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Acid producing bacterium Acetobacter aceti causes pitting corrosion of stainless steel (SS). This work
investigated the enhanced resistance of 2205-Cu duplex stainless steel (DSS) against biocorrosion by
A. aceti in comparison with 2205 DSS using electrochemical and surface analysis techniques. With the
addition of Cu to 2205 DSS, biofilms on the 2205-Cu DSS surface were inhibited effectively. The largest
pit depth on 2205-Cu DSS surface in the presence of A. aceti was 2.6 pum, smaller than 5.5 um for 2205
DSS surface. The icorr was 0.42 +0.03 wA cm~2 for 2205-Cu DSS in the biotic medium, which was much
lower than that for 2205 DSS (3.69 +0.65 wA cm~2). All the results indicated that the A. aceti biofilm
was considerably inhibited by the release of Cu?* ions from the 2205-Cu DSS matrix, resulting in the
mitigation of biocorrosion by A. aceti.

© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Duplex stainless steel (DSS) consists of ferrite phase () and
austenite phase (), combining excellent corrosion resistance with
high strength and good machinability [1-3]. 2205 DSS is widely
used in some harsh settings such as marine applications and nuclear
industry applications due to its excellent corrosion resistance [4,5].
For instance, 2205 DSS has been used for nuclear waste contain-
ers in UK [6]. However, it was reported that 2205 DSS can be
corroded by microorganisms [7-10]. Corrosion is a naturally occur-
ring phenomenon, causing great economic losses and safety issues.
The global losses caused by corrosion are approximately 4 trillion
dollars per year. Microbiologically influenced corrosion (MIC) con-
tributes 20% of the total corrosion damages [11,12]. It is believed
that biofilms are responsible for MIC [13-17]. Biofilm attachment
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can adversely affect the electrochemical conditions of the material
interfaces, thus accelerating the corrosion of metals [18]. In extra-
cellular electron transfer-MIC (EET-MIC), sessile cells in biofilms
use electrons from extracellular metal oxidation for the reduction
of a terminal electron acceptor (e.g., sulfate and nitrate) intracellu-
larly under biocatalysis [13,19,20]. Microbes such as acid producing
bacteria (APB) secrete corrosive metabolites (organic acids) that
produce an acidic environment underneath the APB biofilm causing
metal corrosion. The corrosion is caused by extracellular oxida-
tion of the metal by the secreted corrosive acids. This is known as
metabolite-MIC (M-MIC) [21,22]. Dong et al. found that aggressive
acidic environment was produced by Acidithiobacillus caldus SM-1
used in bioleaching, thus causing severe pitting corrosion against
$32654 super austenitic stainless steel [23]. Apart from the two
types of MIC that are caused by microbes, microbes can also acceler-
ate corrosion by a pre-existing corrosive agent such as CO, because
biofilms can damage passivation films on a metal surface.

It was reported that acetic acid-producing bacteria contributed
to the acceleration of corrosion of underground storage tank (UST)
[24-26]. Moreover, the pitting corrosion of steel alloys and cop-
per of UST in the presence of Acetobacter aceti was reported [27].

1005-0302/© 2019 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.
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Fig. 1. CLSM images of A. aceti biofilm on the surface of (a) 2205 DSS after 7 days, (b) 2205-Cu DSS after 7 days, (c) 2205 DSS after 14 days, and (d) 2205-Cu DSS after 14 days.

A. aceti is a strictly aerobic, rod shaped Gram-negative bacterium
[28]. It possesses the ability to produce weak organic acids by oxi-
dizing multifarious alcohols and sugars [29,30]. Compared with
strong acids, organic acids such as acetic acid are far more cor-
rosive at the same pH [31]. Because organic acids have a buffering
power to supply additional protons, which can attack metal and
occur extracellularly on a metal surface [32].

