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A B S T R A C T

The dominant factors in Microbial Influenced Corrosion (MIC) are hard to determine because normally several
individual species and their metabolites are involved, and, moreover, different metabolites may cause opposing
effects. To address this problem, the effects of individual metabolites from different species should be elucidated
when at the same time other metabolites are held constant. In this study, the role is investigated of simulated
organic acid metabolites, namely, acetic and L–ascorbic acids, on corrosion of geo-energy pipelines (carbon steel)
in a simulated Sulfate Reducing Bacteria (SRB) environment. The SRB environment is simulated using a calcium
alginate biofilm, abiotic sulfide, CO2, and NaCl brine. The electrochemical results show that both simulated
organic acid metabolites accelerate corrosion in a simulated SRB environment. The results are further supported
by electrochemical weight losses, kinetic corrosion activation parameters, multiple linear regression, ICP-OES,
pH, and XRD. However, a comparison of electrochemical results with those published in the literature for a
simulated SRB environment without acetic or L-ascorbic acid under similar experimental conditions shows that
the presence of acetic in this study results in lower corrosion current densities while in presence of L-ascorbic acid
results into higher corrosion current densities. This implies that acetic and L-ascorbic acids inhibit and accelerate
corrosion, respectively. In addition, the results highlight that H2S is a key role of corrosion in the presence of
organic acid. The results of this study are important new and novel information on the role of acetic and L-
ascorbic acids in corrosion of geo-energy pipelines in the SRB environment.
1. Introduction

Water in geological reservoirs and installations for oil, gas, and non-
volcanic geothermal energy normally contains NaCl and minor other
elements such as Ca2þ, Mg2þ, SO4

2-, I�, Br�, CO3
2, and HCO3

- (Dresel and
Rose, 2010; Magot et al., 1997, 2000; Muramatsu et al., 2000; Nogara
and Zarrouk, 2018). This mix is commonly denoted “brine”. According to
Magot et al. (1997), the presence of SO4

2- and CO3
2- in water is evidence for

the existence of microbes with metabolic processes, e.g. sulfate reduction
and acetogenesis. Water is a suitable medium to support the growth of
microbes and dissolve metabolic byproducts. The dissolved metabolic
byproducts in water result in the formation of a corrosive solution that in
conjoint interactions with chloride ions limit the application of metallic
akungumarco@udsm.ac.tz (M. M
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materials in the oil, gas, and geothermal industry (Ibrahim et al., 2018;
Kiani Khouzani et al., 2019; Provoost et al., 2018).

Corrosion of metallic materials is a serious multibillion-dollar prob-
lem in the oil, gas, and geothermal industry (geo-energy) as corrosion
reduces mechanical properties leading to loss of materials, and ultimately
failure (Abadeh and Javidi, 2019; Ahmad, 2006; Cramer and Covino,
2003; Li and Ning, 2019; Popoola et al., 2013; Reinecker et al., 2019;
Wang et al., 2019). Metallic materials used in the geo-energy industry are
susceptible to different forms of corrosion, such as general and localized
corrosion, and pitting (Dariva and Galio, 2014; Streicher, 2011). Local-
ized corrosion mainly caused by biotic factors, also known as Microbial
Influenced Corrosion (MIC) is a major cause of pipeline leakage (Alabbas
and Mishra, 2013; Clarke and Aguilera, 2001; Li et al., 2018). MIC is a
adirisha).
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problematic type of corrosion because MIC is difficult to identify
compared to abiotic corrosion. Further, it does not have a specific form
(Little et al., 2020; Riskin and Khentov, 2019). Further, the type and
capability of microbial metabolites that are causing corrosion are un-
certain too (Little et al., 2006). The most dominant and troublesome
species of MIC are Sulfate Reducing Bacteria (SRB) that exist in complex
microbial communities (Audiffrin et al., 2003; Hussain et al., 2016;
Plugge et al., 2011; Wolf et al., 2016).

2. Microbial influenced corrosion due to Sulfate Reducing
Bacteria

Sulfate reducing bacteria (SRB) are ubiquitous anaerobes which are
the most studied corrosive microbes in the geo-energy industry because
sulfate ions are frequently present (Jia et al., 2017). SRB require an
electron donor and acceptor to provide energy for their metabolism.
Low-molecular-weight organic compounds are used as electron donors
while sulfate ions are used as the terminal electron acceptor (reduced to
HS�). According to Gu et al. (2019), SRB consume also elemental iron as
an electron donor when there is a lack of low-molecular-weight organic
compounds (carbon source). In SRB corrosion, bacterial biofilms shuttle
electrons across the cell wall from extracellular iron oxidation to the
cytoplasm, where sulfate reduction occurs under biocatalysis (Gu et al.,
2019; Li et al., 2018). Extracellular electron transfer (EET) is the term for
electron transfer across cell walls (Jia et al., 2018; Li et al., 2015). As a
result, EET-MIC is the first type of microbial influenced corrosion (MIC).
During EET-MIC, electrons can be transferred directly or by electron
shuttles. Some SRBs are said to have outer-membrane cytochromes
(OMCs) that exchange electrons directly with electron shuttles in the
latter situation (Li et al., 2019; Wang et al., 2020). Secreted metabolites
such as H2S, CO2, and organic acids are also reported to cause corrosion
which is known as metabolite MIC (M-MIC), and this type of corrosion is
the central focus of this paper.

