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Abstract:

The aim of this work is to emphasize the central role of surface chemistry as a determining
factor during the process of bacterial adhesion and biofilm formation on metals. Experimental
results showing the influence of the presence and composition of an oxide layer, the pH, and the
ionic strength of the solution on bacterial adhesion are reviewed and discussed.

Indeed, after a biofilm has been established, the modification of surface chemistry as a

result of bacterial activity is considered as a key variable influencing the corrosion process.

Key words: bacterial adhesion, surface oxides, hydrogen bonds, microbiologically influenced

corrosion

1. Introduction

Adhesion of bacteria to solid surfaces is a general phenomenon associated with numerous
medical, industrial, and ecological problems (6, 7, 11, 17, 19, 22). In particular, the adhesion to
metal surfaces is related, for example, to the contamination of prosthetic and medical devices (6), or
to the localized corrosion failure of industrial equipment (17) as a consequence of the bacterial
surface colonization and biofilm formation. A better understanding of the variables governing
bacterial adhesion to metal surfaces will surely contribute to founding solutions to these problems.

A likely rationalization to the interaction of bacteria with a solid surface is often given
through the DLVO theory of colloid stability, developed by Derjaguin and Landau (1941), and
Verwey and Overbeek (1947)(13). This theory summarizes the electrostatic and van der Waals
interactions, yielding the overall interaction energy between surfaces, as a function of separation
distance. The suitability of the theory to explain the experimental results has been probed for the
adhesion of bacteria to different materials, including polymers, glass and minerals [28, 32, 13, 20].
However, it has been pointed out that there are many aqueous systems where DLVO theory fails to

explain the experimental observations (Israel...). The failure has been related to both, the lack of
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consideration of solvent structuring in relation to surface features [19], or the occurrence of specific
interactions that can overcome DLVO barriers [7]. Good examples of systems where a non-DLVO
behavior has been found, are metal oxide or hydroxide surfaces on which hydration and the
possibility to form hydrogen bonds (H-bonds) are present. Experimental evidences are presented
here, showing the participation of surface chemistry in the bacterial adhesion to various metals.

Once bacteria are readily adhered to a surface, a biofilm can form as a consequence of
bacterial growth and proliferation. The growth of a biofilm on a corrodible metal very often results
in an increased corrosion usually referred as MIC (microbiologically influenced corrosion), and
includes pitting, dealloying, and crevice corrosion failures. These forms of corrosion are directly
related to local changes in chemical equilibria at the metal—electrolyte interface or to changes in the
surface oxides composition.

In this paper we present a summary of the work we have developed on the study of bacterial
interactions with metal surfaces. The project was aimed to determine the influence of bacteria on
the stability of metals with industrial applications, focusing the attention on the adhesion of aerobic
bacteria belonging to the genera Pseudomonas to various materials, including aluminum brass and
titanium, frequently used as construction material for condenser tubes with applications in Thermal
Central Units, and pure (base) metals as copper and zinc.

Results showing the influence of changes in variables like pH and ionic strength, and the
presence or not of a passivating oxide layer on the adhesion are discussed. Furthermore, the
influence of bacteria on the kinetics of oxides growth, and a possible mechanism for the increased

corrosion rates in the presence of bacteria are reviewed.

2. The surface of metals in aqueous media.
After immersion of a metal in an electrolyte, a steady potential is reached once the chemical
equilibrium between the metal and its ions in solution has established. Depending on the solution

parameters in the proximity of the surface, solid oxides and hydroxides may precipitate during
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metal dissolution leading to the formation of a surface layer. Local pH and ionic strength on the
surface determine the kinetics of growth and composition of the layer, which indeed modify the
physicochemical interaction between the material and the surrounding environment, including the
interaction with water, dissolved compounds, and other elements as colloid particles and
microorganisms.

Taking this into account we aimed to study the growth and composition of the oxide layer
on some of these metals at various pH and ionic strengths in order to evaluate the physicochemical
effects on the bacterial adhesion process. The adhesion on pure metals was also evaluated for
comparison.

The presence of an oxide layer frequently determines a steady state at which corrosion is
possible, but at a lower rate due to the “passivating” effect of the oxide. [ver primer trabajo con
David].

We will refer from here on to oxidized surfaces as “aged surfaces”, in contrast to a recently
polished “bare surface” on which an oxide film is assumed to be absent.

During our studies water contact angle measurements under air or n-hexane were used to
determine surface hydrophobicity of metallic surfaces, as well as those of bacteria. UV-Visible
reflectance spectroscopy was used to analyze the composition of bare and aged metal surfaces after
different aging treatments. The electrostatic charge of bacteria was estimated from electrokinetic
measurements of the Zeta potential at various pH values.

The adhesion of bacteria to the surfaces was evaluated counting the adhered cells per unit

area at an optical metallographic microscope after classical immersion experiments at various times.

