seen in the surface attach-
ment studies that the dominant and abundant lactic acid
bacterium (LAB) was Clostridium sp. (Figure 5), which
are capable of producing organic acids.[27] The impact of
the bacterium on corrosion was limited in this study.

3.5 | Substrate analysis

In Figure 6, the lactate and citrate that were added to the
system fully depleted after day 1; however, carbon
content was observed during the 15 days, suggesting that
bacteria produced carbon sources (lactate and acetate) to
adapt and survive in order to grow.[9]

3.5.1 | Carbon sources

It was seen from the data in Figure 6 that bacteria started
producing lactic acid from day 12 (0.09 g/L). Other
organic acids are also produced from the bacteria, such
as acetic acid.[28] Acetic acid was discovered at later
growth stages. Due to the detection of acetate and
elevated TOC values from day 1 despite the rapid deple-
tion of both lactic acid and citric acid, it is hypothesized
that acetate may be produced from the early stages of
bacterial growth, and that the samples must be left for a
longer period in the HPLC to ascertain the presence of
acetic acid at early stages. Acetic acid is considered to be
one of the most common low carbon chain fatty acids
and is highly corrosive to carbon steel.[12] Acetate is
known to be produced by the homofermentative conver-
sion of glucose by Clostridium bacteria identified
as ‘acetogenic’.[28] The TOC results revealed that carbon
sources were gradually depleting from days 1–5, and a
slight increase in carbon content was seen on day 6. The
carbon content decreased from days 7 and 8, and a
sudden increase of 3.1 g/L was seen on day 9. The carbon
source gradually decreased again until day 13 where a
sudden spike was noticed of 2.1 g/L, which closely
resembled the concentration of acetate. Thereafter, a
gradual decline in carbon source was seen; the carbon
value then increased to about 0.71 g/L after day 14. The
findings are supported by the growth curve graph
(Figure 2), where spikes in carbon values are seen in the
exponential phase of bacterial growth. However, after

FIGURE 4 Colony forming units (CFU) from day 3 to day

15 at 35�C.
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TABLE 2 16S rDNA gene sequencing results on selected colony plates highlighting the dominant bacteria.

Isolate Result
% sequence
identity

Gram-negative or
Gram-positive

1 3S1 (Day 3/SRB) Brown Pseudomonas aeruginosa 99.7 Gram-negative

2 3 T1 (Day 3/TSA) Plesiomonas shigelloides 99.3 Gram-negative

3 3 T2 (Day 3/TSA) Enterococcus faecalis 99.9 Gram-positive

4 3 T3 (Day 3/TSA) Bacillus thuringiensis 100 Gram-positive

5 6 T1 (Day 6/TSA) Acinetobacter junii 100 Gram-negative

6 6 T2 (Day 6/TSA) Shewanella xiamenensis 99.3 Gram-negative

7 6 T3 (Day 6/TSA) Morganella morganii 98.6 Gram-negative

8 6 T4 (Day 6/TSA) Bacillus wiedmannii 99.7 Gram-positive

9 6 T5 (Day 6/TSA) Black P. aeruginosa 100 Gram-negative

10 13 T1 (Day 13/TSA) Acinetobacter guillouiae 99.0 Gram-negative

11 13 T2 (Day 13/TSA) Bacillus thuringiensis 99.8 Gram-positive

12 13 T3 (Day 13/TSA) P. aeruginosa 100 Gram-negative

Abbreviations: SRB, sulphate-reducing bacteria; TSA, tryptone soya agar.

FIGURE 5 16S gene

sequencing result of bacteria

attached to smooth surface on

day 3, indicating Clostridium

sp. bacteria dominated the

smooth surface and was not

detected on colony plates.

FIGURE 6 Carbon sources

and total organic carbon (TOC)

content. The media was

incubated at 35�C in aerobic

conditions.
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day 14, bacterial activity was still evident due to production
of carbon as seen in Figures 4 and 6. However, a decline in
bacterial activity was seen in the growth curve after
day 13 (Figure 2). The media was left for 15 more days,
and TOC was evaluated on days 31–33. It was evident
that there was still a significant amount of carbon con-
tent in the media at 1.43 g/L and no decrease, which
further supports that the long-term stationary phase of
bacterial growth exists and suggests the involvement of
mainly Gram-positive bacteria. During prolonged star-
vation, certain bacterial species enter a continuous
cycle of growth and death until there is renewal of
favourable growth conditions; this means that Gram-
positive bacterial species produce dormant spores in
nutrient depleted conditions and the Gram-negative
bacteria tend to acquire resistance.[9] This long-term
stationary phase can be further investigated, as the
number of days in this investigation was limited to 15.
The sporadic TOC pattern observed in Figure 6 was
due to bacteria utilizing and producing the carbon
source to grow.