3. Influence of organic acid metabolites on corrosion

The distribution of microbes in a microbial community is not homo-
geneous (Almela et al., 2021; Davis and Isberg, 2016). Different inter-
acting species of microbes are known to be present producing different
metabolites which in turn result in metabolic heterogeneity within bac-
terial communities (Kim et al., 2015; Wong et al., 2021). Different mi-
crobial species can share a living space, for example, SRB with
methanogens, SRB with acetogenic, and SRB with fermentative bacteria
(acid producing bacteria). SRB andmethanogens compete for acetate and
H2 while SRB and acetogenic compete for propionate, butyrate, and
ethanol. SRBdependon fermentative bacteria (Figure 1)which cleave and
ferment the complex organic matter to low-molecular-weight organic
compounds. SRB do not metabolize complex organic compounds, such as
those included as substrates in the test medium, instead metabolize short
Figure 1. Dependency of SRB on fermentative bacteria for nutrition.
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chain organic acids (low-molecular-weight organic acids). Fermentative
bacteria produce a variety of low molecular weight organic compounds,
and these include organic acids (acetic, L-ascorbic, gluconic, glucuronic,
formic, peroxides and oxalic, oxalacetic, butyric, succinic, propionic,
fumaric, citric, malic, and glyoxylic acid, kojic, phenylacetic, indolyl-
acetic, dihydroxydibenzenecarboxylic, glutaconic and 4-hydroxyman-
delic acids), ketones, and alcohols (ethanol, propanol, and butanol)
(Bao et al., 2012; Kushkevych et al., 2021; Lugauskas et al., 2009; Naranjo
et al., 2015; Sand and Gehrke, 2003; Tran et al., 2021).

In the absence or low concentration of an external electron acceptor,
fermentative microbes such as acid producing bacteria and SRB strains
oxidize an organic carbon (e.g aromatic and aliphatic hydrocarbons in oil
and gas) and produce energy through substrate-level phosphorylation
(Xu et al., 2016). Organic acids are the main products also in this type of
anaerobic fermentation. The combinations of different metabolites in a
microbial community are likely to have a particular kinetic effect on
corrosion that is specific to the combination of metabolites (Videla and
Herrera, 2009). For example, organic acids are reported to react with
materials of natural and/or synthetic origin causing swelling, total or
partial dissolution, and, finally, deterioration (Caneva et al., 2008).
Organic acids undergo reactions with materials by either the action of
protons or chelation with metal ions and therefore promote corrosion by
destroying the oxide layer formed on the material surface (Caneva et al.,
2008). Despite the direct role of organic acids on materials being
commonly known, their role in combination with SRB environment is
still unclear. The presence of organic acid metabolites in SRB environ-
ment e.g organic acid from fermentative bacteria might result in an
aqueous medium with unique corrosion kinetics (Bao et al., 2012; Bonis
and Crolet, 1989; Crolet and Bonis, 1983). A study on organic acid me-
tabolites in combination with a SRB environment is important to estab-
lish the possible interactions of SRB with other chemical species and with
the metals in installations for oil, gas and non-volcanic geothermal
energy.

The present study aims to investigate the role of organic acid me-
tabolites, namely acetic and L-ascorbic acid (0.2 and 1.0 mM) on corro-
sion of geo-energy pipelines made from carbon steel, in a simulated SRB
environment. The carbon steel corrosion study is simulated in an elec-
trochemical cell with different temperatures (30, 45, and 60 �C) and
exposure times (60 and 120 min). Electrochemical techniques are used to
monitor the corrosion parameters and the results obtained are supported
further by kinetic corrosion of activation, multiple linear regression of
corrosion current densities, Inductively Coupled Plasma - Optical Emis-
sion Spectrometry (ICP-OES), pH, and X-Ray Diffraction (XRD).

4. Materials and methods

4.1. Preparation of test coupons

The electrochemical cell's carbon steel working electrodes (also
known as "test coupons") are prepared from carbon steel used in gas pipes
(API 5L X70M HFW), which is provided by the Tanzania Petroleum
Development Corporation. Table 1 shows the chemical composition of
the carbon steel test coupon. The test coupons are round disks with a
radius of 7 mm and a thickness of 1.5 mm. Each one is polished with 100,
200, 400, 600, 800, and 1000 grit silicon carbide papers, in order of
decreasing particle size. The test coupons are then rinsed with distilled
water and sonicated in ethanol for about 15 min before being rinsed with
acetone and dried. After air drying, the test coupons are weighed on an
electronic analytical balance.
Table 1. Chemical composition of carbon steel API 5L X70M HFW (wt%).

Fe C Si Mn P S V Nb Ti

97.39 0.17 0.45 1.75 0.020 0.010 0.10 0.050 0.060
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4.2. Preparation of biofilm and organic acid metabolites

A mimicked biofilm is prepared in this study because biofilms are
often present in bacteria communities (Alabbas and Mishra, 2013;
Blackwood, 2018; Parthipan et al., 2017; Zuo, 2007). Calcium alginate is
used to model biofilm because it is comparable to the structure and
properties of biofilm in real settings, as reported by numerous authors
(Chang et al., 2010; Nassif et al., 2020). Furthermore, corrosion rates of
0.25–1.6 mm/year have been reported when calcium alginate is com-
bined with SRB metabolites, which are close to previous corrosion rates
obtained in SRB trials (0.20–1.2 mm/year). This means that the simu-
lated H2S, CO2, and biofilm for corrosion investigations are indicative of
the SRB media (Madirisha et al., 2022).

