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This study aims to detect the effect of Desulfovibrio sp. on copper in terms of biofilm formation and
corrosion in 722 h. In that way, appropriate strategies to inhibit microbiological corrosion in copper
systems with Desulfovibrio sp. can be evaluated. For this purpose, experiments were performed in 1 L glass
model system containing 28 copper coupons and pure culture of the sulfate-reducing bacteria (SRB) strain
Desulfovibrio sp. in Postgate�s medium C. Also, a control system with copper coupons but without Des-
ulfovibrio sp. containing sterile Postgate�s medium was studied concurrently with the test system. The test
coupons were collected from systems at certain time intervals, namely 24, 168, 360, and 720 h. The samples
were then subjected to several characterization analyses such as measurement of Desulfovibrio sp. numbers,
corrosion resistance, EPS extraction, carbohydrate analysis, SEM, and EDS. During the experiments, the
maximum Desulfovibrio sp. count in biofilm samples was found at 360 h. Carbohydrate and copper con-
centrations in biofilm were increased over time. EDS analysis revealed Cu, S, C, O, and Cl peaks on the
surface of the samples. For the control coupons, only Cu peaks were observed. The results obtained from
this study showed that copper was corroded by Desulfovibrio sp. in the model system under laboratory
conditions.
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1. Introduction

Copper and copper alloys are known to be susceptible to
microbiologically influenced corrosion (MIC) (Ref 1, 2). The
usage of copper as an antimicrobial agent dates back to 1930s.
Therefore, copper-based alloys such as brass and bronze have
been used in several applications in hospitals to prevent spread
of microbes. In the recent years, cases of MIC of copper have
been reported. In spite of its toxicity, copper alloys are notably
exposed to microbial corrosion in heating-cooling and pipelines
for domestic and industrial water systems (Ref 3-5). Microbial
corrosion has been estimated to account for 20% of annual
corrosion damage of metals and non-metals, and the basic
expense that needs to be spent for MIC is estimated to be $30-
50 billion in total per year (Ref 6, 7).

Single or multiple bacterial species attached to a surface
and embedded in an exopolysaccharide matrix (Ref 8) causes
the disruption of a metal by corrosion processes which
occurs directly or indirectly as a result of the metabolic
activity of microorganisms (Ref 9). These microorganisms
can be roughly classified as aerobic and anaerobic microbes.

SRBs are anaerobic microorganisms and a heterogeneous
group of organisms sharing the ability to reduce sulfate and
are distributed within the domains of Bacteria and Archaea
(Ref 10). SRBs have been regarded as the initial bacteria
responsible for the corrosion of various metals (Ref 11). The
best-known examples of SRB are Desulfovibrio and Desul-
fotomaculum which have been considered to be the most
common stimulant of bio-corrosion (Ref 12). SRB use the
sulfate ion as a terminal electron acceptor and generate H2S
that is very toxic and an acidic product. On the other hand,
extracellular polysaccharide substances (EPS) secreted by
SRB are capable of binding metal ions and affect the
electrochemical characteristics of metal surfaces, thus play an
important role in the corrosion of metals (Ref 13, 14). There
are also several different models of SRB-induced corrosion
mechanisms. Some of them can be listed as cathodic
depolarization by dehydrogenase enzymes, anodic depolar-
ization, volatile phosphorous compounds, and generation of
corrosive iron sulfide (Ref 15).

Microorganisms do not exist in the nature as one species.
They, as mix culture, interact with each other and form biofilms
on surfaces. Therefore, the kinds of microorganisms that can be
present on the surface may vary, i.e., each biofilm is unique.
Thus, the effect of microorganisms causing the corrosion can be
reduced by the use of another kind of microorganism. That is to
say, in order to inhibit microbiological corrosion in systems, it
will be useful to determine the main bacteria that cause the
corrosion and then use effective methods to eliminate it. The
corrosive effects of SRB mix culture on copper surface are
known (Ref 16); however, the effects of pure culture of
Desulfovibrio sp. on copper surface have not been studied.
Therefore, in this work, an anaerobic model system in
laboratory conditions was used to determine the corrosion of
copper surfaces which was exposed to sulfide-containing
medium in a pure culture of Desulfovibrio sp. (which is a
member of SRB) for 722 h. Thereby, the aim of this work was
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targeted to find appropriate strategies to inhibit microbiological
corrosion in copper systems where Desulfovibrio sp. is present.

2. Experimental

2.1 Copper Coupon

Copper coupons (99.9% purity) (209 209 1 mm) were
prepared according to ASTM G1-72 standards (Ref 17). The
surfaces of the copper coupons were prepared by grinding with
abrasive paper (400-1200 gradation) and then washing with
distilled water. The coupons were rinsed in acetone and dried at
room temperature. The total surface area of each coupon was
determined and subsequently they were stored in a vacuum
desiccator.

