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Abstract: The effects of organic metabolites produced by a sulfate-reducing prokaryote (SRP) in seawater on
the anode corrosion process of magnesium alloy were analyzed by open circuit potential, electrochemical
impedance spectroscopy, polarization curve, and other electrochemical methods, combined with scanning
electron microscopy and X-ray diffraction. It was found that the product film produced by magnesium alloy
anode corrosion was not dense, and the surface of the magnesium anode substrate was exposed during the
corrosion process. The corrosion of magnesium anode matrix was accelerated by the simulation of different
organic metabolites including mannose, glucuronic acid, and glucose. Thus, the synergistic effect of various
metabolites produced by SRP in the corrosion process of magnesium alloy may be considered in future studies.

Keywords: sulfate-reducing prokaryote; AZ31B magnesium anode; organic metabolites;
electrochemical corrosion

1. Introduction

Because of the wide range of microbial corrosion, many metal materials may suffer from
microbial corrosion[1]. sulfate-reducing prokaryote (SRP) accounted for more than 50 percent of all
cases of microbial influence on corrosion[2]. The mechanisms of MIC induced by SRP are mainly
divided into two categories [3]. One is extracellular electron transfer (EET): bacteria enhance
corrosion by obtaining electrons directly from the surface of the metal matrix [4]. The corrosive media
secreted by bacteria, such as inorganic and organic acids, can also cause microbial corrosion [5]. For
this reason, they are also known as metabolites-MIC (M-MIC) [6]. Since there may be many corrosion
mechanisms involved in the process of microbial corrosion of metals, it is still difficult to determine
the main factors in the corrosion of SRP [7, 8]. Therefore, the influence of different metabolites on the
metal corrosion process must be explored and clarified.

As a sacrificial anode material, magnesium alloy is easy to corrode due to its high chemical
activity [9], so its large-scale application is limited. Magnesium alloy anode has been widely used in
cathodic protection of buried pipelines [10]. With the continuous development of offshore oil and gas
facilities, the corrosion of carbon steel in pipelines has been paid more and more attention, but the
magnesium alloy anode which provides protection has been neglected. The research on magnesium
anode corrosion is also worthy of attention [11]. In actual production operations, engineers often find
that the current efficiency of magnesium anodes is too low. These anodes often do not achieve the
expected protection effect [12]. Considering the low efficiency of commercial magnesium alloy
sacrificial anode [13], combined with the high detection rate of SRP in the actual engineering

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202311.0753.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 November 2023 doi:10.20944/preprints202311.0753.v1

environment [14], we assume that the failure of magnesium alloy dissolution corrosion process is
influenced by SRP.

At present, although there are many reports on the surface corrosion of magnesium alloys [15,
16], only a few works focused on the effect of SRP metabolites on magnesium alloys [17]. Most studies
have focused on the effects of SRP growth and sulfide production on the corrosion of carbon steel or
copper [18, 19]. Researchers have even reached opposite conclusions in exploring the corrosion effects
of different metabolites on carbon steel. For example, how can extracellular polymeric substances
(EPS) protect Q235 steel from corrosion during the initial phase of the experiment, but its inherent
inorganic metabolite sulfide accelerates corrosion [20]. Moreover, it is difficult to find the influence
of EPS organic compounds on magnesium alloy corrosion. Therefore, it is difficult to determine the
effect of different organic metabolites of SRP on the anode corrosion of magnesium alloy, and it is
necessary to determine the contribution of different organic metabolites to the corrosion process.

In this study, the effects of three organic metabolites including mannose, glucose, and glucuronic
acid of SRP strain on the anode corrosion behavior of AZ31B magnesium alloy in seawater were
determined by electrochemical tests and surface morphology characterization. The effect of SRP
organic metabolites on the corrosion properties of magnesium alloys was discussed.

