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The effect of molybdenum on biofilm development
SL Percival
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Little is known about the formation and effects of biofilms on stainless steel pipes in freshwater environments,
particularly as they are considered as a direct replacement for copper pipes for ‘problem’ water. There is some cause
for concern especially as stainless steel cannot claim the inherent biocidal potential of copper. As molybdenum is
known to be leached out of stainless steel grade 316, in very small amounts, a study was set up to see if molybdenum
could retard the development of biofilms. When a comparison of biofilm viable and total cell counts was made
between pure molybdenum metal and stainless steel grade 304, it was found that cell counts were significantly
higher ( P , 0.05) on grade 304 stainless steel after 5 weeks exposure to flowing water (0.64 m s −1). Molybdenum
(above a concentration of 1 g L −1) affected the growth rate of Acinetobacter sp, a pioneering bacterium of biofilms
in potable water.
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Introduction

Potable water contains low numbers of heterotrophic micro-
organisms which colonise pipe surfaces and develop into
biofilms [6], often leading to a condition known as
regrowth [7]. Microbial cells found as part of this biofilm
contribute to the contamination of the water bulk phase
possibly due to sloughing as a result of water shear [11].
These sloughed sections of biofilm may harbour potential
opportunistic and pathogenic organisms which may be a
health hazard in poorly chlorinated waters, particularly
associated with domestic, commercial and municipal
plumbing systems when deposited at consumers’ taps
[13,16]. The clean, low-chlorinated water environment,
characteristic of potable water, is ideal for the use of stain-
less steel [1,8,9,14,16,21,22]. Stainless steel is also a strong
candidate for those portions of the potable water system
that are difficult to fabricate, or replace and where the great-
est durability is required. Stainless steels are alloy steels
which contain in addition to iron, chromium, nickel, molyb-
denum, and small amounts of other elements. Types 304
and 304L are the most widely used basic grades of the
chromium-nickel stainless steel. Types 316 and 316L are
the more corrosion-resistant grades which contain molyb-
denum in addition to chromium and nickel [16]. Stainless
steels depend for their corrosion resistance on a thin, dur-
able chromium oxide film that forms almost instantaneously
in air and normal waters. The surface film has been ana-
lysed under electron spectroscopy for chemical analysis and
energy dispersive X-ray analysis which has shown chro-
mium, oxygen and carbon to be present in grade 304 with
molybdenum also present in grade 316 [16]. This molyb-
denum greatly enhances resistance to localised corrosion,
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which gives grade 316 an advantage over grade 304 parti-
cularly in corrosive environments.

Grade 304 stainless steel is more susceptible to biofilm
development in potable water than grade 316 [15–17]. This
may be due to the presence of molybdenum in the passive
layer of stainless steel grade 316 retarding bacterial growth
when leached out into the biofilm [15,18]. It is well known
that molybdenum has an inhibitory effect on sulphate-
reducing bacteria (SRB) [2,3,5]. Its effects on heterotrophic
potable water bacteria have however not been studied.

Stainless steel does not seem to have any inherent bioci-
dal quality when compared to that of its direct replacement,
copper [4]. It is however possible that molybdenum could
have some effect on biofilm development in potable water.
Molybdenum metal in its pure state was chosen as a starting
point to look at the effects of very high levels of molyb-
denum on biofilm development before more extensive stud-
ies with high molybdenum (6%) alloys could be under-
taken. Therefore, this study was set up to observe the
effects of pure molybdenum on potable water biofilm cell
counts and community structure.

Materials and methods

Stainless steel and molybdenum slide preparation
All pipes and metal strips were degreased in acetone by
cleaning them in an ultrasonic bath (Sonicor SC-50-22H)
for 5 min, and sterilised in 70% boiling alcohol for 15 min
prior to use, to remove any contaminating bacteria. Obser-
vation using a Cam series 4 SEM (Cambridge, UK) showed
there were no surface effects of this sterilisation process.

