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Extended X-ray absorption fine structure
(EXAFS) measurements of solid and colloidal Cu®,
Cu-oxides and hydroxides have been performed as
model compounds, involved in microbially influ-
enced corrosion.

Normally metals dissolved in natural waters due
to corrosion processes, and often become sorbed onto
various solid materias, e.g. clay minerals, oxides or
surfaces covered with exopolymeric materials of
organic origin produced by microorganisms [1-3]. In
thelast yearsit has been observed that copper pipesin
large offices, buildings and hospitals deteriorate
under the influence of microorganisms, e.g. Pseudo-
monas fluorescence, Ps. aerugenosa, Nocardia,
Azotobacter vinelandii, Xanthomonas campestris,
and other uncharacterized strains including fungi and
diatoms, known to be present in surface waters. The
mechanisms of these corrosion processes are till
unknown. The biomineralization of copper ions as
well as of metallic copper clusters from the solid Cu-
materials imposes considerable problems to drinking
water supplies due to the release of copper ions into
the environment. One important aspect of this
phenomenon is the partitioning of ions a the
interfaces between solids, e.g. copper metal, and
liquids, e.g. water and ions in the presence of an
exopolymeric biofilm of microbial origin. This bio-
film is mainly composed of polysaccharides of ani-
onic nature, highly crosslinked of molecular weight of
approximately of 1.9to 2.5 million Dalton, containing
equally spaced peptides with a constant ratio of serine
to threonine, chemically very reactive histidinesand a
few tyrosines [4]. The biofilm is insoluble in water
aso when attached to the solid copper surface. This
interaction between the biofilm and the copper sur-
facesis poorly understood at the atomic or molecular
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level. Therefore detailed information on the Cu-sur-
faces and complexes at the molecular level is war-
ranted for a quantitative description of these inter-
facial processes, including the biomineralization of
copper by microorganisms [3].

Among the appropriate physical and spectro-
scopic techniques that are commonly used to study
interfaces X-ray absorption spectroscopy has been
applied to determine fine structural features e.g.,
number of nearest neighbour atoms including its
identity, interatomic distances in the aqueous envi-
ronment when coming into contact with the solid Cu-
surfaces. Thus X-ray absorption spectroscopy (XAS)
unlike Maéssbauer spectroscopy or photoelectron
spectroscopy produces relatively accurate measures
of the stereochemistry of the surrounding ligands.
This investigation of in-situ XAS of copper-metal
and copper complexes generated by microbia
influenced corrosion processes, as well as on Cu-
metal-like-thin-films at the solid or hydrated biofilm
interface, reveals the usefulness of this technique.
Particularly, by identifying the type of either atoms
from solution or solid, including the number of atoms
in the first, second and greater coordination shells
around the sorbed Cu-atom including its bonding
environment reveas valuable information on the
sorption and biomineralization mechanism of metal-
lic copper or their oxides, respectively.

We obtained XAS, in particular X-ray absorption
fine structure (EXAFS) spectra, at an in-house
EXAFS system, which basically consists of a high-
power X-ray generator (Rigaku, RU-200), a
goniometer with aflat Ge (220) perfect crystal mono-
chromator, appropriate dlits, an automatic sample
positioning system, and a germanium solid state de-
tector. The X-ray sourcewasaAg target and operated
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a 20 kV and 200 mA. The resolution of the
spectrometer close to the CuK absorption edge was
2.5hwhm[5, 6]. The EXAFS spectrawererecorded as
the dependence of photon energy (E) totheratioto the
transmitted photon numbers (1) to the incident beam
intensity, 1(0). The ratios are converted to the absor-
bance (nt) and plotted against the magnitude of the
photon electron momentum (k), as: m(k)t=In(ly/1),
with k=2p[2m(E-E;)]Y%h and t is the sample thick-
ness. Data analysis including the standard procedures
to analyse and validate the spectra are essentially
those as described in reference 7. Curve fitting analy-
siswas performed according to Cramer [8]. XAS and
EXAFS spectra were recorded in-situ of Cu products
obtained in laboratory test systems, from field inci-
dents in a County Hospital, and from reconstitution
experiments[9, 10].