3. Surface composition and hydrophilicity
The water contact angle of metal surfaces in the bare and the aged condition for Al brass,
Cu and Zn are shown in Table 1. As can be observed in table 1, the higher contact angles for metals

surfaces were those corresponding to bare aluminum brass and copper, with values of 51.2° and
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45.9°, respectively. The ageing treatment results in a strong decrease of the contact angle of
aluminum brass up to a value of 29.7°. Meanwhile in the case of copper, the obtained value was just
slightly lower (42.5°) than the one measured on the bare surface.

On zinc samples the instantaneous oxidation of the surface after polishing hindered the
determination of 6,, on a bare surface. On aged zinc on the other hand, the oxide covering the
surface was completely hydrophilic and rendered a value of 0,,-0°.

The water contact angle for PE was also determined and included for comparison (Table 1).

Despite the relative differences of 6,, values measured on the various metals and conditions,
it is important to note that with the only exception of PE, contact angles were always below 65°,
which is recognized as an indication of the hydrophilic character of the surface of materials (Vogler,
1998).

The water contact angle is an indirect measurement of the interfacial energy of interaction

(y) of a material or compound, and can be expressed as (Loeb, 1985):
D AB

Y=y ty

where y° and " are the dispersion component and the acid—base component of the
interaction, respectively. The y*® component for a metal surface can be directly determined
measuring the contact angle with water (y° =21.8 x 10 ~ J/m?) under an n—alkane with a dispersion
component close to that of water. Any changes in the angle in this situation can be attributed to
changes in the acid—base component of the surface (Schultz et al., 1977).

In order to characterize the acid-base interaction capacity of Al Brass, samples were aged in
NaCl 0.1 M at various pH values and their water contact angle was measured under n-hexane (y° =

18.4 x 10  J/m®). Results are shown in Table 2. Water contact angles were observed to decrease as

pH values of the solution used during the ageing treatment increased (Table 2), indicating the
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increment of both, the acid—base interaction and H-bond forming capacity of the surface toward
basic pH values.

In addition to contact angle measurements, oxides grown were also characterized during the
ageing treatment in different conditions, using differential reflectance spectroscopy.

Results are shown in Fig. 1 a, b, and c for surfaces aged at the corrosion potential in
artificial tap water On copper, the presence of absorption peaks at 237, 314 and 380 nm, and
shoulders at 462 and 560 nm is indicating the participation of Cu,O in the passivating film as a
main component (Fig. 1a) (Hummel, 1983, Sanchez ef al., 1991). On aluminium brass (Fig. 1b), the
occurrence of peaks at the same wavelengths but with different intensities was observed. A broad
peak at 462 nm, a minor peak at 360-380 nm and a shoulder at 237 nm suggest the presence of
Cu,0. A peak at 260 nm was also detected. This peak was also found on aged zinc (Fig. 1c), and
indicates the formation of zinc oxo-hydroxides (Kim et al. 1995).

Spectra were also recorded after the ageing of Al brass in NaCl solutions with different pH
and ionic strengths in order to evaluate the oxide layer composition changes of this alloy. Results
are shown in Figs. 2 to 5.

At pH 2 a broad absorption band between 300 and 480 nm was observed, indicating the
presence of metallic copper (Kim et al. 1995) on surfaces aged at both, 0.1 M and 0.6 M NaCl
solutions (Fig. 2). It was also observed that surfaces were etched due to the active dissolution of the
metal at this extremely acid pH.

At pH 4, absorption peaks at 240, 310 and 560 nm were detected when analysing samples
aged in 0.1 M NaCl (Fig. 3). In NaCl 0.6 M, weak absorption peaks were detected at 240, 310 and
440 nm on the broad absorption band corresponding to metallic copper (Fig. 2). Peaks at 0.6 M
indicate the presence of Cu,O (Hummel, 1991; de Sanchez et al., 1991), its presence at 0.1 M
however needs a further analysis.

When working at low pH values (2 and 4) it is possible to find surface dealloying as a

consequence of the selective dissolution of the less noble metal in the alloy. In the case of
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aluminum brass the preferential dissolution of zinc could lead to the formation of a copper rich
layer in the metallic lattice surface on which oxides are formed.

At pH 6, spectra of the oxides obtained after the ageing in both, 0.1 M and 0.6 M NaCl
were markedly different (Fig. 4). In 0.1 M NaCl, absorption peaks at 240 and 310 nm suggest the
growth of Cu,O, whereas peaks at 520 nm and 640 nm could be related to the presence of
(hydro)oxides. Pyun and Park (1986) reported that absorption peaks initially found beyond 560 nm
shift to wavelengths lower than 460 nm after the ageing of copper in KOH as a consequence of
surface dehydration, and assigned the initial absorption to copper (hydro)oxides.