Surface roughness measurements of stainless steel
grade 304 and molybdenum metal
Eight representative slide sections, of 2B (smooth) finish
304 stainless steel and pure molybdenum metal (10 cm
long, 1.9 cm wide and 2 mm thick) were profiled on a Hob-
son-Taylor Taly-surf, to determine mean surface roughness
over a 0.6-cm profile distance. All sections were analysed
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randomly six times for their mean surface roughness (Ra—
the arithmetic mean of the absolute departures of the rough-
ness profile from the mean line) values.

Energy dispersive X-ray analysis (EDAX)
Sections of stainless steel and molybdenum slides (1 cm2)
were examined using a CamScan Series 4 SEM attached
with a Link 860 EDX system (Cambridge, UK). This
enabled confirmation of the chemical elements present on
the surface layers of stainless steel and molybdenum metal
before exposure to potable water.

Effect of molybdenum metal on sessile potable water
bacteria
A system containing two parallel 2-m pipelines (2 cm
internal diameter, 2 mm wall thickness) of stainless steel
grade 304 (Stelco Hardy, British Steel, Treorchy, Mid Gla-
morgan, UK) was constructed. Five 20 cm× 1.9 cm flat
plates of stainless steel 304 were inserted into one pipeline.
Plates of molybdenum metal of the same dimensions were
inserted into the other pipeline. The system was supplied
with potable water at a flow rate of 0.64 m s−1 (Reynold’s
number 11080). The potable water supplying the system
was analysed for total chlorine, free chlorine, temperature,
pH, total counts and viable counts every week.

Biofilm analysis
A metal sheet was guillotined (to avoid any heat treatment
effect or mechanical removal of bacteria) into 10 divisions
(each 2 cm× 1.9 cm) every week, over a 5-week period,
after removal from the system. Six of the sections of each
metal were used to determine viable counts and sessile gen-
era, and four were used for total cell counts.

Viable bacterial counts
After removal from the system all slides were washed
gently in sterile distilled water, to remove any loosely
attached bacteria. Biofilms grown on the slides were
scraped from specifically sectioned areas, using a sterile
scalpel blade and a sterile cotton wool swab. Each section
was analysed after removal of the biofilm under epifluo-
rescence (Olympus BH2, London, UK) microscopy to
establish a percentage removal rate. This was estimated at
around 80–85%.

Removed biofilms were suspended in 10 ml sterile saline
solution and vortexed for 30 s. The suspended biofilm was
then serially diluted (10-fold dilutions) in sterile saline
buffer and 0.1-ml aliquots of appropriate dilutions were
then spread plated onto the surface of R2A agar [19]. Three
replicates were used for each slide analysed. Colony for-
ming units of bacteria were enumerated after 7 days incu-
bation at 28°C. The most dominant sessile bacteria isolated
from the slides were identified. All pure strains were main-
tained on R3A agar [19] prior to use.

Biofilm total cell count enumeration
Specific areas of the slide sections were washed gently in
distilled water to remove any unattached or loosely bound
microorganisms. The washed surfaces were air-dried and
stained for 2 min with filtered-sterilised (0.2-mm pore size)
acridine orange (Difco, West Molesey, UK). After sub-

sequent washing of the samples with sterile distilled water,
the slide sections were again air-dried and examined at a
magnification of 1000 under an Olympus BH2 microscope
which was fitted with a epifluorescent halogen lamp attach-
ment. The numbers of cells adhering to the surfaces were
estimated by counting fluorescing cells within a known area
of a microscopic field. One hundred and twenty fields of
view of the total surface area were randomly selected and
counted on the stainless steel and molybdenum slides.
Results were subsequently converted to cells per cm2 of
surface.

Identification of bacteria
Organisms were identified by colony morphology, colour,
Gram stain (Difco), motility (Difco motility agar and hang-
ing drop method), catalase (Difco), transmission electron
microscopy, oxidase (Difco), fermentation/oxidation of glu-
cose (Hugh and Leifson), and growth at various tempera-
tures (37°C, 41°C and 45°C).