Figure 1 showsthe Fourier-transformsf (R) vs. R
of the EXFAS spectra of a Cu-fail, the same materia
and purity used for the copper pipes installed in the
County Hospital, of the crystalline and noncrystalline
materialsin the pitswhich are mainly Cu,0, the black
material covering the surfaces of the pipe, mostly CuO
according to the EXAFS, including the EXAF
spectrum of the recongtituted biofilm. A phase shift
has not been taken into account. It is obvious that the
main portion of the EXAF-spectrum obtained from
the materials cut off the pits is Cu,O. Similarly, the
EXAF-spectraof the black layerson the biofilmisdue
to CuO. Surprisingly in both spectra, there is no
interference of the biofilm on the Cu,O or CuO-
spectrato be detected which isalso seen inthe Fourier
transform of the spectra. Wet and reconstituted
biofilms with copper salts of oxidation states +1 and
+2 show adifferent Fourier-transform of EXAFSasin
Fig. 1. Figure 2 shows a Fourier transform of these
EXAFS, whereas Fig. 2 depicts an EXAFS of col-
loidal metal like Cu™ in the presence of imidazole at
pH 8.0in 0.001 M TRIS-buffer. Note, no structurally
characterized discrete Cu® complexes are known.
However, they do develop at inverted micellar inter-
faces, it seems to be an intermediate in the corrosion
process. The Fourier transform of the EXAFS of Fig.
2, which correspond to acertain kind of “radial distri-
bution function” around the Cu-atom including cor-
rection for phase shift, reveals two peaks; one at 1.97
A. and one at 3.05 A. The former peak can well be
attributed to [Cu(H,0)s ]** since it is very similar to
the EXAFS-data obtained for Cu(NOs) -3H,0 in
solution containing [Cu(H»0)s'] ions. The atoms
flatly scattered in a distance from the Cu-atom due to
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Fig. 1 Fourier transforms of the EXAFS spectra of
colloidal Cu™ (a), the mechanically removed biofilm
with the associated Cu-oxides and hydroxides (b); the
“reconstituted” biofilm with copper salts due to
corrosion (c), and the Fourier transform of the EXAFS
spectrum of colloidal Cu* with adsorbed imidazole on
the Cu-surface (d).

disorder or vibration, and are ignored in the “radial
distribution function”. The value of 1.97 A is very
similar to that reported in the solid state and the
determined value in solution for [Cu(H,0)e)** . The
second peak at about 3.05 A has no counterpart in
distances of Cu-O, Cu-Cu, Cu-N, or Cu,O (Fig. 1),
which are 1.92 A, 258 A and 2.25 A (peptide),
respectively. However, by dehydrating the specimen
the EXAFS change(F|g 2) having main peaksat 1.92
A 228A, 258 Aand4.85A corresponding to the Cu-
O, Cu-N (peptide), Cu-Cu, CuO and/or Cu-Cu-
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Fig. 2 Fourier transforms of the EXAFS spectra of
colloidal Cu*® (a), the mechanically removed biofilm
with the associated Cu-oxides and hydroxides (b); the
“reconstituted” biofilm with copper salts due to
corrosion (c), and the Fourier transfrom of the EXAFS

spectrum of colloidal Cu*® woth adsorbed imidazole on
the Cu-surface (d).

distances, respectively. The process of dehydration
appears to be irreversible since it was not possible to
retain the EXAFS of Fig. 1 upon dehydration.

EXAFS of colloidal Cu*™ and imidazole (Fig. 2d)
are compared with the spectra of athin Cu foil, CuO
and Cu,O, respectively. Although the main peak in-
tensity is lower for the system Cu/imidazole, pH 8.0
(Fig. 3), when compared to the metal, the position of
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the peak coincides well with that of the Cu-fail.
However, the radial distribution function is very
different from that of the Cu-foil. Peaks were
discovered at 2.05 A, 258 A and a 362 A,
respectively. The peak at 3.67 A in the EXAFSis not
seen in any of the other EXAFS abtained (Fig. 1).