2.2 Experimental Setup

Experiments were carried out in 1 L glass model system
containing copper coupons and pure culture of the strain
Desulfovibrio sp. (25.106 ml�1) in Postgate�s medium C at
28 �C (Ref 18). Postgate�s medium C consists of C3H5O3Na
(6.0 g/L), KH2PO4 (0.5 g/L), NH4Cl (1.0 g/L), Na2SO4 (4.5 g/L),
CaCl2 9 6H2O (0.06 g/L), MgSO4 (0.06 g/L), yeast extract
(1.0 g/L), FeSO4 (0.004 g/L), C6H5O7Na3 (0.3 g/L) (Ref
19), pH adjusted to 7.2. A control set of copper coupons
exposed to sterilized Postgate�s medium was also investigated
for the same period of time. Anaerobic conditions were
established with the AnaeroGen anaerobic system (Oxoid) in
a standard anaerobic jar. The medium in the test system was
magnetically stirred with a Teflon bar throughout the experi-
ment. Test coupons were removed from system at 24, 168, 360,
and 720 h time intervals. Determination of the Desulfovibrio
sp. numbers, corrosion analysis, EPS extraction, carbohydrate
analysis, copper measurement, and SEM and EDS analyses
were performed.

2.3 Enumeration of Desulfovibrio sp.

Desulfovibrio sp. enumeration was performed after 24, 168,
360, and 720 h of incubation. To estimate the number of sessile
Desulfovibrio sp., biofilm on the surfaces was scraped by a
sterile cotton swab and suspended according to Gagnon and
Slawson (Ref 20). The biofilm suspension and bulk samples
were serially diluted from 10�1 to 10�7 for sessile and
planktonic Desulfovibrio sp., respectively.

Desulfovibrio sp. counts were determined by the most
probable number (MPN) technique using Postgate�s medium B.
Postgate medium B consists of C3H5O3Na (3.5 g/L), KH2PO4

(0.5 g/L), NH4Cl (1.0 g/L), Ca2SO4 (1 g/L), MgSO4Æ7H2O
(2 g/L), yeast extract (1.0 g/L), C6H7O6Na (0.1 g/L),
C2H3O2SNa (0.1 g/L), FeSO4.7H2O (0.5 g/L), and C6H5O7Na3
(0.3 g/L) (Ref 19, 20). All diluted samples were inoculated
tubes and then incubated for one month at 28 �C. The tubes
exhibiting a black FeS precipitate were recorded as positive for
sulfate-reducing bacterial growth (Ref 21, 22).

2.4 Copper Measurement

Scraped biofilm from coupon was suspended in deion-
ized water and vortexed for 4 min. Then, the pH of
biofilms and EPS extracts was adjusted to 3 with 3 N nitric
acid (Ref 23). After that, the samples were filtered through

a 0.45 lm membrane filter (Millipore) to extract insoluble
suspended particles. The copper amount in the filtered
samples was analyzed by an inductively coupled plasma.

2.5 EPS Extraction and Carbohydrate Analysis

For EPS extraction, four copper coupons were removed
from experimental system after 24, 168, 360, and 720 h of
incubation. Biofilms were removed from the surfaces of copper
coupons with a sterile cotton swab and suspended in 10 mL
sterile distilled water. The suspension was centrifuged at
60009g for 10 min, and the supernatant was collected. The
biofilm pellet was re-suspended with 10 ml 8.5% NaCl solution
containing 0.22% formaldehyde, and the contents were mixed
in a vortex blender at high speed for 1 min. Finally, liquids
from the previous two steps were combined and centrifuged at
11,2279g for 30 min at room temperature using Eppendorf
centrifuge 5804R. The supernatants were filtered through a
0.22 lm membrane. The filtrates were used as EPS samples
(Ref 24). Polysaccharide content in the EPS was analyzed using
the phenol/sulfuric acid method (Ref 25). Glucose was used as
a standard (10-100 mg L�1), and the absorbance was measured
at 490 nm.

2.6 Surface Characterisation

The surfaces of copper coupons were examined to observe
biofilms and corrosion products by scanning electron micros-
copy (SEM). The coupons containing biofilm were immersed
for 1 h in a 2.5% glutaraldehyde solution at 4 �C in order to fix
the biofilm to the copper surface and then biofilm was
dehydrated using four ethanol solutions (10 min each): 30,
50, 80, and 95% successively. After that, the coupons were
dried in a critical point dryer (EMITECH K850). The dried
samples were coated with a palladium layer (15 nm) and then
analyzed using the Jeol JSM-6335 field emission electron
microscope. The chemical composition of corrosion products
was detected by an energy dispersive X-ray spectroscopy
(EDS).