2. Materials and Methods

2.1. Experimental Reagent

The test material was a commercial AZ31B magnesium alloy sacrificial anode of 10 mm x10 mm
x10 mm. The chemical composition of the alloy is shown in Table 1. Copper screws (O3 mm) were
inserted into one end of the magnesium alloy. After welding the screws with copper wire, the
working face was exposed, and the rest was sealed with epoxy resin. According to national standard
GB 5776-86, sandpaper step by step to 2000#. After ultrasonic cleaning, the sample was rinsed with
ultra-pure water, and wiped the working surface using anhydrous ethanol.

Table 1. The chemical composition of AZ31B Mg alloy sacrificial anodes (wt.%).

Composition Al  Be Si Ca Zn Mn Cu Fe Ce Mg
AZ31B 3.19 0.100 0.020 0.040 0.810 0.334 0.050 0.005 - 955

-: Not detected or below the detection limit.

In the blank control group, the filtrated seawater was used as the experimental solution.
According to the usual metabolic profiles of SRP [21], the relevant solutions were configured using
analytically pure mannose, glucuronic acid, glucose, and filtered seawater. Three kinds of seawater
solutions with concentrations of organic matter of 1 ppm, 5 ppm, and 10 ppm were configured
respectively.

2.2. Weightlessness Experiment

AZ31B magnesium alloy anode with the size of 20 mmx50 mmx4 mm was used for the
weightlessness experiment. After the samples were weighed three times with a high-precision
balance, they were suspended and immersed in seawater solutions of different concentrations of
different metabolites with different concentrations with fishing lines. Three parallel samples were set
for each component, and the weightlessness experiment lasted for 12 days. After the experiment, the
test pieces were immersed in the dedusting solution containing CrO:z 150 g/L and Ag>CrOs 10 g/L for
5 min, and the corrosion products on the surface of the samples were washed off. The samples were
weighed according to the national standard (GB/T39637-2020). The corrosion rate was calculated as
follows:

Wo =W

V=876 x— 0 (1)
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v is the average corrosion rate of the sample (mmy/a), wo-w1 is the weight of the corrosion product
after removal (g), A is the sample area (m?), T is the test period (h), o is the density of the magnesium
anode (1.78 g/cm?).

2.3. Surface Characterization of Samples

AZ31B magnesium alloy test pieces of 10 mmx10 mmx1 mm were immersed in seawater solution
containing different metabolites with different concentrations. Three pieces in each group after a 12-
day immersion experiment were used for the surface characterization test. After the soaking
experiment, the AZ31B magnesium alloy anode test pieces were taken out and dried in a vacuum
drying oven. Scanning electron microscope (SEM) was used to observe the morphology of corrosion
products on the surface of test pieces. X-ray diffractometer (XRD) (D/MAX-2500/PC, Tokyo, Japan)
determines the composition of the compounds in the corrosion products. The XRD patterns were
collected from 5° to 80° at a rate of 10°min-".

2.4. Corrosion Electrochemical Experiment

Electrochemical measurement of AZ31B magnesium anode was taken using an electrochemical
workstation CHIZ760E. The working electrode (WE) of AZ31B magnesium anode was embedded in
epoxy resin. The exposed surface was 10 mmx10 mm. Saturated calomel electrode (SCE) and
platinum electrode were used as reference electrode (RE) and counter electrode (CE). Linear
polarization resistance (LPR) scans from -1 mV to 1 mV compared to the stable open-circuit potential.
The Tafel polarization curve was performed at a scanning rate of 0.167 Mv/s. Electrochemical
impedance spectroscopy (EIS) was performed at an open-circuit potential (OCP), a sinusoidal AC
voltage signal with a frequency range of 10-2to 10° Hz and an amplitude of 10 mV [22]. Curve fitting
of the data was performed using ZsimpWin version 3.60. All measurements were made at 25 + 2 °C
and three parallel samples were set up.