It is known that copper offers excellent antibacterial properties
against various microorganisms [26,28,33]. Based on this, the 2205-
Cu DSS has been developed by adding Cu to 2205 DSS [9]. It has been
demonstrated that the released copper ion (Cu?*) from 2205-Cu
DSS inhibited the biofilm formation on the metal surface, thus lead-
ing to effective mitigation of EET-MIC caused by nitrate-reducing
Pseudomonas aeruginosa [14,34,35]. However, 2205-Cu DSS has not
been reported for the mitigation of M-MIC by APB.

This work investigated the corrosion resistance of 2205-Cu DSS
against acid producing bacterium A. aceti. Electrochemical and sur-
face analysis methods were used to evaluate the anticorrosion
behavior and antibacterial performance of 2205-Cu DSS using 2205
DSS as control.

2. Experimental
2.1. Materials and methods

Commercial 2205 DSS was purchased from Taiyuan Iron & Steel
Co., Ltd., Shanxi Province, China. 2205-Cu DSS was produced by
Institute of Metal Research (IMR), Chinese Academy of Sciences,
Shenyang, China [35]. Table 1 lists its elemental composition (wt%)
analyzed by the Department of Materials Analysis and Testing at
IMR. 2205-Cu DSS coupons were annealed at 1050 °C for 1 h, then
aged at 540 °C for 4 h to guarantee copper precipitation in the 2205-
Cu DSS matrix. The coupons were rinsed with distilled water and
dried after being abraded using silicon carbide papers sequentially
from 150 to 1000 grit.

A. aceti (CGMCC 1.1809) was obtained from the China General
Microbiological Culture Collection Center (CGMCC), Beijing, China.
The medium used for the bacterial cultivation was composed of
100 g/L glucose, 10.0 g/L yeast extract, 20.0 g/L CaCO3 and 15.0g/L
agar. All the chemicals used in the culture medium were purchased
from Oxoid (Basingstoke, Hants, UK). The medium was sterilized by
autoclaving for 30 min at 115 °C. The initial concentration of A. aceti
immediately after inoculation was 107 cells/mL.

2.2. Electrochemical tests

Electrochemical measurements were performed in 500 mL elec-
trochemical glass cell filled with 200mL culture medium to
submerge the electrodes. Each working electrode was soldered
with copper wire and then mounted in epoxy resin with a 1
cm? exposed area. The counter electrode was a platinum plate
(10mm x 10mm x 0.1 mm), and the reference electrode was a
saturated calomel electrode (SCE). All the electrochemical tests,
including open circuit potential (OCP), linear polarization resis-
tance (LPR), electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization were conducted using a Reference
600™ potentiostat (Gamry Instruments, Inc., PA, USA). The LPR
measurements were conducted with a scan rate of 0.125mV/s in
the range from —5mV to 5mV vs. OCP. EIS was scanned under
stable OCP with a 5mV AC voltage amplitude in the frequency
range from 10° Hz to 102 Hz. The data from EIS were analyzed
using ZSimDemo software (EChem Software, MI, USA). The poten-
tiodynamic polarization curves were obtained only once for each
working electrode at a scan rate of 0.5 mV/s in the potential range
from —500 mV to 1500 mV after the 14-day incubation period. All
the experiments were repeated at least thrice to confirm the data
reproducibility.
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Table 1

Elemental compositions of 2205 DSS and 2205-Cu DSS (wt%).
Sample Si Mn P S Ni Cr Mo Cu N Fe
2205-Cu DSS 0.04 0.01 0.006 0.0034 6.03 23.63 2.90 3.02 0.23 Bal.
2205 DSS 0.51 1.14 0.03 <0.001 5.89 23.22 3.10 - 0.17 Bal.
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Fig. 2. Live and dead sessile cell counts on the surface of 2205 DSS and 2205-Cu DSS
after 7 and 14 days.

2.3. Surface analysis

To observe A. aceti biofilm morphologies on coupon surfaces,
field emission scanning electron microscopy (FESEM) (Ultra-Plus,
Zeiss, Jena, Germany) was used. In order to analyze corrosion
products on coupons, X-ray photoelectron spectroscopy (XPS,
ESCALAB250, Thermo VG, MA, USA) was performed employing a
monochromatic X-ray source (Al Ko line of 15kV and 150 W) with
a pass energy of 50eV and a step size of 0.1 eV. The wide binding
energy was in the range from 0 to 1350 eV.