2.7 Statistical Analysis of Data

Spearman�s correlation coefficient test was used to examine
the relationship between Desulfovibrio sp. counts measured on
the copper surfaces and copper amount using SPSS for
Windows Version 11.5. The Mann-Whitney U test was
employed to detect statistically significant changes in the
bacteria counts. Statistical significance for all analyses was
accepted at a P< 0.05.

3. Results and Discussion

3.1 Biofilm Formation and Bacterial Counts

Desulfovibrio sp. cells formed a biofilm layer on copper
coupons within 24, 168, 360, and 720 h of incubation.
Desulfovibrio sp. cells were presented on copper coupons
surface after 720 h are shown in Fig. 1. The SEM analysis
shows that Desulfovibrio sp. was present on copper surface to
form biofilm in Postgate C medium under anaerobic condition,
although copper can be toxic to a variety of microorganisms.
Chen et al. (Ref 16) and Onan (Ref 26) conducted surface
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analyses and demonstrated in their studies that SRB held on to
copper surfaces and form biofilm. These were in good
agreement with the current study.

Planktonic and sessile Desulfovibrio sp. cell numbers were
presented in Fig. 2. During the experiment, the maximum Desulf-
ovibrio sp. countswere found as 8.45± 0.1 at 24 h and 6.87± 0.04

Fig. 1 SEM micrographs of the biofilm formed on copper surfaces, after 720 h

Fig. 2 Quantification of planktonic and sessile Desulfovibrio sp. in
bulk and biofilm formed on the copper surfaces during 720 h

Fig. 3 The amounts of dissolved copper in the biofilms, in the bulk
and control solution
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at 360 h in bulk and biofilm samples, respectively. Although in this
study, the count of the planktonicDesulfovibrio sp. was higher than
that of the sessile Desulfovibrio sp. except in the 360th hour, there
was no significant difference between the planktonic and sessile
Desulfovibrio sp. counts according to the result of Mann-Whitney
U test analysis. In their studies where similar conditions were used,
Özüölmez and Çotuk (Ref 27) also indicated that there was no
significant difference between the planktonic and sessile SRB
counts according to their statistical analysis.

3.2 Copper Measurement

Copper concentrations in biofilm and EPS increased over
time (P< 0.01), and a positive correlation between the copper
concentrations in the biofilms and EPS (P< 0.01) was
determined. As seen in Fig. 3, the maximum copper concen-
trations were 0.46 and 0.34 lg cm�2 at 720 h for biofilm and

Fig. 4 The carbohydrate amount in biofilm formed on the copper
surfaces during 720 h

Fig. 5 (a) SEM image of the control sample, (b) EDS analysis, (c) SEM image of the sample after 24 h incubation, (d) EDS analysis on the
selected area
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EPS, respectively. The fact that the copper concentrations in the
biofilm and EPS increased over time and that the biofilm and
EPS had a positive correlation between them show that biofilm
and EPS play a significant role in copper corrosion. Similarly,
Doğruöz Güngör et al. (Ref 5) also found that there was a
positive correlation between the copper concentrations in the
biofilm and EPS.

It was also detected that the concentration of copper in the
control film layer (P< 0.01) increased over time, and the
copper concentrations in biofilm were statistically higher than
in the control film layer (P< 0.01). This result indicates that
the effect of microorganisms accelerates the dissolution of
copper and gives way to microbiological corrosion. Doğruöz
Güngör et al. (Ref 5) also reported that the copper concentration
was higher in the biofilm than in the control samples.

It has been reported that organic acids produced by SRB in
biofilm damage the protective layer on the metal surface (Ref
28) and bind to copper (Ref 29). On the other hand, high-level

copper concentration can be toxic for SRB. Jin et al. (Ref 30)
found that the sulfate reduction decreased with 8 mg L�1 and
inhibited with 30 mg L�1 dissolved copper concentration
completely. Indeed, in this study, 47 lg cm�2 (11.6 mg L�1)
copper concentration was measured at 720th h which shows a
decrease in the number of SRBs because of the adverse effect
of copper concentration.

3.3 Carbohydrate Analysis

In EPS samples, carbohydrate amount was increased over
time (P< 0.01), and the maximum carbohydrate amount was
found to be 47.01 lg cm�2 after the 720th h as seen in Fig. 4.
This result points to the fact that the Desulfovibrio sp. could not
degrade EPS for the experimental conditions used in this work
(i.e., Postgate medium). Contrary to what was found, Ilhan-
Sungun et al. (Ref 18) also conducted an experiment in
Postgate�s medium using Desulfovibrio sp. and demonstrated

Fig. 6 (a) SEM image of the control sample, (b) EDS analysis, (c) SEM image of the sample after 168 h incubation, (d) EDS analysis on the
selected area
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that Desulfovibrio sp. degraded EPS. In addition, Zhang et al.
(Ref 24) reported that the microorganisms existing in mix-
culture biofilm degraded EPS in the starved state.