Counter electrode

\ l— Reference electrode (SCE)

«— Working electrode

Marine tidal flat
environment
simulation

AZ31Bmagnesium anode

Luggin capillary

Platinum plate

Figure 1. Schematic diagram of the electrochemical experimental tests.
3. Results and Discussion

3.1. Influence of Mannose on Corrosion Process of AZ31B Magnesium Alloy

Fig. 2 shows the SEM images of the surface corrosion products of AZ31B magnesium alloy anode
test piece after 12 days of immersion in three different concentrations of mannose seawater solution.
It can be seen that the corrosion product presents a non-dense granular shape on the sample surface.
It can also be seen that there are obvious pits in Fig. 2c. a', b', ¢' in Fig. 2 was obtained after partial
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magnification of a, b, and c in Fig. 2. It was observed that the corrosion products showed pinnacle-
like shape, which was the characteristic shape of Mg(OH)2[23], and covered the sample surface in a
cascading manner.

100um

Figure 2. SEM images of AZ31B magnesium alloy immersed in the seawater solution with different
concentrations of mannose: 1 ppm (a), 5 ppm (b), 10 ppm (c).

Fig. 3 shows the weight loss data after 12 d of experiment in seawater solution with different
mannose concentrations. The weight loss of AZ31B magnesium anode sample in solution with a
mannose concentration of 5 ppm reaches the minimum value of 0.51+0.03 mm/year. The weight loss
of samples in 10 ppm mannose solution reached the maximum of 0.64+0.03 mm/year. This indicates
that the corrosion rate of the sample first decreases and then increases with the increase of mannose
concentration, which is not a simple positive relationship.
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Figure 3. Weight loss of AZ31B magnesium alloy anode material after 12 d of incubation in seawater
solution with different concentrations of mannose.

The Nyquist and Bode diagrams are shown in Figure 4. ZsimpWin 3.50 was used to analyze the
results. The Nyquist chart in Fig. 4 showed that the arc diameter of the capacitive redactable
presented a dynamic fluctuation rule with time, and showed a change rule of first increasing, then
decreasing, and then increasing with the increase of experimental days. This is related to the fact that
the corrosion products of magnesium alloy cannot protect the surface of the matrix densely [24].
When the corrosion products fall off and the magnesium alloy matrix is exposed, the corrosion
products become the cathode side and the metal matrix becomes the anode side, which will aggravate
the corrosion.

The equivalent circuit diagram in Figure 5 was used to fit the impedance data, and the fitting
parameters of the circuit elements in Table 3 were obtained. Rso stands for solution resistance; Qu
and R« correspond to double-layer capacitance and charge transfer resistance respectively. Due to
the inhomogeneity of the specimen surface caused by the corrosion reaction, impedance data was
fitted using the constant phase Angle element (Q) instead of the standard capacitance (C). The
impedance of Q can be calculated by the following formula [25]:

Zepg = Y5 F(Gw) ™ ()

w is the angular frequency (rad/s), Yo and n are obtained by the exponential fitting indicating the
sample deviating from the ideal capacitance behavior. The inductance of low frequency region is
represented by Lpit. The generation of Lypit of low-frequency inductance is generally attributed to the
adsorption and shedding of the reactants on the metal matrix surface and the pitting behavior of the
matrix surface, which is related to the falling of the corrosion products in the course of the
experiment.

The R« value in Table 3 of the fitting parameter data can more intuitively reflect the variation
rule of corrosion resistance of the sample. At 1 ppm, the corrosion rate of samples from day 1 to day
7 decreased with the increase of time and fluctuated slightly from day 9 to day 11. This is related to
the surface corrosion morphology. The magnification (a') of Figure 2 a, showed more densely
distributed on the surface, which results in less fluctuation of corrosion rate of AZ31B magnesium
alloy anode at this concentration. While b '(5 ppm) and ¢' (10 ppm) showed blocky and obvious void,
indicating that the corrosion products could not be well adsorbed on the surface with the increase of
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concentration, and the corrosion rate fluctuated with the fall off of corrosion products in the process
of the experiment [9].
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Figure 4. Nyquist (A), (B), (C) and Bode (A'), (B'), (C') plots of AZ31B magnesium alloy anode
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measured in seawater solution with mannose at 1 ppm (A), 5 ppm (B) and 10 ppm (C) for 11 d.