API 20 NE strips were used for further verification of
Gram-negative bacteria. This identification process for both
Gram-negative and Gram-positive bacteria was followed
closely to that discussed by LeChevallier [12]. Verification
of the identity of 80% of the bacteria was also carried out
by the National Collection of Industrial and Marine Bac-
teria (NCIMB, Aberdeen, Scotland).

Effect of molybdenum ions on planktonic/sessile
bacteria
The organisms used in this study includedAcinetobacter
sp,Corynebacteriumsp,Pseudomonassp,Escherichia coli,
Aeromonassp andMicrococcus luteus. All organisms were
isolated on R2A agar from a drinking water tap. An over-
night culture of each isolate was prepared from the slopes
by inoculating 1 ml into twenty 750-cc flasks containing
R2A [19] broth (200 cc). Sterile filtered molybdenum triox-
ide (Aldrich Sigma, Poole, Dorset, UK) was added to give
final concentrations of 0.3, 1.0 and 10.0 mg L−1 in sets of
five flasks. The remaining five flasks contained no molyb-
denum. The concentration of molybdenum was confirmed
in all flasks using inductively coupled plasma (ICP) spec-
trometry. All flasks were incubated at 28°C for 140 h in an
orbital incubator (200 rpm) and optical density measure-
ments (600 nm) were made over varying time intervals. In
addition viable cell counts were taken at specific optical
density measurements for a comparison.

The effect of 100, 1000 and 2000 mg L−1 of molybdenum
trioxide on bacterial growth was also assessed using these
same procedures.

Molybdenum sensitivity
A number of planktonic and sessile bacteria isolated from
potable water were examined for sensitivity to molybdenum
trioxide. They were subcultured onto R2A agar prior to
identification and tested for sensitivity to molybdenum.
Susceptibility of the isolates to molybdenum involved over-
night cultures being spread onto R2A agar to obtain semi-
confluent growth. Sterile filter paper discs soaked in 30 ml
of various concentrations of molybdenum ranging from 50–
2000 mg L−1 were placed on the plates which were incu-
bated at 25°C for 48 h, after which zones of inhibition
were measured.
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Statistical analysis
All experiments involving statistical analysis were analysed
using Student’s pairedt-test and analysis of variance on
Minitab (version 9.2) and Excel.

Results

Chemical surface layer and surface roughness
The presence of chromium and iron was evident in the sur-
face layer of stainless steel grade 304 after analysis using
energy dispersive X-ray analysis. It showed that the surface
layer was composed predominantly of chromium and iron,
with some carbon and oxygen presence. No molybdenum
was detected in any of the 304 samples. After analysis of
the surface layer of the molybdenum metal, it was found to
be composed mainly of molybdenum, oxygen and carbon.

Surface roughness measurements, after profiling, showed
that stainless steel grade 304 had a Ra value of 0.256 and
molybdenum metal 1.252. Molybdenum metal was found
to be significantly (P , 0.05) rougher than stainless steel
grade 304.

The effect of pure molybdenum metal on numbers of
sessile bacteria
The characteristics of the potable water supplying the rig
system were measured as: pH 7.3, temperature 12°C, total
and free chlorine,0.02 ppm, viable count 4.2× 102 CFU
ml−1 and total count 2.1× 105 cells cm−3.

Cell counts of sessile viable bacteria were greatly
reduced on molybdenum metal (Mo) compared to stainless
steel. Throughout the 5-week study the viable counts on
stainless steel slides were a factor of 10 higher than those
present on Mo slides (Figure 1). Overall, after exposure to
potable water over a 5-week period, all biofilm viable cell
counts were significantly higher (P , 0.05) on stainless
steel when compared to counts of cells on pure molyb-
denum metal.

When viable counts of sessile bacteria were compared to
the total cell counts of sessila bacteria, a similar picture
was evident (Figure 2). All biofilm total cell counts were
significantly higher (P , 0.05) on stainless steel when com-
pared to counts on molybdenum metal slides.