The presence of the organic acid known as acetate is
directly related to the abundant Clostridium sp. that
selectively attached to the industry grade steel surface
(Figure 5). Moreover, the position put forward by
Zhu et al.[10] was supported, as this study had shown that
Clostridium sp. (Figure 5) was capable of producing
organic acids involved in corrosion of steel; furthermore,
the bacterium does not depend on carbon sources for
long-term survival (Figure 6). Possible carbon sources to
be further investigated will be discussed in the sections
that follow.

3.6 | Kinetic models for lactic and citric
acid degradation

Concentration degradation models (Figures 7 and 8)
were done using AQUASIM 2.3 software, where the
measured concentration is indicated by the black trend
line. The error was within range as indicated by the
blue dotted line. Carbon sources were depleted over
the 15 days.

A general observation was that citric acid was utilized
by bacteria at a lower rate than lactic acid.

3.6.1 | Lactate and acetate

Lactate and acetate are both required for bacterial growth
of Clostridium butyricum.[27] Research adapted from
bacteria utilizing lactate was chosen to present a possible
metabolic pathway most likely identified for this system
(Figure 9). These include lactic acid and acetic acid trans-
formation to possible butyrate and other products by
C. butyricum. Butyrate production as a metabolite will be
further investigated in future studies, as it was not inves-
tigated in this study. LAB perform an important function
as competitors and hydrogen producers which assist in
the balance of bacterial diversity in bioreactors.[27,29]

3.6.2 | Citrate

Citrate is also known to influence the growth and metabolism
of acetate. Earlier literature reported that heterofermentative

FIGURE 7 AQUASIM

sensitivity model of the

degradation of lactic acid

concentration; experimental

results are shown by the black

curve.
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and homofermentative bacteria utilize citrate to produce
acetylmethylcarbinol (acetoin)[29]; this metabolite was not
evaluated in this study.

The metabolic by-products of a variety of bacterial
species found in nature can support the growth of
another while the attachment of another species could
provide ligands allowing attachment of others. Competition
for substrate and waste may be generated by the initial
colonizers, which limits the diversity of the bacterial
species.[30,31]

4 | CONCLUSIONS

The experimental growth curve showed no stationary
phase; therefore, no prediction can be made on the
bacterial growth of a mixed culture system. The long-
term stationary phase is supported by TOC, CFU, and
HPLC results, and further studies on the growth of
Gram-positive bacteria in this system could be worth-
while. Growth of the bacteria in hydrocarbon batch
systems will be carried out as future work. The spikes in

FIGURE 8 AQUASIM

sensitivity model of the

degradation of citric acid

concentration; experimental

results are shown by the black

curve.

FIGURE 9 Metabolic pathway

presented by Detman et al.[27]

showing initial concentration of

lactate being depleted by C.

butyricum (dehydrogenase process)

to form acetic acid and be

converted to butyrate. The model

does not account for utilization of

citric acid, production of lactate,

and possible acetoin as metabolites.
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TOC values were seen in the exponential phase of the
bacterial growth curve. Acetic acid and lactic acid were
produced by Gram-positive bacteria from day 12 and
were also seen on days 31–33. Metabolites such as
butyrate and acetoin, with their corrosion related proper-
ties, can be investigated further. A general finding was
that citric acid was utilized at a lower rate than lactic
acid. Organic acids produced by the bacteria are associ-
ated with the mechanism of corrosion. However, the
influence of bacterial organic acids on steel corrosion will
be carried out in future work.

NOMENCLATURE

Symbols
C simulated concentration of lactate and cit-

rate (g/L)
Cmeas measured concentration of lactate and ace-

tate (g/L)
S concentration of the nutrient (g/L)

Greek letters
μ specific growth rate (1/day)

Subscripts
s half-life saturation
max maximum
meas measured

Dimensionless numbers
Ks half-life saturation constant
N number of colonies counted on the plate
F dilution factor
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