Table 3. EIS fitting parameters in seawater solution with mannose at 1 ppm, 5 ppm, and 10 ppm for

11d.
Time Rsol Qct Ret Lpit Rpit
(d) (Qcm?) (7' cm2sn) (Qcm?) (H-em?) (Qcm?)
1 ppm
1 4.57 6.43x10°  0.93 2.59x102 3.51x10° 48.9
3 5.04 4.23x105  0.89 9.24x102 2.19x10* 1.48x102
5 27.0 4.69x10°  0.89 1.19x10° 7.76x10° 1.13x10?
7 27.1 5.84x10°>  0.76 2.59x10° 1.56x10° 2.23x103
9 23.1 5.82x10°  0.77 2.74x10° 1.11x10® 5.96x103
11 38.5 4.49x105  0.82 2.47x10° 3.12x10% 3.55x10°
5 ppm
1 7.05 2.20x10°>  0.88 1.16x10° 5.89x102 2.58x102
3 9.43 2.79x10°  0.79 2.71x10° 5.92x102 4.46x103
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7
5 27.3 2.78x10°  0.74 5.25x10° 1.03x10° 5.61x10°
7 42.9 2.08x10°  0.70 5.68x10° 1.78x105 6.35x10°
9 64 2.51x10°  0.66 3.31x10° 1.10x10% 4.48x10?
11 47.7 1.87x10°  0.68 5.13x10° 2.34x10> 4.17x103
10 ppm
5 5.11 1.87x105  0.86 2.12x10° 1.04x10> 3.20x10°
7 8.04 441x10°  0.83 1.44x10° 2.75x10° 3.21x10?
9 80.8 3.64x10°  0.88 1.96x10° 2.84x10¢ 4.85x10°
11 70.6 3.65x10° 090 2.48x10% 1.75x105 5.80x10°

Roat R, | —

(b)

Figure 5. Fitted equivalent circuit for EIS data in Fig. 4. (a): 1 ppm and 5 ppm from day 1 to day 11,
10 ppm from day 1 to day 3; (b): 10 ppm from day 3 to day 11.

Potentiodynamic polarization curves measured at the end of the experiment are shown in Figure
6. Table 4 shows the parameter analysis of Tafel curve. According to Faraday’s second law, corrosion
current density is proportional to corrosion rate. The test results show that the corrosion current
density is minimum when the mannose concentration is 5 ppm and maximum when the mannose
concentration is 10 ppm. The results showed that the corrosion rate of the sample was the maximum
when the mannose concentration was 10 ppm. The measured results of potentiodynamic polarization
curve were consistent with the weight loss data.
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Figure 6. Potentiodynamic polarization curves of AZ31B magnesium alloy anode samples after 12-
day immersion in the seawater solution with different concentrations of mannose.
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Table 4. The fitted data of the mannose Tafel polarization curve.

Concentration icorr (Acm?2) Ecorr(V)vs.SCE Ba(mv/decade) Be(mv/decade)

1 ppm 3.66x10 -1.37 568.3 -187.5
5 ppm 3.09x106 -1.39 215.1 -169.5
10 ppm 6.61x105 -1.38 683.8 -218.8

3.2. Influence of Glucose on the Corrosion Process of AZ31B Magnesium Alloy

Figure 7 shows SEM images of the surface corrosion products of AZ31B magnesium alloy anode
test piece in seawater solution with three different concentrations of glucose after 12 d immersion.
Acicular corrosion products appeared to be layered on the specimen surface. As can be seen from
Figure 7 a'(1 ppm concentration), massive corrosion products were not adsorbed on the surface of the
matrix but piled up in layers, or even partially suspended on the layer of corrosion products. The
pitting site in Fig. 7b (5 ppm) was selected for further magnification, and Fig. 7b' was obtained.
Granular corrosion products were accumulated together, indicating that corrosion products should
fall off on the surface of the sample in the course of the experiment. In Fig. 7c (10 ppm), it can also be
seen that the corrosion product layer had obvious cracks. It indicated that the corrosion product film
generated by AZ31B magnesium alloy anode during the corrosion process is not dense, and the
exposed matrix will aggravate the corrosion rate [26].