To investigate the antibacterial effect of 2205-Cu DSS against the
A. aceti biofilm, live/dead staining of sessile cells were performed
by following the procedure previously described by Lou et al. [36].
Biofilm images were taken with the use of a confocal laser scanning
microscope (CLSM) (C2 Plus, Nikon, Tokyo, Japan). A different CLSM
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(LSM 710, Zeiss, Jena, Germany) was used for measuring the pit
depth on the coupon surface.

2.4. Copper ion release test

The coupons with dimensions of 10 mm x 10 mm x 5 mm were
used for the test. All the surfaces were covered with Teflon except a
top 10 mm x 10 mm exposed surface. Three 2205-Cu DSS coupons
were immersed in 100 mL medium, and the bulk solution was used
to examine the copper ion released from the coupons using atomic
absorption spectroscopy (AAS, Z-2000, Hitachi, Tokyo, Japan).

3. Results
3.1. Characterization of biofilm and pit depth examination

Fig. 1 shows the sessile cell densities visually by CLSM obser-
vation. After 7 days of incubation, the 2205 DSS surface had
a larger maximum biofilm thickness and average biofilm thick-
ness (33.4 pwm, 29.8 +4.1 wm) than that on 2205-Cu DSS (27.4 pm,
26.2 +0.5 wm). Furthermore, some dead cells (red dots) can be seen
on 2205-Cu DSS in Fig. 1(b). After 14 days of immersion, the max-
imum biofilm thickness was similar on both surfaces, and much
more dead cells are seen on 2205-Cu DSS in Fig. 1(d). In compari-
son, dead cells are hard to see on 2205 DSS in Fig. 1(a, c). Fig. 2 shows
the numbers of live cells and dead cells quantified using the Image]
software (National Institutes of Health, Bethesda, MD, USA) [36].
The data in Fig. 2 confirm the antimicrobial effect of the 2205-Cu
DSS.

Fig. 3 shows A. aceti biofilms on the surfaces of 2205 DSS and
2205-Cu DSS after 7 and 14 days. In all cases, sessile cells are
seen on the metal surface with very little observable EPS (exopoly-
meric substances). After 7 days of immersion, there were much
more sessile cells on 2205 DSS than on 2205-Cu DSS. After 14 days

Fig. 3. SEM images of A. aceti biofilms on the surfaces of (a) 2205 DSS after 7 days, (b) 2205-Cu DSS after 7 days, (c) 2205 DSS after 14 days, and (d) 2205-Cu DSS after 14 days.
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4

Fig. 4. Largest pit depth measured using CLSM on 2205 DSS (a) and 2205-Cu DSS
(b) coupon surfaces after 14 days in A. aceti broth.

of immersion, 2205 DSS still had slightly more sessile cells than
2205-Cu DSS.

Fig. 4 shows the largest pits obtained using CLSM on 2205 DSS
and 2205-Cu DSS coupon surfaces exposed to the A. aceti broth after
14 days of incubation. The largest pit depth on the 2205 DSS sur-
face was 5.5 wm, larger than 2.6 wm for 2205-Cu DSS surface. In
this work, the average largest pit depth was calculated by select-
ing the 10 largest pit depth values from 3 coupons for averaging.
It was found that the averaged largest pit depth for 2205 DSS was
4.1+1.2pmvs. 1.9+£0.6 um for 2205-Cu DSS. The pit depth data
here clearly suggest that pitting corrosion was considerably miti-
gated on the surface of 2205-Cu DSS compared with 2205 DSS.