Furthermore, a positive correlation was observed between
quantities of carbohydrate and copper concentrations in biofilm
(P< 0.01). This finding suggests that there was a direct
correlation between the corrosion of copper and the quantities of
carbohydrate. Minnos et al. (Ref 31) also reported that there was a
relation between the amount of carbohydrate and corrosion.

3.4 SEM and EDS Analyses

SEM analysis was carried out on the surface of the test
coupons for both incubated and control sample surfaces. The
SEM images and EDS analysis of all the samples are given in
Fig. 5, 6, 7 and 8.

As can be seen in Fig. 5, there are no apparent corrosion on
the surface of the control sample (Fig. 5a) which is supported

by the EDS analysis that only reveals Cu peaks (Fig. 5b). On
the other hand, deterioration on the surface was observed after
24 h of incubation (Fig. 5c). This visual examination was
confirmed by the oxygen and sulfur peaks in EDS analysis as
shown in Fig. 5(d).

After 168 h of incubation, the control sample started to
show some signs of corrosion on the surface (Fig. 6a) with a
small intensity of oxygen peak in EDS (Fig. 6b). The bacteria-
subjected samples again show small regions of corroded areas
(Fig. 6c) with oxygen and strong sulfur peaks (Fig. 6d).

It can be clearly seen from Fig. 5(d), 6(d), and 7(d) that the
intensity of sulfur peak was increased with increased incubation
duration for 24, 168, and 369 h, respectively. Figures 5(c), 6(c),
and 7(c) show that corrosion had begun locally in small regions
for 24 and 168 h, but progressively spread along the whole
surface after 360 h.

It can be seen from the EDS analysis (Fig. 8b) that chloride,
carbon, oxygen, and strong sulfur peaks were detected which

Fig. 7 (a) SEM image of the control sample, (b) EDS analysis, (c) SEM image of the sample after 360 h incubation, (d) EDS analysis on the
selected area
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indicated that the copper substrate was deteriorated. Cu2S can
be generated in SRB medium as follows (Ref 32):

Cu þ HS� ! Cu HSð Þadsþ e� ðEq 1Þ

Cu þ Cu HSð Þads þ HS� ! Cu2Sþ H2Sþ e� ðEq 2Þ

Cu HSð Þadsþ 2Cl� ! CuCl�2 þ HS� ðEq 3Þ

CuCl�2 þ HS� ! Cu2Sþ 4Cl� þ Hþ: ðEq 4Þ

After 24 h of incubation, approximately 25 lm2 area of
pitting corrosion began on the surface of copper. Rest of the
surface appeared to exhibit no signs of corrosion. After 168 h
of incubation, the fractional area of corrosion was not changed;
however, whole surface of the copper started to degrade. After
369 h of incubation, the corrosion was more visible and clearly
observed even at lower magnifications. After 720 h of incuba-
tion, CuS phases were formed and the surface was almost
completely covered with this phase.

Fig. 8 (a) The corroded surface of the samples after 720 h of incubation, (b) EDS analysis of needle-like flaky structure in Fig. 8(a)
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4. Conclusion

In order to inhibit microbiological corrosion in systems, it will
be useful to determine the main bacteria that cause the corrosion
and then use effective methods to eliminate it. For example,
sulfate-containing mediums are typically present in oil produc-
tion sites where copper surfaces are exposed toDesulfovibrio sp.
Thus, the findings in this work are aimed to enlighten the
potential fundamental corrosive effects of Desulfovibrio sp. in
copper. In general, it can be concluded that under the laboratory
conditions that was studied in this work, H2S, the acidic product
of the pure culture Desulfovibrio sp., can be produced. EPS has
the ability to bind to metal, and the carbohydrate that EPS
involves could accelerate the corrosion of copper.

On the basis of the experimental results obtained from this
study, it can be stated that

(i) The SEM analysis showed that Desulfovibrio sp. can
be attached on copper surfaces and form biofilm.

(ii) The copper concentrations in biofilm and EPS increased
over time (P< 0.01), and a positive correlation be-
tween the copper concentrations in the biofilms and
EPS (P< 0.01) was determined. Thus, the important
role of biofilm and EPS on corrosion was supported.

(iii) The copper concentrations in biofilm were statistically
higher than the control film layer (P< 0.01). This re-
sult indicated that copper was corroded by Desulfovib-
rio sp.

(iv) The amount of carbohydrate was positively correlated
with copper concentration in biofilm (P< 0.01). This
result showed that there was a correlation between cor-
rosion of copper and carbohydrate amount.

(v) EDS analysis was carried out on the surface of the test
coupons and Cu, S, C, O, and Cl peaks were observed.
On the other hand, the control coupons revealed only
Cu peaks. These results clearly indicate that Desulfovib-
rio sp. caused the corrosion on the surface of copper.
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