In preparation of a simulated biofilm, a fine strand of nylon is used to
evenly spread sodium alginate (Figure 2a) solution over the entire sur-
face of the prepared test coupons. After that, 0.1 mL of 0.004 M aqueous
CaCl2 is applied to the surface and left for 15 min to allow the reaction to
occur. The test coupons are washed with 10 mL of distilled water to
eliminate any unreacted Na-alginate. Finally, the test coupons are air-
dried. Furthermore, organic acids: acetic and L-ascorbic (Figure 2b,c)
are prepared at the concentration of 0.2 and 1.0 mM. The pH of 2.6 at the
concentration of 0.2 and 1.0 mM acetic or L-ascorbic acid is prepared.
The type and concentration of acids are chosen to represent organic acids
produced by non-SRB.
Figure 2. Structure of sodium alginate(a

Figure 3. Schematic diagram of the set-up for carbon steel corrosion tests (Madiris
Elsevier and Copyright Clearance Center.
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4.3. Electrochemical cell

The electrochemical tests are carried out in a three-electrode
electrochemical cell with a Metrohm PGSTAT204/AUT50663 poten-
tiostat/galvanostat (Autolab B.V., Amsterdam, The Netherlands). The
program used is Metrohm's NOVA version 1.11.2 (Autolab B.V.,
Amsterdam, The Netherlands). In addition, an electrochemical cell is
connected to a thermostat-water bath, a pH meter, and a CO2 gas
cylinder (Figure 3). Working, auxiliary, and reference electrodes are
made of carbon steel coated with biofilm, platinum, and saturated
silver-silver chloride (Ag/AgCl) in 3.0 M KCl, respectively. A 3.0
weight percent NaCl solution is used to mimic brine in oil, gas, and
non-volcanic geothermal energy installations. The electrochemical
cell's solution of simulated brine and organic acid metabolites is
purged with CO2 at a rate of around 150 mL/min to establish an
anaerobic environment while also serving as a product of SRB
dissimilatory sulfate reduction. The purging process begins 30 min
before the experiment and continues until the experiment is
completed. The test matrix (Table 2) is designed so that the total
volume of the solution in the electrochemical cell is 500 mL, with a
volume ratio of 487: 10: 3 for 3.0 weight percent NaCl solution (to
represent brine), organic acid metabolites, and 0.4 M Na2S.xH2O (to
mimic H2S), respectively. Corrosion tests are carried out at tempera-
tures of 30, 45, and 60 �C, with exposure durations of 60 and 120 min.
), acetic acid (b), and L-ascorbic (c).

ha et al., 2022). The Copyright Permission of this Figure has been granted by



Table 2. Experiments for the investigation of the role of organic acid metabolites
on the corrosion of carbon steel.

Acid Experiment Temperature
(�C)

Concentration
of acid (mM)

Time
(min)

Acetic acid 1, 2, 3 30, 45, 60 0.2 60

4, 5, 6 30, 45, 60 1.0 60

7, 8, 9 30, 45, 60 0.2 120

10, 11,12 30, 45, 60 1.0 120

L-Ascorbic acid 13, 14, 15 30, 45, 60 0.2 60

16, 17, 18 30, 45, 60 1.0 60

19, 20, 21 30, 45, 60 0.2 120

22, 23, 24 30, 45, 60 1.0 120
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All tests are carried out twice. Furthermore, the pH of the solution is
monitored during the tests at the start, as well as every 60 and 120
min. Initial pH is the pH recorded at the start of the test, whereas final
pH is the pH recorded after 60 and 120 min. After each test, the test
coupon is taken out of the cell and placed in a desiccator for further
analysis.

4.4. Methods

4.4.1. Electrochemical corrosion measurements
The electrochemical corrosion measurements by Electrochemical

Impedance Spectroscopy (EIS) and by PotentioDynamic Polarization
(PDP) are done in the electrochemical cell after 60 and 120 min. The EIS
is carried out in a frequency range of 0.5 mHz–10 kHz with a perturba-
tion amplitude of 10 mV. The measurements are all performed at the
open circuit potential and are taken after 60 min and 120 min exposure
time. Furthermore, the electrochemical circle fitting -analysis on EIS data
is done using the NOVA software to generate the polarization resistance
(Rp), solution resistance (Rs), and constant phase elements (CPE): pseudo-
capacitance/admittance (Yo), and phase shift/index (n).

The PDP is measured by sweeping the potential at a rate of 10
mVmin�1 in the range of -200 to 200 mV vs Ag/AgCl reference electrode,
i.e cathodically and anodically from open circuit potential. The Tafel
slopes (ba and bc) are determined after a stable open circuit potential is
achieved by extrapolating the linear Tafel regions to the corrosion po-
tential (Ecorr). All polarization measurements are performed after the
electrochemical impedance measurements.

4.4.2. Gravimetric analysis
Gravimetric analysis is done by conversion of the obtained corrosion

current density to the more comprehensive electrochemical weight loss.
This follows Faraday's law (Eq. (1)) (Apostolopoulos et al., 2013; Munoz
et al., 2007; Sanchez et al., 2017):

ΔWðgÞ¼P
R
Idt
F

(1)

where P is the equivalent weight of iron with a valence of 2; I is corrosion
current density; t ¼ time; the integral

R
Idt corresponds to the area under

the curve obtained in the electrochemical measurements (Icorr - time
curve); and F is the Faraday constant of about 9.65 � 104 C mol–1.

4.4.3. Kinetic parameters of activation corrosion
The Arrhenius Eq. (2) and transition state Eq. (3) are used to deter-

mine the kinetic parameters of activation corrosion namely, apparent
activation corrosion energy (Eact), enthalpy of activation (ΔHact), and
entropy of activation (ΔSact). The Eact, ΔHact, and ΔSact have a direct in-
fluence on the corrosion current densities of the material (Go et al., 2020;
Khadom et al., 2009).
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log Icorr ¼ log A� Eact

2:303RT
(2)
Icorr ¼RT
Nh

e
ΔSact
R e�

ΔHact
RT (3)

A is the pre-exponential factor, R is the universal gas constant of 8.314
J/(mol⋅K), T is the testing temperature (K), N is Avogadro's number, h is
Plank's constant.