In 0.6 M NaCl (pH 6) (Fig. 4), the appearance of peaks related to the presence of CuO (270
nm) (de Sanchez et al., 1991), Cu,O (400—450 nm) (Hummel, 1991; Kim et al., 1995), and ZnO
(360 nm) (Kim et al., 1995) was observed. It is important to note the absence of peaks related to the
formation of hydroxides (Fig. 4), which indicates the occurrence of oxides dehydration with the
raising of the ionic strength.

At pH 8, the presence of Cu,O was evidenced after the ageing in both, 0.1 M and 0.6 M
NaCl solutions (Fig. 5). In 0.1 M NaCl the main feature of the spectrum was an absorption peak at
640 nm, whereas in 0.6 M NaCl the stronger absorption was around 400 nm (Fig. 5), assigned to the
hydrated and dehydrated state of the oxide, respectively.

Being bacterial adhesion a physicochemical process, we aimed to study the effects of
modify the pH and ionic strength of the electrolyte on it. As shown by results in Figs. 1 to 5 the
surface chemistry of copper and Al Brass is readily susceptible to pH and ionic strength, and
changes in the oxide composition may interfere in the evaluation of adhesion. Taking this into
account we decided to repeat our experiments using titanium as test material.

After aging of titanium samples in NaCl solutions at different pH values, the open circuit
potential (OCP) was measured and differential absorbance UV-Visible spectra of the oxide were
recorded. Mean values of OCP are shown in Table 3. These values are in good agreement with the

existence of a TiO, layer expected from the Pourbaix diagram [29]. The absorbance spectra of the
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surface oxide in 0.1 M NaCl at each pH value are shown in Fig.6. The main feature is a broad peak
of absorption at 300 nm, which was observed at the different pH values tested. These absorption
spectra are generally associated with a charge transfer process [23] which can be assigned, in this
case, to the transfer of charge from oxygen to Ti*" ions in TiO, [23]. The only change observed in
the spectra was the height of the peak, which is related to the thickness of the TiO, layer. Similar
results were obtained in 0.6 M NaCl solutions (data not shown).

It can be assumed from this results that the only changes in the titanium surface with the
variations in pH and ionic strength are related to its electrostatic charge due to the differential ions
adsortion and hydration, allowing the interpretation of bacterial adhesion results in terms of
interfacial electrostatic and van der Waals interactions only.

For the analysis of the bacterial adhesion results the interfacial features of interacting
surfaces are needed. A theoretical analysis is presented below for the estimation of electrostatic net
charge on titanium in the different experimental conditions, and the electrostatic charge of bacterial

cells is estimated from electrokinetic measurements.

4. Acidic and basic properties of hydroxylated metal surfaces.

Metal and metalloid oxides are know to sustain hydroxylation in the presence of adsorbed
water molecules forming two types of co-existing hydroxyl groups which differ in their
coordination with Me"" ions: the basic-type (single coordinated), and the acid-type (double
coordinated) [5]. Basic sites accept a proton as a base and acid sites donates a proton as an acid
yielding positively and negatively charged sites, respectively. It follows that the net charge of the
hydroxylated surface will change with the pH of the electrolyte due to changes in the ionization of
these groups. There is a pH at which the number positively charged (basic) hydroxyls equals the
number of negatively charged (acidic) ones in the absence of other adsorbed ions [30], this is called
the point of zero charge (pzc) of the oxide. For a typical hydroxylated surface, the charge of the

oxide changes from positive at pH < pzc, to negative at higher values.
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The pH of the pzc depends on the value of the proton affinity constant of the adsorbed ions,
which in turn depends on the acidity of the metal ion involved, and its coordination number with
oxygen.

Based on the protonation of the surface adsorbed ions cited above, the relation between
neutral and charged OH species on the TiO, surface was obtained from the expression of the proton
affinity constants, pK,; and pK,, , for the basic and acidic sites respectively [30]. Its dependence on

the pH of the solution is:

O—pKaI
[1] { TiIOH} = o {TiOH,"} for the basic species
10°
and
-pH
[2] { TiOH} = S {Ti0™} for the acidic species
107

where { } indicates concentrations of the species at the surface.

The charged site densities (N,; and N,,) can be obtained as:

[3] Nai = { TiOH,"} =N, - { TiOH}
and
(4] No= {TiO} =N;- { TiOH}

where N; is the number of surface sites of every type (either acidic or basic) per square nanometer.

Replacing from eqn. 1 and 2 and rearranging:
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. +
[5] N = (TiOH'} = —
1+
and 107"
[6] Ne= { TiO'} o
1+
lo—pKa2

Calculations were made using equations 5 and 6 to determine the number of charged sites
and the overall charge condition of the surface at every pH value, taking pK,;= 4.4, pK,,= 7.5 [18],
N, = 8 sites nm™ (estimated for rutile on the basis of crystallographic data [22]) and a 1:1 ratio of
acidic to basic sites on the TiO, surfaces [5]. Results are shown in Fig. 7a and b. The pzc is at pH
6.0, where N,; = N, as described above. This value agrees with previous experimental
determinations [2]. It is not possible from the results of this simple model to obtain the magnitude
of the charge at every pH. However, a positive charge value at pH values below 6 and a negative
one at pH values above 6 can be predicted (Fig. 7a). The fraction of charged sites changes from 0.5
to almost 1 at pH 6 indicating that at this pH all the surface sites have a positive or negative charge

(Fig. 7b).