3.2. OCP

Fig. 5 shows the variation of Egcp (OCP value) with the immer-
sion time for 2205 DSS and 2205-Cu DSS coupons with and without
A. aceti. The abiotic Eqcp of 2205 DSS was relatively stable through-
out the 14-day test, while in the presence of A. aceti, the Eqcp shifted
negatively, reaching —281 mV after 2 days of immersion. The Eqcp
of 2205-Cu DSS showed a downward trend and reached —362 mV
in the presence of A. aceti after 9 days. It then shifted in the positive
direction reaching —276 mV after 14 days of immersion. The Egcp
of 2205-Cu DSS in the sterile medium was more positive compared
to that of 2205-Cu DSS in the presence of A. aceti.

3.3. Potentiodynamic polarization

Fig. 6 gives the polarization curves of 2205 DSS and 2205-Cu DSS
coupons in the sterile medium and in the presence of A. aceti after
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Fig. 5. Variations of Egcp with incubation time for 2205 DSS and 2205-Cu DSS
coupons in the sterile medium and in the A. aceti broth.
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Fig. 6. The polarization curves at the end of the 14th day of incubation for 2205 DSS
and 2205-Cu DSS in the sterile medium and in the A. aceti broth.

14 days of incubation. Table 2 shows the electrochemical corro-
sion parameters including corrosion potential (Ecorr) and corrosion
current density (icorr) obtained from a Tafel analysis of the polar-
ization curves. In the abiotic control, both icorr values of 2205 DSS
(0.14+0.01 p.Acm~2)and 2205-CuDSS (0.07 + 0.03 pA cm~2) were
much lower than those in the biotic broth (3.69 +0.65 WA cm—2
for 2205 DSS, 0.42 + 0.03 A cm~2 for 2205-Cu DSS), indicating the
occurrence of MIC caused by A. aceti [37,38]. Compared with that
for 2205 DSS, the polarization curve of 2205-Cu DSS shifted to the
left with the increase in E.or value and the decrease of anodic reac-
tion rate. In the A. aceti broth, the icor Was 0.42 +0.03 pA cm—2
for 2205-Cu DSS, which was much lower than that for 2205 DSS
(3.69 +0.65 WA cm~2). The pitting corrosion potential Epj¢ of 2205-
Cu DSS was higher than that of 2205 DSS in the presence of A. aceti.
The results above demonstrated that 2205-Cu DSS inhibited MIC
[39]. The corrosion inhibition efficiency (1) of 2205-Cu in the pres-
ence of A. aceti was 89% after the 14-day immersion based on the
following equation [40]:

Np = icorr(u‘ninh) — icorr (inh) % 100% (1)
Icorr (uninh)
Where icorr (uninh) aNd icorr (inh) are the uninhibited (2205 DSS) and

inhibited (2205-Cu DSS) corrosion current densities in the presence
of A. aceti.
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Table 2

The electrochemical corrosion parameters determined from the polarization curves of 2205 DSS and 2205-Cu DSS coupons after 14 days of incubation.