4.4.4. Characterization of the dissolved metal ions in solution
The ICP-OES (PerkinElmer 8300DV) is used to quantify Fe, Si, and

Mn ions dissolved in the solution after every test. Before the ICP-OES
analysis, stepwise dilution of a multi-element (1000 mg/L) ICP stan-
dard solution (Merck) to make working standard solutions is per-
formed. The prepared solutions are filled into ICP-OES tubes and
introduced into the autosampler of the ICP-OES machine. Calibration
of blanks (DW and brine) and the prepared working standard solution
are performed. For standard solution, calibration is performed ranging
from low to high concentration. Thereafter, both blank samples and
the supernatant (samples collected after electrochemical measure-
ments) are inserted into the autosampler ready for analysis. To obtain
the corrected ICP-OES results, the ICP-OES results of supernatant
samples are subtracted with the ICP-OES results of blanks of distilled
water and brine. The corrected ICP-OES results (mg/L) are finally
normalized to the weight of the working electrode (g), working elec-
trode exposed geometrical surface area (cm2), and the total solution
volume (L) in the electrochemical cell. The normalized results are
expressed in μg/g.cm2.

4.4.5. Inferential statistics
Inferential statistics is the branch of statistics allowing to make pre-

dictions (“inferences”) from the data collected. Regression analysis is
chosen to ascertain the extent of the relationship between the outcome
variable (dependent variable) and predictor variables (independent
variables). The regression analysis is performed by using the IBM SPSS
statistics 27 software. Multiple linear regression is performed on corro-
sion current density (Icorr) as a function of temperature, exposure time,
the concentration of acids, and pH of the solution.

4.4.6. Characterization of corrosion products
The characterization of the corrosion products on the corroded

test coupons is performed using XRD (Bruker D2 phaser) with CuKα ra-
diation, LYNXEYE detector, and corundum as an ideal internal standard.
To collect the diffractogram, the XRD machine is set to operate at
1.54184 Å, 10 mA, 30 kV, and 6� to 80�in the 2θ range with the step size
of 0.012� and integration time of 0.1s. In addition, a standard divergence
slit of 0.6 mm to control the illuminated area, and a detector slit of 8 mm
where X rays are refocused are used. The DIFFRA.EVA software is used
for the identification of the obtained diffractograms. Each corroded test
coupon was measured for 24 h. Furthermore, fresh test coupon was used
as a reference.

5. Results and discussion

5.1. PotentioDynamic polarization

The electrochemical results of the PDP measurements determining
the influence of acetic acid (0.2 and 1.0 mM) are shown in Table 3. The
PDP results show that the corrosion potentials (Ecorr) at exposure times of
60 and 120 min are less negative than the standard potential (E) of iron
which is -680 mV (Standard Calomel Electrode (SCE)). A negative over
potential implies that the reduction reaction (cathodic reaction) domi-
nates the corrosion process. The possible cathodic chemical equations are
Eqs. (4), (5), and (6):



Table 4. Electrochemical parameters (PDP) for test coupons in brine solution as function of time, L-ascorbic acid and temperature.

t (min) [L-ascorbic] (mM) T (�C) Ecorr (mV, Ag/AgCl) Icorr (mAcm�2) ba (mVdec�1) bc (mVdec�1) Rp (Ω)

60 0.2 30 -681 � 2 0.89 � 0.00 136 � 11 59 � 3 528 � 21

45 -705 � 1 1.17 � 0.01 179 � 4 59 � 5 402 � 27

60 -708 � 1 1.68 � 0.00 341 � 14 58 � 8 380 � 1

1.0 30 -711 � 1 1.88 � 0.01 390 � 42 87 � 7 194 � 1

45 -713 � 3 2.12 � 0.00 431 � 27 89 � 4 182 � 7

60 -717 � 2 2.77 � 0.01 538 � 82 96 � 6 79 � 1

120 0.2 30 -685 � 1 0.97 � 0.00 179 � 4 54 � 1 417 � 4

45 -707 � 2 1.49 � 0.00 229 � 3 66 � 6 364 � 1

60 -710 � 1 1.84 � 0.00 239 � 4 67 � 1 312 � 1

1.0 30 -715 � 2 2.22 � 0.00 399 � 70 85 � 15 163 � 2

45 -721 � 1 2.94 � 0.00 413 � 81 88 � 15 118 � 1

60 -748 � 2 3.32 � 0.00 576 � 94 130 � 17 72 � 1

Table 3. Electrochemical parameters (PDP) for test coupons in brine solution as function of time, acetic acid and temperature.

t (min) [Acetic] (mM) T (�C) Ecorr (mV, Ag/AgCl) Icorr (mAcm�2) ba (mVdec�1) bc (mVdec�1) Rp (Ω)