5. Electrophoretic mobility and bacterial cells charge.
The zeta potential (£) of bacterial cells was determined by electrophorethic migration in
0.01 M NaCl at a final cell number of 10° cells ml'. A Rank Bros. Ltd. Mark II Particle
Microelectrophoresis Apparatus (Bottisham- Cambridge, England.) was used, an the applied
potential was 80 V. The value of { was calculated using Smoluchowski's equation as = 12.87 p,
were U is the measured electrophoretic migration.
The { values for bacterial cells at the different pH values are listed in Table 4. The

isoelectric point occurred at pH = 2, with the bacteria bearing a negative charge above this value.
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6. Bacterial adhesion results.

Metal samples were exposed during different time periods to bacterial suspensions in order
to determine the adhesion of cells to the various kind of surfaces.

The results for Cu, Zn, and their alloys as well as for Al Brass and titanium at different pH
and salinity are shown in Figs. 8 to 10.

As can be observed in Fig. 8 there was almost no bacterial adhesion on bare metal samples,
on which the number of adhered cells was negligible even after 120 min of exposition. Bare zinc
was not included in these tests since, as discussed above, it was not possible to obtain a bare surface
in contact with the electrolyte due to its high susceptibility to oxidation.

The number of bacteria adhering to aged metals on the other hand, was increasing at
different rates with the time of exposition. Results were expressed as percent of adhesion taking the
number of bacteria adhered to zinc at 120 min (325 adhered bacteria / 100 um?) as 100%. Adhesion
was found to increase faster following the sequence zinc > Al-brass > copper (Fig. 8). Final
adhesion values of 16.3% and 77.5% were obtained for copper and aluminum brass, respectively.

On the PE reference surface the adhesion was negligible throughout the experiments (Fig.
8).

Variations in the cell density (adhered bacteria per unit area) of irreversible adhered
bacteria found on aluminum brass samples at the various pH values tested can be observed in Fig. 9.
When experiments were done at a constant ionic strength of 0.1 M NaCl, bacterial adhesion was
clearly higher at pH values of 6 and 8, as compared to that at pH 2 and 4, despite the marked
dispersion of results through the various repetitions (Fig. 9). When determinations were done at a
higher ionic strength (0.6 M), the adhesion of bacteria was strongly reduced to negligible levels
throughout the pH interval tested (Fig. 9).

Bacterial adhesion to aged titanium surfaces was minimal at pH 2 and increased with pH

until pH 6. At pH 8, the number of adhered bacteria declined to a value close to that at pH 4.
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At a higher ionic strength (0.6 M NaCl) the adhesion of bacteria was, as in the case for Al

brass, reduced to negligible levels throughout the range of pH tested (Fig. 10).

7. Discussion.

The DLVO theory of colloid stability summarizes the electrostatic and van der Waals
interactions between surfaces, yielding the overall interaction as a function of separation distance
(Norde and Lyklema, 1989). In close agreement with this theory, hydrophobicity and charge have
been identified as the overall non—specific parameters determining the fate of the adhesion process
(van Loosdrecht et al. 1987).

In addition to these non—specific interactions, specific interactions have been described
participating at short separation distance, including the formation of ionic, hydrogen, and chemical
bonds (Busscher and Weerkamp, 1987).

Adhesion of bacteria to the surface of different materials has been extensively studied
during last twenty-five years. The emerging conclusion from these studies, mainly those related to
polymeric surfaces, was the correlation originally found by Absolom ef al. (1983) between the
interfacial surface tension of both, the material (ys,) and the bacterial surface (yyy), as related to the
interfacial surface tension of the surrounding medium (y,,). For hydrophilic bacteria (v, < vuy) the
adhesion decreases as the material surface hydrophobicity increases. In the case of hydrophobic
bacteria (yy > Yuv) on the other hand, the adhesion increase with the increment of the surface
hydrophobicity. The measurement of the water contact angle by the sessile drop method showed
that bacterial cells used in our experiments work are hydrophilic (Table 1). As shown in Fig. 11, the
adhesion of this strain to various metal surfaces was observed to decrease with the diminution of
surface hydrophilicity in the order: aged Zn > aged Al-Brass > aged Cu > Al-Brass > Cu in

agreement with the previously cited statement.
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7.1.The influence of surface composition on bacterial adhesion

Even when metal and metal oxides are typically hydrophilic (Kinloch, 1987) (Table 1),
there are differences between them, particularly in their relation with water, depending on the
surface chemistry. The interaction force between a metallic ion and other ion or molecule depends
on the ion co—ordination capacity (Cotton and Wilkinson, 1993). Differences observed in both, the
water contact angle, and the adhesion of bacteria to the various metal surfaces can be related to
variation in the interaction force due to changes in the oxide layer composition.