Figure 7. SEM images of AZ31B magnesium alloy immersed in seawater solution with different
concentrations of glucose: 1 ppm (a), 5 ppm (b), 10 ppm (c). a', b, and ¢' correspond to the framed

area in higher magnification.

Figure 8 shows the weight loss data after 12 d of experiment in seawater solution with different
concentrations of glucose. The weight loss reached the minimum value of 0.41+ 0.01 mm/y in the
assays with 1 ppm glucose. The maximum weight loss in the assays with 10 ppm glucose was
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0.57+0.03 mm/y. With the increase in glucose concentration, the weight loss rate of the sample
increased slightly.
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Figure 8. Weight loss data of AZ31B magnesium alloy anode material after 12 d of weight loss
experiment in seawater solution with different concentrations of glucose.

The Nyquist and Bode diagrams are shown in Figure 9. The equivalent circuit diagram in Figure
10 was used to fit the impedance data, and the fitting parameters of the circuit elements in Tab. 5
were obtained. Rsol stands for solution resistance; Qr and R« correspond to double layer capacitance
and charge transfer resistance respectively. There are two inductors in the low frequency region
denoted by L1 and L2. When the glucose concentration was 1 ppm, the arc diameter of the capacitive
reactance appeared at the minimum value on the third day, and the corrosion resistance of the sample
increased during the rest time. When glucose concentration was 5 ppm and 10 ppm, the maximum
arc diameter of capacitive reactance appeared on the first day, which was related to the presence of
a corrosion product layer on the sample surface to prevent corrosion [27]. Subsequently, the diameter
decreases gradually with the extension of the experiment time, reaching the minimum value from
day 7 to day 11, and the metal corrosion resistance reaches the lowest value. The results show that
the corrosion rate of AZ31B magnesium alloy anode decreases with the increase of experimental time
at low concentration, while the corrosion rate increases with the increase of concentration.

With the increase in glucose concentration, the diameter of the capacitive reactance decreases
during the experiment. This indicates that the increase of glucose concentration in seawater will
accelerate the corrosion rate of samples, and the results are consistent with the experimental data of
weight loss. The Rct data in Table 5 also show that the corrosion rate of AZ31B magnesium alloy

anode was faster when glucose concentration was 5 ppm and 10 ppm than when glucose
concentration was 1 ppm.
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Figure 10. Equivalent circuits simulating experimental impedance diagrams in Figure 9.
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Table 5. EIS fitting parameters in seawater solution with glucose at 1 ppm, 5 ppm, and 10 ppm.
Time Rsal Q«t Ret L1 R1 L2 R2
(d) (Qcm?) (! cm™2sn) n Qem?) Hem?) Qecm?) Hem?) (Qcm?)
1 ppm
1 49.1 5.87x10" 0.75 3.69x10° 5.49x102 4.43x10° 6.09x10° 7.46x10?
3 7.94 6.11x10" 0.80 1.24x10% 3.06x102 1.91x10> 4.64x10° 5.62x10?
5 22.0 3.11x10 0.81 1.06x10° 2.98x10° 2.97x10° 1.43x10° 2.38x103
7 259 2.93x10% 0.84 219x10° 9.01x10° 1.49x10° 2.16x10° 4.30x10°
9 30.9 4.72x10% 0.78 3.47x10°  2.71x10* 4.93x10° 7.94x102  3.84x10°
11 38.5 5.15x10 0.77 3.29x10° 7.24x10* 4.09x10> 1.16x10° 4.71x103
5 ppm
1 5.26 2.03x105 0.88 1.39x10° 2.50x10° 6.18x10° 2.97x10°  3.87x102
3 9.28 5.33x10 0.85 1.01x10° 1.15x105 7.13x102 5.03x10°  2.30x10°
5 7.82 6.38x10 0.84 1.09x10°% 5.92x102 1.91x10° 1.32x10° 9.54x10?
7 6.95 8.39x10 0.85 7.31x102 8.41x10° 7.91x10>2 1.99x10° 1.27x10°
9 9.48 7.96x10° 0.84 1.06x10° 2.82x105 4.91x10> 3.24x105 1.83x103
11 9.76 9.77x105 0.84 8.14x102 1.16x105 1.27x10° 2.90x102 1.23x103
10 ppm
1 10.1 8.11x10° 0.84 1.20x10° 2.65x10> 1.47x10> 5.44x102 1.41x10°
3 34.2 4.27x10-° 0.83 9.09x102 4.69x10° 5.40x10> 4.44x102> 1.94x10°
5 7.32 6.65x10 0.82  8.81x102 1.31x105 7.38x102 2.51x102  2.05x102
7 5.79 7.15x10° 0.83 7.28x102 1.39x10° 1.76x10>  3.55x102  1.46x10°
9 8.39 8.35x10 0.83 7.42x102 1.17x10%2 6.36x10> 4.24x102  1.82x10?
11 6.78 8.93x10- 0.86 6.83x102 1.45x105 5.26x102 3.13x102  1.23x103