Sample Ecorr(mV vs. SCE) icorr(WA cm~2) Epi(mV vs. SCE)
2205 DSS in the sterile medium ~170+51 0.14+0.01 1323411
2205 DSS in the presence of A. aceti —-682+18 3.69+0.65 1268 +9
2205-Cu DSS in the sterile medium -216+31 0.07+0.03 1322+11
2205-Cu DSS in the presence of A. aceti —-658+10 0.42+0.03 1294 +57
Table 3
EIS parameters of 2205 DSS and 2205-Cu DSS in sterile medium and A. aceti broth.
Duration (d) Rs(2 cm?) Cp(F cm—2) Ri(kS2 cm?) Cqi(vF cm—2) Ree(kS2 cm?) ZX (x1073)
2205-Cu DSS in the presence of A. aceti
1 3134152 249408 11.7+2.1 133+2.1 8294312 533
5 203 +45 224424 75+1.6 13.7+2.0 825 +459 7.07
10 180+20 243423 7.0+1.0 153+0.7 8894271 7.61
14 140+21 22.7+0.6 6.1+2.2 15.0+0.1 1017 +88 1.07
2205 DSS in the presence of A. aceti
1 144+31 32.8+7.0 48+0.3 20.7+4.1 8274279 7.26
5 111+3 26.8+0.8 3.6+0.1 19.4+0.3 691+70 1.20
10 115+4 245409 3.9+0.2 18.5+0.1 460+226 1.12
14 99+10 23.940.6 31403 20.1404 2464204 1.39
2205-Cu DSS in the sterile medium
1 383+108 - - 52.4+20.4 405+375 1.87
5 297 +79 - - 17.1+8.8 960 + 184 3.26
10 216489 - - 182+9.8 899 +326 333
14 232476 - - 19.8+8.1 1103 +434 3.59
2205 DSS in the sterile medium
1 243428 - - 33.842.7 545 +21 3.08
5 180+ 14 - - 27.84+1.4 10214126 3.07
10 184+22 - - 26.0+1.4 1187 +£47 2.99
14 163+4 - - 26.1+0.2 1180+28 3.08
35 3.5. EIS
50 F —% 2205 DSS in the presence of A. aceti
—e— 2205 DSS in the sterile medium Fig. 8 exhibits the Bode and Nyquist plots of 2205 DSS and 2205-
4.5F —a—2205-Cu DSS in the presence of A. aceti Cu DSS in the sterile medium and in the presence of A. aceti. The
JENPYY B 2205-Cu DSS in the sterile medium Nyquist plots diameters of 2205 DSS in the presence of A. aceti
' were smaller than that of 2205-Cu DSS, indicating better corrosion
- 351 resistance for 2205-Cu DSS [41]. The physical models and the corre-
2 a0f sponding equivalent circuits are given in Fig. 9, where R represents
;;5‘ N the resistance of the solution, Ry the resistance of the film including
= 25F biofilm and corrosion products, R the charge transfer resistance.
20L Cr and Cy the capacitances for the film and electrical double layer,
respectively. The correlated parameters from an EIS analysis of both
L5F metals in the presence of A. aceti are listed in Table 3. Variations of
1.0 1 ! ! ! ! ! 1 R calculated from EIS data fitting are shown in Fig. 10. In the pres-
0 2 4 6 8 10 12 14 ence of A. aceti, Ret of 2205-Cu DSS was 829 + 312 k2 cm?. After 5

Time (d)

Fig.7. Variations of 1/R, with exposure time for 2205 DSS and 2205-Cu DSS coupons
in the sterile medium and in the A. aceti broth.

3.4. LPR

In this work, 1/R, was employed to describe the corrosion rates
of 2205 DSS and 2205-Cu DSS coupons qualitatively. Fig. 7 shows
the variation of 1/R, with incubation time for both metals. In the
presence of A. aceti, 1/Rp of 2205 DSS was higher than that in the
sterile medium, indicating MIC by the APB. In the biotic medium,
1/Rp of 2205-Cu DSS was lower than that of 2205 DSS, indicating
better corrosion resistance for 2205-Cu DSS. 1/Rp of 2205-Cu DSS
decreased from 3.3 S cm~2 on the 3rd day to 2.1 uS cm~2 on the
5th day, and then increased to 2.9 .S cm~2 after 10 days.

days, it decreased to 825 +459 k2 cm?, then gradually increased
to 1017 + 88 k2 cm?. In the presence of A. aceti, Rc; of 2205-Cu DSS
was much higher than that of 2205 DSS. In the sterile medium, com-
pared with the initial day, Rt 0f 2205-Cu DSS increased to 960 + 184
k2 cm? after 5 days, then slightly dropped to 899 + 326 kQ cm?.
After 14 days, it was 1103 +£434 k2 cm?2. Obviously, in the abiotic
broth, R¢t of 2205-Cu DSS was lower than that of 2205 DSS. g,
which is the resistance-based corrosion inhibition efficiency, can
be acquired by using the following equation [41]:

Rty —R .
R = ct(inh) ct (uninh) « 100% (2)
Ret(inh)

where Re¢ inh) and Ret (uninh) represent the inhibited (2205-Cu DSS)
and uninhibited (2205 DSS) charge transfer resistances, respec-
tively. Table 4 shows that ngr reached 76% after 14 days of
incubation.
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(@