As can be observed in the reflectance spectrum of aged Cu (Fig. 1a), the oxide film on this
surface is mainly composed by Cu,O. Aluminum brass on the other hand, shown (fig. 1b) the
presence of both, Cu,0O and ZnO. ZnO was the only component on the oxidized surface of metallic
Zn (Fig. 1c).

Whereas little differences exist between contact angle values on bare and oxidized copper
(Table 1), the presence of ZnO in aluminum brass introduce a strong variation on the contact angle
of the alloy after the ageing treatment (Table 1), which results in a value significantly lower than the
one for bare aluminum brass. On oxidized zinc, the measured contact angle was null, showing a
completely hydrophilic surface (Tablel).

The adhesion of bacteria to the various surfaces showed changes similar to those observed
in contact angle values, and were also related to the presence of ZnO in the oxide layer. The
adhesion to bare copper and aluminum brass was very low, and increased on oxidized samples,
being the increment higher on aluminum brass. The highest adhesion was observed on zinc where
the film was only composed by ZnO (Fig.1c¢).

These results can be explained considering the reactivity of an oxidized surface on which
M"" ions have an unsatisfied co-ordination capacity (Cotton and Wilkinson, 1993). Metallic ions
with a high charge-volume relation are acid cations which are able to accept electron “pairs” from,
and establish strong co-ordination with groups such as O*, CO, NH=, OH™ and COO". Several of

these groups can be found in the outermost layer of bacteria (Jucker et al., 1997). Among these
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metallic ions, Zn®" has the strongest acid force and exhibit a high co-ordination capacity with an
also high reaction rate. A ligand as water can easily get in and out from the co-ordination sphere of
Zn”", allowing an easy exchange with others ligands as those found on the bacterial outermost layer.
Cu'" on the other hand, is a cation with a very low co-ordination capacity due to its low acidity.

Considering very short interaction distances, ligands exchange is connected to the
possibility to form specific bonds. Between them, the formation of hydrogen bonds as a
consequence of the acid-base properties of the metal surface is of main importance.

Materials surface hydrophobicity has been interpreted as a macroscopic manifestation of the
self association of water at the interface (Vogler, 1998), and has been shown to depend on the
density of acid—base Lewis sites on the surface, being in consequence closely related to the
formation of specific bonds. On hydrophilic surfaces, where the density of sites is high enough, the
self association of water is disrupted an water molecules interact with the surface (Vogler, 1998).
This is the case for metals and metal oxides. Ions in a metallic structure are acid sites capable to
form covalent bonds with water (Sato, 1998), whereas oxides are generally covered by hydroxyl
ions derived from the dissociation of adsorbed water (Bohem, 1971), and have an increased
capability to form hydrogen bonds.

As more acid-base sites are present on the surface, and as more acidic are these sites, the
interaction of the surface with water and other molecules is expected to increase yielding a more

hydrophilic surface on which hydrophilic bacteria should easily adhere.

7.2. The influence of pH on bacterial adhesion

Results shown in Table 3 and Fig. 6 are in good agreement with the presence of a TiO, film
on the titanium surface over the range of pH values evaluated [29]. Therefore, it can be assumed
that the physicochemical properties of the titanium surface were always defined by the properties of
the TiO, layer.

Results in Figs. 7 and 10, indicate that the maximum number of adhered bacteria was in
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agreement with the pzc of the titanium oxide at pH 6. As the overall charge of the oxide at this pH is
equal to zero neither attractive nor repulsive electrostatic forces existed in this situation. Bacterial
adhesion should then be the result of van der Waals attractive forces.

The overall charge of the oxide surface changed from positive at pH < 6 to negative at
higher pH values due to the variations in the number of charged sites (Fig. 7a). Consequently,
attractive and repulsive forces are expected to act on negatively charged bacteria (Table 4) at pH 4
and pH 8, respectively. This should lead to differences in bacterial adhesion in these extreme
situations, with an increased adhesion at pH 4 and a reduced one at pH 8. In contrast, similar
degrees of adhesion were observed upon departure from the pzc of the oxide in either direction (Fig.
10) indicating that a variable other than electrostatic interactions was involved.

A hydrogen bond has partially covalent — partially ionic character and its energy increases
when the ionic contribution to the bond increases [15]. Depending on the pH of the solution,
hydroxyl ions on the oxide surface can be in its neutral state or have a negative or positive net
charge (equations 1 and 2; Fig. 7). Since the strength of the H-bond is related to the electrostatic
force of the intervening ion [3], the presence of a net charge on the surface-active groups gives an
strong ionic character to its H-bonding with other molecules. This may affect the energy of the
bonds, reinforcing the interaction with water or other H-bond forming molecule.