Figure 1 Viable cell counts of sessile bacteria on stainless steel 304
(—M—) and molybdenum (—R—) slides after exposure to mains water
for 5 weeks.

Figure 2 Total cell counts of sessile bacteria on stainless steel 304
(—M—) and molybdenum (—R—) slides after exposure to mains water
for 5 weeks.

Effect of molybdenum on the adhesion of sessile
bacteria
The pioneering bacteria attached to both stainless steel and
molybdenum metal were slightly different (Table 1). Stain-
less steel was predominantly colonised byAcinetobactersp.
Numbers of these organisms were detected at a significantly
higher (P , 0.05) level than numbers detected on molyb-
denum metal. AlsoPseudomonasspp colonised molyb-
denum metal at a significantly higher (P , 0.05) level when
compared to that of stainless steel.Methylobacteriumsp
andFlavobacteriumsp were also affected by the presence
of molybdenum. A number of bacteria identified within the
water supply could not be isolated and identified within the
biofilms (Table 1). These includedBacillus sp andAlcali-
genessp. Also a large number of bacteria isolated from the
water supply could not be identified after subculturing due
to loss of viability.

The effect of molybdenum on planktonic bacteria
Molybdenum trioxide up to a concentration of 1 g L−1 had
no effect on the planktonic cell counts ofAcinetobactersp,
Corynebacteriumsp, Pseudomonassp, E. coli, Micrococ-
cus luteusor Aeromonassp. At higher concentrations (2 g
L−1), molybdenum had an effect on the counts of planktonic
cells of Acinetobactersp (Figure 3). It also caused signifi-
cantly longer lag and exponential phases inMicrococcus
luteus and Aeromonassp (Figure 4) when compared to
appropriate controls.

Susceptibility to molybdenum
For high concentrations of molybdenum (above 1 g L−1) the
isolates tested demonstrated a wide range of tolerance to
molybdenum trioxide. The diameter of inhibition zones, for
molybdenum concentrations of 2 g L−1, ranged from 2.4 to
8.5 mm for the planktonic isolates and 1.5 to 6.1 mm for
the sessile bacteria with the variation being related to the
genera under study (Table 2). Despite these differences no
significant differences (P , 0.05) were evident between
planktonic and sessile bacteria despite the smaller diameter
zones of inhibition present on the plates containing the sess-
ile bacteria.

Discussion

Biofilms developed on stainless steel within flowing and
stagnant (deadlegs) water systems accumulate metal ions,
particularly iron, zinc and molybdenum [7,15,18]. These
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Table 1 Biofilm community structure (mean %) developed on stainless steel and pure molybdenum metal after exposure to potable quality water for 5 weeks

Genus Water Week 1 Week 2 Week 3 Week 4 Week 5
supplya

Stainless Molybdenum Stainless Molybdenum Stainless Molybdenum Stainless Molybdenum Stainless Molybdenum
steel steel steel steel steel

Acinetobacter 25 ± 5 60± 21 10± 5 45± 18 12± 4 36± 15 6± 1 25± 10 14± 8 15± 7 10± 3
Corynebacterium 18 ± 8 10± 4 8± 2 20± 10 18± 6 14± 3 27± 5 15± 3 13± 4 15± 2 13± 6
Flavobacterium 4 ± 2 0 0 10± 6 0 6± 2 0 20± 5 0 10± 5 5 ± 2
Unknownb 10 ± 4 0 17± 4 0 0 0 4± 1 0 0 10± 1 0
Alcaligenes 2 ± 1 0 0 0 0 0 0 0 0 0 0
Bacillus 2 ± 1 0 0 0 0 0 0 0 0 0 0
Methylobacterium 3 ± 1 10± 3 3± 1 10± 4 6 ± 2 2 0 0 0 0 0
Pseudomonas 34 ± 12 20± 12 62± 21 15± 4 64± 24 42± 11 63± 24 40± 17 73± 29 30± 13 62± 31
Sphingomonas 2 ± 1 0 0 0 0 0 0 0 0 20± 14 10± 2

aMean of weeks 1–5.
bUnknown—includes bacteria which could not be identified via the API strip and bacteria that lost their viability after they were subcultured.
± = standard deviation.
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Figure 3 Growth ofAcinetobactersp after exposure to molybdenum tri-
oxide. —R— Control; —M— 100 ppm; —G— 1000 ppm; —×—
2000 ppm.