The potentiodynamic polarization curve was tested at the end of the 12 d experiment, as shown
in Figure 11. Table 6 shows the parameter analysis of Tafel curve. The test results showed that the
corrosion current density was minimum when the glucose concentration was 1 ppm and maximum
when the glucose concentration was 10 ppm. The analysis results of corrosion current density were
consistent with the above experimental data. According to the data 3a > ¢, the corrosion process was
probably dominated by anode polarization.
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Figure 11. Potentiodynamic polarization curves of AZ31B magnesium alloy anode soaked in seawater
solution with different concentrations of glucose for 12 d.
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Table 6. The data of glucose Tafel polarization curve obtained by fitting.

Concentration icor(Acm?) Ecor(V) vs SCE  PBa(mv/decade) Bc(mv/decade)

1 ppm 8.17x10+ -1.38 1179 -220.7
5 ppm 9.07x10% -1.33 805.4 1727
10 ppm 1.89x105 -1.41 662.7 -134.2

3.3. Influence of Glucuronic Acid on the Corrosion Process of AZ31B Magnesium Alloy

Figure 12 shows the SEM image of corrosion products on the surface of AZ31B magnesium alloy
anode after incubation with seawater solution with three different concentrations of glucuronic acid
for 12 d. The corrosion products in Figure 12a' and b’ are laminated on the surface of the metal matrix.
In Figure 12 c and ¢/, the magnesium alloy matrix was exposed, indicating that the corrosion product
film on the surface could not completely cover the sample surface[25], and the alloy matrix was
indeed exposed by the fall of corrosion products during the experiment.

.......................

Figure 12. SEM images of AZ31B magnesium alloy immersed in seawater solution with different
concentrations of glucuronic acid: 1 ppm (a), 5 ppm (b), and 10 ppm (c).

Figure 13 shows the weight loss data after a 12-day experiment in seawater solution with
different concentrations of glucuronic acid. The weight loss of AZ31B magnesium anode samples in
the assays with 1 ppm glucuronic acid reached the minimum value of 0.57+0.17 mm/y. The weight
loss of samples in the assays with 5 ppm glucuronic acid reached the maximum value of 1.18+0.04
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mm/y. With the increase in glucuronic acid concentration, the corrosion rate first increased and then
decreased.

2.0
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1 5 10
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Figure 13. Weight loss data of AZ31B magnesium alloy anode after 12 d of immersion in seawater
solution with different concentrations of glucuronic acid.

Figure 14 shows the Nyquist (A, B, C) and Porte charts (A', B', C') obtained from the tests. The
equivalent circuit diagram in Figure 15 was used to fit the impedance data obtained, and the
parameter values of the circuit original in Table 7 were obtained. The inductance in the low frequency
region is represented by Lpit. The induction of the low frequency inductance is generally attributed to
the adsorption and shedding of the reactants on the metal matrix surface and the pitting behavior on
the matrix surface [28].