The formation of hydrogen bonds between adsorbed OH groups, water molecules, and
lipopolysaccharides (LPS) of bacteria was proposed by Jucker et.al. (1997) as a way of adhesion of
bacteria to oxide surfaces. A two-step adsorption mechanism was described, involving the
formation of H-bonds between LPS and the hydration water molecules on the surface in the first
step, and the displacement of water with the formation of direct H-bonds between adsorbed OH and
the LPS in the second step.

Considering the establishment of reinforced H-bonds between charged OH groups on
titanium surface and the LPS outermost ends, and taking into account the variation of the total

number of this sites (Na; + Nay), it can be observed that at the pzc of the oxide, the surface is
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exposing the maximal number of reinforced bonding sites to interact with bacterial LPS (Fig. 7b).
This can explain the high number of irreversible adhered cells at this point (Fig. 10).

At either higher or lower pH values, the number of reinforced bonding sites is reduced due
to the neutralisation of Na; or Na, sites respectively (Fig.7a). Both at, pH 4 and 8 the total number
of sites is reduced (Fig. 7b) in agreement with a proportional decrease in bacterial adhesion at the
same pHs (Fig. 10).

It is assumed in this interpretation of the adhesion results that the possibility to form a bond
with the bacterial LPS is the same for acidic than for the basic sites on the oxide.

As shown above bacterial adhesion results can be better explained if the number of acid-
base binding sites on the metal surface are considered.

This information can now be extrapolated to the situation on a surface with changing
composition.

As evidenced by reflectance spectroscopy results in Figs. 2-5, differences in the solubility
of oxides and hydroxides included in the surface layer of aluminum brass lead to changes in the
layer composition when parameters like pH and ionic strength are modified.

A schematic representation of the surface layer composition of aluminum brass constructed
taking into account the potential-pH diagrams for copper in seawater (Bianchi and Longhi, 1973),
and for zinc in pure water (Pourvaix, 1965) is shown in Fig. 12. The pH domain of every soluble or
solid compound whose presence is possible considering thermodynamic information is indicated.
Since potential domains cannot be extrapolated from the data from pure metals, they were not
included in the figure.

The reflectance results obtained for Al brass at every pH and ionic strength value will be
contrasted to thermodynamic information in Fig. 12 in order to explain the bacterial adhesion
results.

Data in Fig. 2 showed the absence of an oxide layer after the ageing of samples in both, 0.1

M and 0.6 M NaCl solutions (pH 2). This is in agreement with the thermodynamic information in
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Fig. 12, where the presence of Cu®" and Zn*" ions is predicted together with the formation of CuCl.
Although a bare metal surface has Lewis acid—base sites on its surface (Sato, 1998), bacterial
adhesion at this pH was very low (Fig.9). The low adhesion can be related to both, the continuous
dissolution of the base metal at this pH, and the dependence of bacterial adhesion on the presence of
an oxide layer.

At pH 4, weak absorption peaks at wavelengths related to the presence of Cu,O were
detected (Fig. 3) in contrast to predictions in Fig. 12. To investigate the presence of these
compounds, reflectance results were analyzed considering the influence of surface dealloying.
Taking into account that optical properties of electro—deposited Cu films thicker than ~1 um are
those corresponding to bulk copper (Pyun and Park, 1986) and assuming that surface dealloying
was deep enough, the absorption spectrum in Fig. 3 was considered to correspond to the oxides
absorption plus the differential absorption between base metals (Hummel 1983). After subtraction
of the latter the presence of Cu (I) compounds, presumably hydrated Cu,O, was confirmed. Cu (I)
solid compounds has also been observed by others on Cu electrodes oxidized at pH 3 using XPS
and Auger spectroscopies (Feng et al., 1997).

Bacterial adhesion was relatively low at pH 4, but a wide dispersion of results was observed
from one experiment to the other (Fig. 9). This can be due to the formation of a variable amount of
oxide irregularly distributed as a consequence of local changes in pH and potential during the
corrosion process. The presence of the oxide determines the increment of the H-bond forming sites
density on the surface and consequently the increased adhesion of bacteria as compared to the
situation at pH 2 (Fig. 9).

Similarly, the formation of a uniform layer composed by oxides and (hydro)oxides (Figs. 4
and 5) which strongly increment the number of H-bond forming sites on the surface can explain the
incremented bacterial adhesion observed at pH values higher than 6 (Fig. 9) at low ionic strength

(0.1 M). Besides the presence of Cu (I) and Cu(Il) compounds, the formation of zinc oxide was
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observed (Fig. 4), which as explained above determines an increment in interaction capacity of the
oxide layer with water and bacteria.

The explanation based on the increased interaction by specific bonds can be reinforced
considering the results of the water contact angle measurements (Table 2).

The decrease in the water contact angle measured under n—hexane with the raising of pH
(Table 2) indicates an increment of the acid—base interaction capability of the aluminum brass
surface. This increased interaction can account for both, the oxides hydration denoted by the

presence of (hydro)oxides (Figs. 4 and 5) and the increment of bacterial adhesion (Fig. 9).