60 0.2 30 -668 � 2 0.07 � 0.00 241 � 14 61 � 3 286 � 3

45 -670 � 1 0.08 � 0.00 220 � 11 60 � 1 275 � 1

60 -672 � 4 0.09 � 0.00 192 � 2 55 � 1 273 � 1

1.0 30 -682 � 1 0.12 � 0.01 253 � 17 66 � 5 198 � 4

45 -684 � 2 0.13 � 0.01 235 � 15 62 � 2 192 � 1

60 -686 � 1 0.14 � 0.01 204 � 2 56 � 3 125 � 1

120 0.2 30 -643 � 1 0.06 � 0.02 179 � 8 62 � 2 280 � 3

45 -666 � 3 0.07 � 0.01 166 � 4 60 � 1 275 � 1

60 -670 � 3 0.08 � 0.02 146 � 10 63 � 4 247 � 5

1.0 30 -680 � 2 0.11 � 0.00 248 � 11 75 � 10 213 � 1

45 -686 � 1 0.13 � 0.00 216 � 1 72 � 0 161 � 1

60 -692 � 2 0.14 � 0.00 196 � 5 64 � 2 113 � 1
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2H2Sþ 2e� →2HS� þ H2 (4)
Table 5. Polarization resistance, solution resistance, and CPEs for test coupons in
brine solution experiments as a function of time, acetic acid, and temperature.
2HAcþ 2e� → H2 þ 2Ac� (5)

2H2CO3 þ 2e� → H2 þ 2HCO�
3 (6)

Furthermore, an increase in corrosion current densities and Tafel
slopes is observed when temperature increases in the presence of either
0.2 or 1.0 mM. This increase in corrosion current with increasing tem-
perature is likely due to either a rapid increase in the amount of hydrogen
species as a result of an increase in the extent of chemisorption of acetic
acid on the surface of test coupons as described by the chemical Eqs. (7)
and (8) (Amri et al., 2011; Singh and Gupta, 2000) or dissociation of H2S
according to Eq. (2). Other authors report that such an increase in
corrosion current as temperature increases is likely due to direct acetic
Figure 4. Formation of chelating complex between Fe2þ and L- Ascorbic acid.
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acid reduction during the corrosion process, Eq. (5) (Kahyarian et al.,
2017).

HAcðadÞ⇌Hþ þAc�⇌HðadÞ þ Ac� (7)

HðadÞ þHþ⇌H2 (8)

On the other hand, an increase in corrosion current densities when
the concentration of acetic acid increases can be explained by Le-Cha-
telier's Principle. Taking into account Eq. (7), an increase in the
t
(min)

[Acetic]
(mM)

T
(�C)

Rp

(Ω)
Rs

(Ω)
CPEs

Yo (x10�2 μF) n

60 0.2 30 22.60 � 0.11 2.24 � 0.05 1.799 1.000

45 15.55 � 0.01 0.98 � 0.00 2.201 1.000

60 14.24 � 0.12 0.77 � 0.06 2.493 1.000

1.0 30 17.03 � 0.21 0.82 � 0.14 2.362 1.000

45 15.40 � 0.06 0.58 � 0.08 2.395 1.000

60 12.62 � 0.42 0.21 � 0.06 2.522 1.000

120 0.2 30 15.74 � 0.63 0.46 � 0.15 2.557 1.000

45 13.63 � 0.51 0.32 � 0.08 2.519 1.000

60 13.18 � 0.01 0.31 � 0.06 2.616 1.000

1.0 30 13.62 � 0.54 0.40 � 0.02 2.225 1.000

45 12.22 � 0.01 0.32 � 0.00 2.243 1.000

60 09.03 � 0.13 0.29 � 0.08 2.444 1.000



Table 6. Polarization resistances, solution resistances, and CPEs for test coupons
in brine solution experiments as a function of time, L-ascorbic acid, and
temperature.

t
(min)

[L-
ascorbic]
(mM)

T
(�C)

Rp

(Ω)
Rs

(Ω)
CPEs

Yo (x10�2 μF) n

60 0.2 30 20.18� 1.28 1.58� 0.15 1.953 1.000

45 16.49� 1.29 0.77� 0.02 2.096 1.000

60 12.84� 1.65 0.44� 0.07 2.330 1.000

1.0 30 16.45� 0.13 0.32� 0.06 1.954 1.000

45 14.40� 0.19 0.18� 0.08 1.965 1.000

60 12.78� 0.09 0.07� 0.06 2.372 1.000

120 0.2 30 18.41� 1.33 0.33� 0.15 1.751 1.000

45 14.92� 1.11 0.11� 0.08 1.954 1.000

60 11.96� 1.99 0.09� 0.06 2.372 1.000

1.0 30 13.65� 0.07 0.90� 0.04 1.772 1.000

45 11.67� 0.08 0.88� 0.05 2.065 1.000

60 09.78� 0.09 0.67� 0.06 2.603 1.000
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concentration of acetic acid favours the right-hand side reaction and
hence rapidly favours the cathodic reaction. An increase in corrosion
current upon an increase in acetic concentration is likely also linked to
the absence of dimer and polymer formation associated with acetic acid.
The lack of dimer and polymer formation is likely to boost the ions'
mobility (hydrogen ions and anionic conjugate base) (Singh and
Mukherjee, 2010). However, comparison on the corrosion current den-
sities in the presence of acetic acid in this study are two times lower than
without acetic acid under similar experimental conditions reported in
Figure 5. Electrochemical weight loss of test coupons as a function of the concentrat

Figure 6. Plot of log icorr vs 1/T as a function of the concentration of
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Madirisha et al. (2022). In addition, a significant change in Tafel slope is
observed. Lower corrosion current densities evidenced in the presence of
acetic acid in a SRB environment implies an inhibitory effect occurring
on the working electrode while the significant change in Tafel slopes
indicates the change in species involved in the reaction. This research
finding implies that acetic acid does not accelerate the corrosion process
instead it triggers the localized attack of a metal surface. Furthermore,
H2S is the responsible species in accelerating corrosion. Acetic acid in-
hibits the cathodic hydrogen ion reduction reaction and the anodic iron
dissolving reaction, which has a substantial impact on the corrosion
process. When the temperature and concentration of acetic acid are
increased, however, the inhibition is reduced. The uniqueness of this
study is highlighted by the inhibitory effect of acetic acid in a simulated
SRB.The inhibitory effect demonstrated by acetic acid in a simulated SRB
setting highlights the novelty of this work.