Figure 4 Growth ofAeromonassp after exposure to molybdenum triox-
ide. —R— Control; —M— 100 ppm; —G— 1000 ppm; —×—
2000 ppm.

Table 2 Sensitivity of planktonic and sessile bacteria to 2 g L−1 of mol-
ybdenum trioxide

Genus Zone diameter (mm)± standard deviation

Planktonic Sessile

Acinetobacter 8.5± 3.9 4.1± 2.3
Alcaligenes 6.3± 2.8 3.5± 1.2
Aeromonas 6.1± 3.8 5.3± 1.5
Corynebacterium 5.8± 2.4 4.1± 2.6
Flavobacterium 3.2± 1.6 2.4± 1.3
Methylobacterium 6.6± 4.1 4.8± 2.6
Pseudomonas 2.4± 1.1 1.5± 0.2
Sphingomonas 2.8± 0.9 2.1± 0.4

metal ions could affect counts of sessile bacteria and it has
been documented, particularly with sulphate-reducing bac-
teria, that these metal ions can retard bacterial viability
[2,3,5]. Biofilms are likely to possess characteristics and
properties which are unique to their particular niches. The
physicochemistry of metallic surfaces is rapidly altered by
deposition of complex nutrients, with humic and fulvic
acids often deposited on pipe surfaces in water systems.
The metabolic products of microorganisms also adhere to
these surfaces, including exopolysaccharides, glucans, fruc-

tans, lipopolysaccharides, proteins, carbonates and struvite.
These modifications in surface physicochemistry, and
biofilm microenvironments are greatly affected by metallic
ions, particularly molybdenum, released into biofilms.

Molybdenum metal reduces the adhesion rate and biofilm
development of bacteria in potable water, compared to
stainless steel. As the Ra value was significantly higher on
molybdenum metal, when compared to stainless steel, high
surface roughness can be dismissed as a factor responsible
for the higher cell counts on stainless steel because a high
Ra surface roughness value increases biofilm development
[15–17]. Whilst pure molybdenum metal would not be used
as a material to transport potable water, exposure to it at
high concentrations, possibly if it was incorporated in a
material used to transport potable water, could be used as
a potential biocidal treatment. The composition of the metal
substratum affects biofilm development and the sessile
microbial community. This has also been observed in other
studies carried out in potable water systems [10,20]. It was
observed in this study that high concentrations (2 g L−1) of
molybdenum, in solution, had an effect on the growth of a
number of potable water bacteria. Clearly, bacteria show
different physiological responses to the presence of molyb-
denum, in thatAcinetobactersp is more susceptible to mol-
ybdenum thanCorynebacteriumsp andPseudomonassp.
It is possible, despite no evidence of statistical significance
(P , 0.05), that the bacteria removed from biofilms grown
in potable water may be more resistant to the effects of
molybdenum than bacteria isolated from the planktonic
phase. This was confirmed in the molybdenum sensitivity
test. Whilst it is unlikely that bacteria will be located in
environments containing high concentrations of molyb-
denum metal ions, results of this study show that molyb-
denum has some biocidal potential, by reducing bacterial
growth rates when compared to solutions containing no or
low concentrations of molybdenum.

As stainless steel is now being accepted as a good
material for use in potable water [1,4,8,9,14–17,21–23] it
is possible that it may have slight biocidal qualities. This
may be due to molybdenum ions, present in the passive
layer of stainless steel grade 316 [16] and known to leach
from stainless steel in low concentrations [17,18], reducing
bacterial viability.
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