(b)

Fig. 9. Physical models and the corresponding equivalent circuits used for fitting the EIS data of 2205 DSS and 2205-Cu DSS coupons: (a) in the sterile medium and (b) in the

A. aceti broth.

Table 4
Inhibition efficiency of 2205-Cu DSS against A. aceti.
Day 1 5 10 14
R (%) 0.3 16 48 76
Table 5

Relative atomic concentrations of the main elements on the surfaces of 2205 DSS
and 2205-Cu DSS in the A. aceti broth after 14 days of incubation.

Atomic concentration (%)

Sample

C N 0] Cl Fe Cr Cu
2205 DSS 354 41 15.8 23.8 13.2 7.8 -
2205-Cu DSS 77.6 7.4 6.7 8.2 0 0 0.1

3.6. Analysis of corrosion products

The compositions of corrosion products on the surfaces of 2205
DSS and 2205-Cu DSS were analyzed by XPS. The corrosion product
layer was detected after the coupons were incubated in the A. aceti
inoculated medium for 14 days. Fig. 11 shows the survey spectra
of XPS analysis for 2205 DSS and 2205-Cu DSS surfaces, both cov-
ered with biofilms. The relative atomic concentrations of the main
elements are listed in Table 5. The main elements in the biofilms
were C, N and O, and the total amounts of these 3 elements on both
coupons exceeded 50%. Fe and Cr were not detected on the 2205-
Cu DSS surface, while Cu was found. The high-resolution spectra of
Cu 2p for 2205-Cu coupons after 14-day incubation in the A. aceti
broth was shown in Fig. 12. Two peak components were found: CuO
(933.2eV)and Cu(OH), (934.4 eV), which were the major corrosion
products.

4. Discussion

The corrosion of the precipitated copper-rich phases formed
during the aging treatment led to the release of the copper ions,
providing the antimicrobial ability of 2205-Cu DSS. In Fig. 13, the
concentration of Cu?* released from 2205-Cu DSS increased grad-
ually over time. The results of XPS analysis showed that Cu oxide
were found in the corrosion product layer, which can be explained
by the following reactions [42,43]:

Cu — Cu®* +2e- (3)
Cu?* + Hy0 — CuO + 2H" (4)
8Cu + 2H,0 + Oy — 4Cu,0 + 4H* + 4e (5)
2Cu,0 + 4H,0 + 05 — 4Cu(OH), (6)

Copper ions possess strong antibacterial and anti-biofilm prop-
erties [[44-46]].Cu?* ions caninhibit cell division, degrade DNA and

2000
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Fig. 10. Variations of Rt measured from the EIS data for 2205 DSS and 2205-Cu DSS
with and without A. aceti.

oxidize proteins, resulting in cell death [[47-50]]. In addition, Cu?*
ions can adhere to cell surface, changing the function and structure
of enzymes. Cu?* can destroy bacterial cell walls as well, leading to
cytoplasm degradation and cell death [51]. The inoculated medium
showed weak acidity due to the acetic acid produced by A. aceti.
In the inoculated medium with 2205 DSS, the pH decreased to
5.64 +0.02 after 7 days from the initial pH of 6.76 + 0.02 (Fig. 14).In
contrast, due to the biofilm inhibition by the released Cu?*, the acid
production by the weakened biofilm decreased. Thus, the broth pH
decreased to approximately 6.02 +0.01 (greater than 5.64 4+ 0.02)
after 7 days in the presence of 2205-Cu DSS, demonstrating its
inhibition of the A. aceti biofilm.

It is well accepted that biofilms are responsible for MIC [13,14].
Therefore, inhibiting biofilms is an effective way to suppress MIC.
The largest pit depth detected on the 2205-Cu DSS surface was
2.6 pm, which was much smaller than that of 2205 DSS (5.5 wm),
indicating that Cu?* released from 2205-Cu DSS inhibited the A.
aceti biofilm’s production of acetic acid, thus inhibited the MIC of
2205-Cu DSS by the APB.