The diameter of the capacitive reactance arc was observed in Nyquist plots with concentrations
of 1 ppm and 10 ppm. It can be seen that the capacitive reactance arc diameters were similar
throughout the experiment. In Table 7, the R« parameters with concentrations of 1 ppm and 10 ppm
slightly changed with time. When glucuronic acid was 5 ppm, the capacitive reactable arc diameter
of the sample fluctuated greatly from day 1 to day 11, and corrosion products of AZ31B magnesium
alloy anode were produced and dropped more frequently in seawater solution with 5 ppm
glucuronic acid than in other concentrations, or caused more serious corrosion. EIS can reflect the
corrosion rate of AZ31B magnesium anode in seawater solution with different concentrations of
glucuronic acid during the whole experiment.


https://doi.org/10.20944/preprints202311.0753.v1

]
B

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 November 2023

35 100
T iy . Ny
A - :: ’ * dday
2000 7 ooy sof; vim 1™
» Scday » dday i
1 day LT E
1500 | Fittod fine _ 2% ¥iled line E
-~ ~ L)
E £ 3
5 1000 S 20 H
b ¥ :
g o
500 - - =15 E
2
or 1.0
-~ ) L X : ) o ) . a0
500 [} %0 1000 1500 2000 2500 4 1 2 3 4 5
Z'(0-em?) logfHZ)
2500
B “ 1day
* Yday
L . Sday
- 7 day -
o Sday
11 day H
1500 - Fitted line o g
E g 5
& 1000 < 2
=3 L]
5 5 g
N AT g ]
500 . = -
',bf-' e &a
f % b
ot | P o
&5 K .
* = T-I
500 s . .
[} 500 1000 1500 2000 2500
Z0-cm®)
2500
« tday
C o 34n
L & Sday
2000 i
o 9day
11 day
1500 | Fitsed line

500 Q 500 1000

Z'(-em)

1500 200 2500

log|Z)irem?;

-phase angle{degree)

doi:10.20944/preprints202311.0753.v1

14

Figure 14. Nyquist (A), (B), (C) and Bode (A'), (B'), (C') plots of AZ31B magnesium alloy anode
measured in seawater solution with different concentrations glucuronic acid for 11 d: 1 ppm (A), 5
ppm (B) and 10 ppm (C).

Rsol

WYYV Rpit

Figure 15. Equivalent circuits simulating experimental impedance diagrams in Figure 14.
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Table 7. EIS fitting parameters in assays with different concentrations of glucuronic acid.

Time Rsol Qct Ret Lopit Rpit
(d) (Qcm?) (Q7!cm2sm) Qcm?) (H-cm?) (Qcm?)
1 ppm
1 10.4 2.65x105 092 1.23x10% 3.36x10¢ 1.02x102
3 27.2 346x105 091 1.24x10% 6.77x10% 2.16x104
5 78.4 3.76x10°  0.89 1.62x10% 1.19x10¢ 3.70x10°
7 14.9 4.72x105 090 1.50x10% 8.77x10% 2.96x10*
9 10.4 7.08x10°  0.88 1.30x10° 1.25x10% 3.36x10°
11 18.2 7.52x10°  0.89 1.18x10% 2.29x103 3.07x102
5 ppm
1 234 293x10°  0.81 2.28x10% 1.69x10° 6.04x102
3 12.3 3.76x105  0.85 1.51x10° 1.29x10* 1.35x10!
5 58.9 1.84x10°  0.83 1.49x10® 3.58x10% 1.62x10°
7 19.0 5.78x105 093 1.06x10% 1.78x10° 1.89x103
9 13.3 5.67x105  0.85 9.15x102 5.50x10* 1.77x10%
11 25.1 3.19x10°  0.86 1.41x10° 1.99x10° 1.20x10°
10 ppm
1 6.42 1.72x10°>  0.88 1.35x10® 1.13x10* 1.25x102
3 14.1 5.44x10°  0.82 1.17x10% 3.64x102 6.37x102
5 10.3 7.05x10°  0.85 1.23x10° 4.80x10% 2.74x10°
7 9.60 6.73x10°  0.87 1.38x10% 1.50x10% 2.86x10°
9 11.6 6.55x10°  0.89 1.02x10% 1.93x10% 1.50x10?
11 16.7 7.16x10°>  0.87 1.01x10° 1.07x10* 1.33x10°