7.3. The Influence of ionic strength on adhesion

The presence of surface charge on solids in electrolyte solutions leads to the formation of an
electric double layer. In interfacial interactions, this double layer is the closest limit of approach due
to electrostatic repulsion for two surfaces charged alike [30]. The position of this limit, i.e., the

thickness of the double layer (1/x), is dependent of the ionic strength according to [4]:
2 o0 2 Vs
e (€2)
[7] kT

where « is the Debye-Hiickel parameter, e the elementary electrical charge, ¢ the dielectric constant,
and z and n” the electrolyte solution valence and concentration, respectively. The influence of the
double layer thickness on bacterial adhesion was proposed by Marshall et al. (1971) in accordance
with the predictions of the DLVO theory. As shown by these authors, incremental changes in ionic
strength result in a reduction of the double layer thickness, allowing bacteria to approach closer to
the substratum and facilitating interaction and subsequent irreversible adhesion. These results were

confirmed by several authors [32, 7, 20]. Nevertheless, as much of the work done to date involved
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ionic strength at or below 0.1 M, it is not clear if these concepts are applicable at higher ionic
strength, such as that of seawater.

Bacterial adhesion to TiO, as well as that to Al Brass were strongly reduced, instead of
increased, in NaCl 0.6 M as compared with NaCl 0.1 M (Figs. 9 and 10). This was in agreement
with the results reported by Gordon et al. (1984) that show an inflection point at 0.1 M, with
bacterial adherence decreasing exponentially with an increase in the ionic strength above this point.

Calculations using eq. 7 show the strong decrease in the thickness of the double layer with
an increase in the ionic strength up to 0.1 M NaCl (Fig. 13). Additional compression of the double
layer above this limit was in the order of 0.5 nm, which, taking into account the bacterial
dimensions, seems of minor importance for bacterial adsorption. For this reason, and as pointed out
by Gordon et al. (1984), changes in bacterial adherence at ionic strengths higher than 0.1 M can not
be explained by a double layer effect and must be a consequence of some other mechanism.

As the result of the high ionic strength (0.6 M), the specific adsorption of CI” and Na" ions
is expected to occur on both interacting surfaces [4]. Adsorbing cations may adsorb at the same site
as protons, or on independent sites directly on the surface [22]. Anions as chloride on the other hand
can replace surface OH ions in oxide films, and its concentration in the film is governed by a
chemical equilibrium [25].

Due to the low polarising effect of Cu'" ions (Cotton and Wilkinson, 1993), hydroxyl ions
on the oxide layer of Al Brass could be replaced by CI™ as the NaCl concentration increases (Stumm
and Morgan, 1981; Marcus and Herbelin, 1993). This replacement strongly decreases the surface
capacity to form hydrogen bonds and shifts the isoelectric point of the oxide to lower pH values
(Stumm and Morgan, 1981), imposing a negative charge to the surface. It needs to be stressed based
on this considerations, that the low number of binding sites on the surface, together with the
electrostatic repulsion against negatively charged bacteria can account for the suppression of

bacterial adhesion observed at high ionic strength (Fig. 9).
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Ti*" ions on the other hand, induce a hard polarization on adsorbed OH enabling the
formation of H-bonds with water and other molecules, and reducing the possibility to replace these
ions by CI".

Even when the reduction in bacterial adhesion shown in Fig. 10 at high ionic strength can
be due to the reduction in the number of binding sites by OH replacement to some extend, some
additional elements are needed to fully explain these results. A possibility that consider hydration
repulsive forces has been presented previously (Busalmen and de Sanchez, 2001), although will not

be discussed here.

7.4. The importance of surface chemistry in microbial corrosion

The relevance of results presented above should be analyzed taking into account that the
composition of the surface oxide layer and its acid-base properties may influence not only the initial
bacterial adhesion to the metal surface, but also the bacteria—metal interactions during the
development of biofilms.

The surface of some metals as those used in this work become unstable due to the
localization of corrosion reactions as a consequence of bacterial colonization.

Considering changes in pH due to the spatial separation of anodic and cathodic reactions
during corrosion on a patchily covered surface, it can be proposed that the biofilm tri-dimensional
structure could be in some way influenced by the differential composition of the surface oxide layer
in cathodic and anodic areas. The increase in pH due to oxygen reduction at cathodic areas
surrounding pioneering bacterial micro—colonies for example, could increase the interaction of
daughter cells with the surface favoring the colony spreading and the biofilm formation.