Replacing acetic acid with L-ascorbic acid results in corrosion po-
tentials greater than the standard potential (E) of iron (Table 4) which is
-680 mV (SCE) which implies that the anodic reaction is dominant
compared to the cathodic reaction. The possible anodic reaction involved
is the dissolution of iron to ferrous ions given by Eq. (9) while the
cathodic reactions are given by Eqs. (4), (6), and (10).

Fe→ Fe2þ þ 2e� (9)

O

H
O–

OH

OH

H OH

O
O

H
OH

OH

OH

H OH

O

H2    + (10)
ion of acids, exposure time, and temperature: (a) acetic acid (b) L-ascorbic acid.

acids and exposure time: (a) acetic acid (b) L-ascorbic ascorbic.



Figure 7. Plot of 1/T vs ln (icorr/T) as a function of concentration of acids and exposure time: (a) acetic acid (b) L-ascorbic ascorbic.

Table 7. The apparent activation corrosion energy (Eact), enthalpy of activation
(Δ Hact) and entropy of activation (Δ Sact) as the function of temperature and
corrosion current density (icorr).

Acid Conc.
(mM)

Time (min) Eact (kJ/mol) Δ Hact (kJ) Δ Sact (kJ/K)

Acetic 0.2 60 7.03 4.39 -0.26

1.0 4.31 1.67 -0.27

0.2 120 8.05 5.41 -0.26

1.0 6.78 4.14 -0.27

L-ascorbic 0.2 60 17.89 15.25 -0.21

1.0 10.84 8.28 -0.22

0.2 120 18.03 15.39 -0.21

1.0 11.33 8.69 -0.22

Figure 8. Final pH of the brine solution with organic acid metabolites as a function
ascorbic acid, 60 min (d) L-ascorbic acid, 120 min.
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In the presence of L-ascorbic acid, the Icorr, Ecorr, and Tafel slopes in-
crease while Rp decreases when temperature increases. Comparing the
corrosion current densities with those reported in a SRB environment
without L-ascorbic acid under similar experimental conditions in Mad-
irisha et al. (2022), the corrosion current densities are approximately two
times higher implying higher corrosion rates. To elaborate, corrosion
experiments with L-ascorbic acid alone have shown the acid to serve as
the corrosion inhibitor for corrosive ions (Chidiebere et al., 2015;
Fuchs-Godec et al., 2013; Hong et al., 2016). However, this increase in
corrosion current densities observed under a SRB environment is likely
associated with the formation of a chelating complex of high solubility
that easily forms with Fe2þ (Figure 4). The increase in corrosion current
densities in the presence of either 0.2 or 1.0 mM L-ascorbic acid under a
simulated SRB environment is not found in the literature and therefore
highlights the novelty of this research.
of time and temperature: (a) Acetic acid, 60 min (b) Acetic acid, 120 min (c) L-
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5.2. Electrochemical Impedance Spectroscopy

The electrochemical results of the EIS measurements determining
the influence of acetic acid (0.2 and 1.0 mM) are shown in Table 5. The
increase in temperature and concentration of acetic acid shown in the
EIS results in a decrease of Rp and Rs, and an increase of Yo. The decrease
in resistances (Rp and Rs) implies an increase in corrosion current
densities. Moreover, the conversion of Yo data into equivalent capaci-
tance (C) which is governed by Eq. (11) shows that when n ¼ 1 in
Table 5, the pseudo capacitance (Yo) is equal to equivalent capacitance
(Cdl) and thus the CPEs are equivalent to pure capacitors. If Yo ¼ Cdl, the
trend demonstrated by Yo is also similar to Cdl. and their increase re-
flects an increase in corrosion rate. These results further support the
PDP results.

Cdl ¼Y
1
n
oR

1�n
n

p (11)

The EIS results for L-ascorbic acid show a drop in Rp and Rs when the
concentration of L-ascorbic acid, and temperature are increased
(Table 6). The drop in Rp and Rs further supports the PDP results that L-
ascorbic acid increases corrosion instead of acting as the corrosion in-
hibitor as reported in the literature (Ferreira et al., 2004; Fuadi, 2019).
This increase in corrosion rate is in agreement with the increase in Yo

since n ¼ 1 based on Eq. (11).
Figure 9. Dissolved cations (Fe, Si, and Mn) in a brine solution with organic acid me
mM (b) Acetic acid, 60 min and 1.0 mM (c) Acetic acid, 120 min and 0.2 mM (d) A
ascorbic acid, 60 min and 1.0 mM (g) L-ascorbic acid, 120 min and 0.2 mM (h) L-a
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5.3. Gravimetric results

The gravimetric results based on electrochemical weight loss of test
coupons in acetic and L-ascorbic acids as computed using Eq. (1) are
presented in Figure 5. The electrochemical weight loss for test coupons in
either acetic or ascorbic acid shown in both Figures increase with an
increase in temperature and concentration of the acid. This implies an
increase in corrosion current densities. The electrochemical weight loss is
maximum at 60 �C for 1.0 mM of acid and 120-exposure time and min-
imum at 30 �C for 0.2 mM of acid and 60-exposure time. In addition, the
electrochemical weight loss in the presence of L-ascorbic acid is higher
than in the presence of acetic acid which in turn implies higher corrosion.
These observations are in agreement with the PDP and EIS results.