The inhibition of MIC by Cu2* released by 2205-Cu DSS during
its corrosion was also demonstrated by the results of electrochem-
ical tests. Cu?* impacted the growth and attachment of the A. aceti
biofilm, thereby affecting the state of the metal surface. OCP directly
correlated with the surface reaction occurred on the 2205-Cu DSS
surface [52]. As shown in Fig. 5, the Egcp value of 2205-Cu DSS
in the abiotic medium decreased to —362 mV on the 9th day, and
then shifted in the positive direction. It was more unstable than
that of the 2205 DSS. A more negative OCP means that the working
electrode has a higher thermodynamic tendency to lose electrons.
Fig. 5 shows this trend, in which biotic Egcp curves are more nega-
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Fig. 11. Survey spectra of XPS analysis for 2205 DSS and 2205-Cu DSS after 14-day
incubation in A. aceti broth.
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Fig. 12. XPS spectra of Cu 2p for 2205-Cu DSS coupons after 14-day incubation in
A. aceti broth.

tive than abiotic Egcp. It should be noted that the actual corrosion
rate depends on corrosion kinetics. In Table 3, R¢t 0of 2205-Cu DSS in
the biotic medium was much higher than that of 2205 DSS, indicat-
ing that the transfer of charge from the metal surface to the biofilm
was greatly hampered. On the first day, ng was 0.3%, then gradually
increased, and reached 76% after 14 days. This is not very far from
the 89% efficiency based on icorr. This result implied that MIC caused
by A. aceti was considerably inhibited by the addition of Cu in 2205
DSS. Fig. 15 shows the schematic illustration of the MIC resistant
mechanism of 2205-Cu DSS against MIC caused by A. aceti. In the
presence of the acetic acid secreted by A. aceti, the passive film on
stainless steel can be destroyed, causing its corrosion [53,54]. Cheng
etal.investigated the properties of the passive filmson 316 LSS and
2205 DSS, confirming that acetic acid can attack the passive films
[55,56]. Underneath an A. aceti biofilm, the passive film suffers from
the attack by a higher local concentration of acetic acid than that in
the bulk fluid phase because the sessile cell volumetric density is
often 102 or higher than that in the bulk-fluid phase [57]. Once the
passive film is compromised, the Cu-rich phase as well as the rest
of the metal is attacked, releasing antibacterial Cu ions. With the
release of Cu?*, the sessile cells on the surface of 2205-Cu DSS are
considerably inhibited, thus mitigating the MIC due to less produc-
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Fig. 13. The release of Cu?* from 2205-Cu DSS in the A. aceti broth vs. exposure time.
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Fig. 15. Schematic illustration of MIC resistance mechanism for 2205-Cu DSS.

tion of acetic acid by the inhibited APB biofilm. This delayed killing
of sessile cells is reflected by the increased dead cell amount after
14 days of incubation vs. 7 days of incubation in Fig. 2.

5. Conclusion

The anti-biofilm ability and corrosion resistance of 2205-Cu DSS
vs. 2205 DSS (control) were investigated using acid producing bac-
terium A. aceti. The results from electrochemical tests indicated that
2205-Cu DSS considerably inhibited the pitting corrosion caused
by the A. aceti. Due to the releasing of Cu?* from the 2205-Cu DSS
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matrix, it exhibited a good antibiofilm ability as evidenced by the
CLSM images of live and dead cells on the metal surfaces. The live
sessile cells on 2205-Cu DSS were 4-fold less than those on 2205
DSS, while the dead sessile cells on the 2205-Cu DSS surface were
2 orders of magnitude more than those on the 2205 DDS surface
after 14 days of incubation, resulting in the inhibition of the A. aceti
biofilm and its MIC. The pits observed on the surface of 2205-Cu
DSS were smaller and shallower compared to those on the 2205
DSS surface, demonstrating that the 2205-Cu DSS possessed MIC
pitting corrosion resistance.
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