Although not determined experimentally, a complex balance between bacteria-surface
physicochemical interactions and metabolic requirements of cells will probably determine the final
3D structure of bacterial clusters, channels and voids during the growth of biofilms on a corroding

metal surface.
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In addition, surface chemistry also influence the way in which electrochemical corrosion
reactions take place. It is commonly accepted that oxygen reduction can proceed through a parallel
mechanism involving the direct reduction via four electrons and a pathway where intermediate
peroxide is formed. In this last case, oxygen electroreduction proceeds by the transference of two
electrons, with the production of H,O, as an intermediate compound, and then to hydroxyl ions by
the transference of two more electrons [18]. On copper, Vazquez et al. [18] demonstrated that the
second two electrons are readily transferred (ky; >> kjy in Fig. 1), yielding low levels of H,O, in
solution. However, the same authors showed that, depending on the composition of the surface
oxides, the electroreduction of peroxide can be inhibited, favouring its desorption to the solution
(ki << kyv) [18]. The coupling of electrochemical hydrogen peroxide production with the activity
of microbial catalase has been proposed by Busalmen et al (2002) as an explanation to the catalysis
of corrosion reactions by microorganisms in aerobic biofilms.

The catalase mechanism is based on the enzymatic conversion of electrochemically
produced H,O, to water and oxygen in the proximity of the surface. The oxygen generated by the
enzyme can be electrochemically reduced in addition to the oxygen reaching the surface by
diffusion from the bulk, resulting in higher cathodic limiting currents that can be attributed to the
increase in the oxygen concentration [13].

Since the peroxide production depends on the surface chemistry, the extent to which the

enzymatic mechanism can influence corrosion does so.
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Captions to figures
Table 1: Water contact angle (6,,) of the different surfaces under study. Results are indicated as
mean value + standard deviation (n=3).
Table 2: Water contact angle (0,,) measured under n—hexane on aluminium brass surfaces aged
during 24 h in 0.1 M NaCl solutions at various pH values. Values are shown as mean * standard
deviation of at least three determinations.
Table 3: Open circuit potentials (OCP) measured for titanium electrodes after 24 h in NaCl
solutions of various pH and ionic strength. NHE: normal hydrogen electrode. Values are indicated
as mean =+ standard deviation.
Table 4: Zeta potential (§) of a wild strain of Pseudomonas sp. in 0.01 M NaCl at various pH
values. Values are indicated as mean + standard deviation.
Figure 1: Differential absorbance spectra of a) Cu, b) Al-brass, and c¢) Zn, after 24 h of immersion

in ATW at the corrosion potential.
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Figure 2: Differential absorbance spectra of the aluminium brass surface aged during 24 h in (o)
0.1 M and (e) 0.6 M NaCl, pH 2. Absorbance is given in arbitrary unit.

Figure 3: Differential absorbance spectra of the aluminium brass surface aged during 24 h in (o)
0.1 M and (e) 0.6 M NaCl, pH 4. Absorbance is given in arbitrary unit.

Figure 4: Differential absorbance spectra of the aluminium brass surface aged during 24 h in (o)
0.1 M and (e) 0.6 M NaCl, pH 6. Absorbance is given in arbitrary unit.

Figure 5: Differential absorbance spectra of the aluminium brass surface aged during 24 h in (o)
0.1 M and (e) 0.6 M NaCl, pH 8. Absorbance is given in arbitrary unit.

Figure 6: Differential absorbance spectra of the titanium surface aged during 24 h in 0.1 M NaCl at
various pH values. (- )pH 2; (------ )pH 4; (——) pH 6 and (—-) pH 8.

Figure 7: a) Estimated variation of charged site density (N;) for (®) basic (Na;, =TiOH*") and, (O)
acidic (Na,, =TiO" ) OH groups on TiO, with the pH of the solution. b) Fraction of charged sites on
the TiO, surface. N , = 16 sites nm™> .

Figure 8: Bacterial adhesion (%) to various materials as a function of time. ) aged Zn, W) aged
aluminium brass, ®) aged Cu, O) bare Cu, ) bare aluminium brass and +) PE. 100% of adhesion
= 325 adhered bacteria / 100 um®. Results are indicated as mean value + standard deviation (n=10).
Figure 9: Density of adhered bacteria on aluminium brass electrodes exposed during 1h to bacterial
suspensions in, (open symbols) 0.1 M, and (close symbols) 0.6 M NaCl solutions at various pH
values. Symbols correspond to three replicate experiments. Bars indicate SD of 10 different field on
each sample.

Figure 10: Number of adhered bacteria on titanium electrodes exposed during 1h to bacterial
suspensions in (open symbols) 0.1 M and (close symbols) 0.6 M NaCl solutions, at various pH
values. Symbols correspond to three replicate experiments. Bars indicate SD of 10 different field on

each sample.
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Figure 11: Dependence of bacterial adhesion (%) on the water contact angle (6,,) of the surface. 1)
aged Zn, 2) aged aluminium brass, 3) aged Cu, 4) bare Cu, 5) bare aluminium brass and 6) PE.
Figure 12: Schematic representation of the aluminium brass surface layer composition at various
pH values.

Figure 13: Double layer thickness as a function of electrolyte ionic strength calculated for NaCl

solutions using equation 7 (see text).