5.4. Kinetic parameters of activation corrosion

The apparent activation corrosion energy (Eact) is estimated from the
linear regression plot shown in Figure 6 of Arrhenius equation (Eq. (2)).
Further, the enthalpy of activation (Δ Hact) and entropy of activation (Δ
Sact) are also estimated from the linear regression plot shown in Figure 7
of the transition state equation (Eq. (3)). The numerical results are shown
in Table 7. The kinetic parameters of activation corrosion, i.e. Eact and
ΔHact, in the presence of either acetic or ascorbic acid decrease with an
increase in acid concentration. This implies an increase in corrosion
tabolites as a function of time and temperature: (a) Acetic acid, 60 min and 0.2
cetic acid, 120 min, and 1.0 mM (e) L-ascorbic acid, 60 min and 0.2 mM (f) L-
scorbic acid, 120 min, and 1.0 mM.



Figure 10. XRD patterns for test coupons in a brine solution

Table 8. Corrosion current density, temperature, exposure time, the concentra-
tion of acids, and pH of the solution.

Acid Icorr T (�C) Time (min) Conc. (mM) pH

Acetic 0.07 30 60 0.2 3.35

0.08 45 60 0.2 3.01

0.09 60 60 0.2 2.96

0.12 30 60 1 2.68

0.13 45 60 1 2.63

0.14 60 60 1 2.48

0.06 30 120 0.2 3.33

0.07 45 120 0.2 2.99

0.08 60 120 0.2 2.94

0.11 30 120 1 2.71

0.13 45 120 1 2.61

0.14 60 120 1 2.54

L-ascorbic 0.89 30 60 0.2 2.84

1.17 45 60 0.2 2.66

1.68 60 60 0.2 2.41

1.88 30 60 1 2.47

2.12 45 60 1 2.27

2.77 60 60 1 2.22

0.97 30 120 0.2 2.93

1.49 45 120 0.2 2.65

1.84 60 120 0.2 2.46

2.22 30 120 1 2.54

2.94 45 120 1 2.31

3.32 60 120 1 2,.24

Table 9. R2, p and coefficient values of prediction of corrosion current density
(icorr) as a function of temperature, exposure time, the concentration of acids, and
pH of the solution.

Acid R2 p Model equation

Acetic 0.992 0.000 icorr (acetic) ¼ 0.001T þ 0.000t þ
0.075C þ 0.014pH - 0.014

L-ascorbic 0.970 0.000 icorr (L-ascorbic) ¼ 0.033T þ 0.006t þ
1.602C þ 0.254pH - 1.711

Notes: R2: coefficient of determination; p-value: probability of obtaining; T:
temperature; C: concentration; t: exposure time.
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current and thus the dissolution of metal. The reaction at the metal
surface requires a small activation energy and activation enthalpy to
proceed if the acid solution concentration is increased. The positive sign
for both Eact and ΔHact reflects the endothermic nature of the corrosion
process while the increase of ΔSact implies an increase in disordering
takes place on going from reactants to the activated complex (Go et al.,
2020; Okewale and Adesina, 2020). These observations on kinetic pa-
rameters of activation corrosion support the PDP and EIS results.

5.5. pH results

The final pH after the experiments is plotted against temperature
(Figure 8). The final pH decreases as the temperature increases to 60 �C.
With L-ascorbic acid instead of acetic acid, the pH decreases even more to
2.5 at 60 �C. This decrease in pH values if the temperature increases
implies the increase in corrosion current densities as confirmed in Ta-
bles 3 and 4 (PDP results). Further, the change in concentration from 0.2
to 1.0 mM of either acetic or L-ascorbic acid decreases the pH values and
consequently increases the corrosion current densities too. The decrease
in L-ascorbic acid is more than in acetic which implies higher corrosion
current densities.

5.6. ICP-OES results

The ICP-OES results on dissolved metal ions in solution are shown in
Figure 9. The general trend observed is that the concentration of metal
ions (Fe, Si, and Mn) in solution increases as temperature and concen-
tration of the organic acid metabolite increase. This trend is consistent
with the trend of corrosion current densities. The increase in metal ions
into solution when temperature or concentration increases relates to the
increase in Hþ and decrease in pH).

According to Madirisha et al. (2022), the ICP-OES results of carbon
steel corrosion under SRB conditions, with biofilm and in brine solution
show an average concentration of Fe, Si, and Mn of 220 μg/gcm2 (at 60
and 120min). Carbon steel corrosion under the same conditions, with the
addition of acetic acid (60 and 120 min), in both concentrations (0.2 and
1.0 mM), results in a decrease of the dissolved ion concentration to 60
μg/gcm2 for 0.2 mM and 170 μg/gcm2 for 1.0 mM. The addition of
L-ascorbic (1.0 mM) instead of acetic acid increases the dissolution of the
carbon steel coupon even more to dissolved ion (Fe, Si, and Mn) con-
centrations of 800 μg/gcm2 and 1100 μg/gcm2, at 60 min and 120 min
exposure time, respectively. These results further support the PDP and
EIS on inhibition and acceleration of corrosion demonstrated by acetic
and L-ascorbic acids in a simulated SRB environment, respectively.
with acetic acid as a function of exposure time at 60 �C.