15

Tafel polarization curve measured on day 12 is shown in Figure 16. Table 8 shows the parameter
analysis of Tafel curve. The test results show that the corrosion current density was minimal when

the glucose concentration was 1 ppm and maximum when the glucose was 5 ppm. The results of

current density were consistent with the experimental results of weight loss.

-0.6

E(V)vs.SCE
™
|
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Figure 16. Potentiodynamic polarization curves of AZ31B magnesium alloy anode samples after 12-

logi(A/cm?)

-1

day immersion in the seawater solution with different concentrations of glucuronic acid.
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Table 8. The Tafel polarization curves of samples in seawater solution with glucuronic acid were
fitted to obtain the data.

Concentration icorr (Acm?2) Ecorr(V)vs.SCE Ba(mv/decade)  Pc(mv/decade)
1 ppm 6.56x106 -1.36 992.7 -228.6
5 ppm 3.93x105 -1.48 2123 -226.1
10 ppm 2.29x105 -1.36 336.7 -189.6

The test samples immersed in seawater solution with a 10 ppm concentration of three
metabolites were taken for an XRD test, and the results are shown in Figure 17. Among the three
metabolites, the composition of the produced corrosion products was similar, mainly Mg(OH)2 and
MgCOs-OH-H20. Mg(OH):2 is widely reported as a corrosion product of magnesium alloy
magnesite[29]. MgCOsOH-H20 and MgCQOs-5H20 were detected because the experiments were
conducted in an aerobic environment, in which Mg(OH)2 was easy to absorb carbon dioxide in the
air and generate basic carbonates[30]. The detection of Mg in the XRD pattern confirmed that the
corrosion product film could not cover the metal surface well, and part of the anode metal surface of
AZ31B magnesium alloy was directly exposed.

The crystallinity of the corrosion products was proportional to the thickness and the peak
strength of the XRD pattern. The peak value of the main corrosion products and the peak value of
the magnesium group in the glucuronic acid solution are higher than those in the other two
metabolites. This is similar to the result of the weight loss experiment: the corrosion rate of
magnesium alloy is faster in glucuronic acid solution.
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Figure 17. XRD patterns and corresponding standard peaks of corrosion products on the sample
surface after 12 d immersion in seawater solution with different concentrations of organic metabolites.
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4. Conclusions

By testing and analyzing the corrosion of AZ31B magnesium alloy anode samples in different
metabolites of SRP, the following conclusions can be drawn:

(1) At the beginning of the experiment, the corrosion product film initially generated can hinder
the corrosion reaction to a certain extent, but the corrosion product layer attached to the sample
surface is not dense and cannot provide effective protection for the metal with the extension of time.
In addition, the magnesium alloy matrix will be exposed during the experiment, which will aggravate
the corrosion.

(2) The corrosion rate fluctuates with the increase in the concentration of glucuronic acid. In
glucuronic acid seawater solution, the corrosion rate increases with the increase of the concentration.
Compared with the three organic metabolites, the corrosion rate of AZ31B magnesium alloy anode
material in glucuronic acid seawater solution is the fastest.

The metabolites of different components of SRP can accelerate the corrosion of magnesium alloy
anode, and even trace organic metabolites can promote the corrosion. Therefore, in the actual
engineering operation, after sterilization by physical or chemical methods, the residual metabolites
of bacteria should be removed by effective means in time to prevent further corrosion. It is worth
noting that we only studied the effects of different organic products on magnesium alloy, and the
synergistic effect of various metabolites produced by SRP in the corrosion process of magnesium
alloy is also worth considering, which can be carried out in the subsequent research.
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