Figure 11. XRD patterns for test coupons in a brine solution with L-ascorbic acid as a function of exposure time and temperature.
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5.7. Multiple linear regression

The data shown in Table 8 is analyzed by multiple linear regression to
predict the icorr as a function of temperature, exposure time, the con-
centration of acids, and pH of the solution. The data in Table 8 do not
show any quadratic, polynomial, exponential, or logarithmic relation due
to near-collinearity among model terms. The R2, p, and coefficient values
are shown in Table 9. The R2 values show a strong correlation between
the variables (0.992 and 0.970). The concentration of acids, temperature,
exposure time, and pH have a high influence on the corrosion current
densities in either acetic or L-ascorbic acid. The p-value in acetic or L-
ascorbic shows a significant correlation because it is less than the sta-
tistical accepted value which is 0.05. On the other hand, the coefficient
values of independent variables show that the concentration of acid has
more influence on corrosion current densities than on pH, temperature,
and exposure time. The influence of the concentration of acid on corro-
sion current densities is more pronounced in L-ascorbic than acetic ex-
periments which in turn implies higher corrosion current densities in the
presence of L-ascorbic. These regression results strongly support the PDP,
EIS, and pH measurement results.

5.8. XRD results

XRD diffractograms of test coupons corroded in presence of acetic and
L-ascorbic acid are shown in Figures 10 and 11, respectively. All coupons
have been measured, however only the diffractograms with the most
significant alterations are shown. The XRD reveals the occurrence of
corrosion products namely FeS and γ-FeOOH in the presence of acetic or
L-ascorbic acid in a simulated SRB environment. The presence of these
corrosion products under a simulated SRB environment is in agreement
with the literature that when SRB are present in the environment, the
first corrosion products are ferric (oxyhydroxide) such as lepidocrocite,
transformed to the iron sulphide by hydrogen sulphide, chemical Eq. (12)
(El Hajj et al., 2013). The presence of corrosion products on test coupons
in the presence of acetic or L-ascorbic acid in a simulated SRB environ-
ment further supports the occurrence of deterioration on the test
coupons.

3H2Sþ 2FeOOH → 2FeSþ Sþ 4H2O (12)

6. Conclusions

The role of simulated organic acid metabolites, namely acetic and L-
ascorbic acids on corrosion of geo-energy pipeline made of carbon steel
in the presence of simulated Sulfate Reducing Bacteria (SRB) is investi-
gated at different temperatures (30, 45, and 60 �C) and exposure times
10
(60 and 120 min). Abiotic sulfide, CO2, calcium alginate and NaCl brine
are used to simulate the SRB environment. The electrochemical results
show that acetic and L-ascorbic acids in a simulated SRB environment
accelerate corrosion. Further, the electrochemical weight loss increases
with the increase in temperature and concentration of the acetic/L-
ascorbic acid which in turn implies an increase in corrosion current
densities. These observations are further supported by the kinetic
corrosion activation parameters which show an endothermic nature of
the corrosion process characterized with a small activation energy and
activation enthalpy to proceed if the acid solution concentration is
increased. The R2 from multiple linear regression of corrosion current
densities shows that concentration of acids, temperature, exposure time,
and pH have a high influence on the corrosion current densities. The p-
values in acetic or L-ascorbic show a significant correlation of the vari-
ables on corrosion because p-values are less than the statistical accepted
value which is 0.05. On the other hand, the coefficient values in the
presence of L-ascorbic acid are higher than in acetic acid implying higher
corrosion current densities. Furthermore, the ICP-OES shows that the
dissolution of metal ions in solution is more in the presence of L-ascorbic
than in the presence of acetic acid. The increase of dissolution of carbon
steel is accompanied by the decrease of the pH solution when acetic acid
and L-ascorbic acid are added. The XRD results also confirm the occur-
rence of corrosion in the presence of acetic/L-ascorbic acid. This is evi-
denced by the formation of FeS and γ-FeOOH.

Comparison of electrochemical results in this study with the results in
a simulated SRB environment without acetic or L-ascorbic acid shows
that the corrosion current densities in the presence of acetic acids in a
SRB environment are two times lower than those in a simulated SRB
environment without acetic acid under similar experimental conditions
(Madirisha et al., 2022). This observation shows that acetic acid in the
presence of a simulated SRB environment demonstrates an inhibitory
effect. On the other hand, the corrosion current densities in the presence
of L-ascorbic acid in a simulated SRB environment are approximately two
times higher than without L-ascorbic acid implying that L-ascorbic acid
accelerates corrosion. The effect on corrosion current densities demon-
strated by acetic and L-ascorbic acids in a simulated SRB environment is
not found in the literature. Furthermore, the ICP-OES results support the
corrosion inhibitory and acceleration effects due to the presence of acetic
and L-ascorbic acid, respectively. Taking into account the ICP-OES results
(average concentration of Fe, Si, and Mn is 220 ug/gcm2) of test coupons
under SRB conditions without acetic or L-ascorbic acid reported in
Madirisha et al. (2022), adding acetic acid with concentrations 0.2 and
1.0 mM (60 and 120 min), decreases the dissolved metal ion concen-
tration to 60 μg/gcm2 for 0.2 mM and 170 μg/gcm2 for 1.0 mM. The
addition of L-ascorbic (1M) instead of acetic acid increases the dissolu-
tion of the carbon steel test coupons even more to dissolved ion (Fe, Si,
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and Mn) concentrations of 800 μg/gcm2 and 1100 μg/gcm2, at 60 min
and 120 min exposure time, respectively. The results complement the
existing literature on the role of acetic and L-ascorbic acids on corrosion
of carbon steel in a SRB environment and highlight the novelty of this
research. In addition, the results highlight the role of H2S in organic acid
corrosion as being the key role. The results have a direct impact on the
role of other microbial metabolites in the corrosion of carbon steel.
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