The EXAFS of the mechanically detached bio-
film show qualitatively CuO and Cu,O only, which
are not correlated to the biofilm in structural terms.
For future experiments it may be useful to study the
dehydration process of the biofilm in the presence of
the Cu-salts or corrosion products in order to gain
more insight into the complex nature Of Cu?"L#®
(L=Ligand) with residues a or in the biofilm.
However, on dehydration of the biofilm[Cu(H,0)s]**
forms CuO or Cu,O, respectively, the peak at 1.86 A
remaining unchanged in position, but the second peak
shifted from 2.85 A to 2.60 A before phase shift
correction. It is known that Cu®*-ions are easily
polymerized in aqueous alkaline solutions with Cu-
OH-Cu linkages and the air calcination leads to for-
mation of CuO. The EXAFS parameterswerefitted to
the CuO structure (crystallite) determined by X-ray
diffraction: the first and second neighbor shell
distances, Rcy0=1.95 A and Rcu-cu=2.85 A and the
coordination numbers N¢,.0=4 and Nc¢,.c,=8, respec-
tively. Analyzing our spectra we found a neighbour
shell distance of R¢,.0=2.09 A and a coordination
number N¢,.0=2.8 for thefirst peak and Rc.c,=3.15 A
and Ncy.c,=2.1 for the second, respectively. These
studies show that the copper-oxide speciesexisting in
the dehydrated biofilm is different from CuO crystal-
lite in the numbers of the first and second neighbours
of each copper atom. These findings suggest that non-
crystalline and small copper oxide aggregates are
formed in this dehydrates biofilm.

The EXAFSresult for the reduced form of the Cu
ascolloidal solution in the presence of imidazole (R¢,.
«=2.85 A, N=8) is very similar to that of Cu-foil,
since the Cu-Cu distance is the same as that for the
copper metal as shown in Fig. 3. The Fourier trans-
form of the EXAFS spectrum, however, reveals that
the Cu metal peaks are lower than those for the Cu-
foil. However, the distance of 3.01 A precludes this
possibility of direct Cu-Cu bonding. It was possibleto
assign the peaks in the EXAFS spectrum unequivo-
cally since curve fitting procedures applied to known
distances, specialy for Cu-imidazole were applied.
However, for a more accurate representation of
ligands coordinated to the metal Sites, it is necessary
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Fig. 3 Left: The EXAFS functions generated by Fourier-back-transformation of the second
peak of the radial structure function for Cu,O-imidazol (solid line) is shown, comapred with
least sqaures fits (dashed lines) with imidazol nitrogens (1,3) and Cu,O in the second

coordination sphere.

Right: Fourier transforms of the EXAFS spectra of Cu,O-xH,0 and imidazol (a); Cu,0-xH,O
and L-(+)-histidine (b); and (¢) Cu20 and undecylimidazol at pH 7.9 (20°C).
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to have reasonable curve fitting in order to obtain
nearest neighbours, distances and coordination in
solution. Qualitatively it can be said, in light of the
XPS-results obtained, the broadened peak at 3.5-3.6 A
isprobably dueto backscattering from N, and C. of the
imidazoles, which are the third shell of atoms in the
imidazole group. The peak at 2.08-2.11 A can be
assigned to adistance between Cu-N3 of theimidazole
system according to crystallographic analysis from
Cu(IM)4(ClQy,), sdts. At the present time it is not
possible to distinguish Cu**-Ns-structures from Cu®'-
Ns-structures unequivocally. However, upon oxygen-
ation of the system Cut/imidazole a pH 7.9 (20°C)
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the EXAFS-spectrum as well as the XPS-spectrum
changed considerably as seen in Fig. 2: the large and
broad peak at approximately 3.51 A appeared
probably from backscattering by a copper atom sep-
arated from another copper atom (absorbing) by 3.51
A, the distance of 2.02 A appearsto be the distance of
Cu?*-Nj, and the distance of 1.93 A seems to be the
distance of CuO found in the other EXAFS spectra
and in the dehydrated state of the reconstituted
biofilm (Figs. 1, 2). The Cu-Cu-distance of 2.85 A as
seen in the Cu-fail is surprising. Apparently upon
oxygenation the Cu hasbeen oxidized completely to a
Cu?*-species, coordinated by imidazole. Another Cu-
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O distance appeared at 1.93 A which is different from
the Cu,O and CuO-distances known from crystalline
structures. Furthermore, whether a dioxygen complex
as observed in other systems is involved in this
structure has to await further studies of this hetero-
geneous system. In addition recent X-ray photon
spectroscopy (XPS) and Raman scattering results
reveal binding energy valuesfor Cuin both adsorbate
and adsorbent of 368.3 eV.

Furthermore, through a careful comparison with
al the spectra abtained including from Cu-, Cu,0,
CuO and CuOy standards, and in complex with
imidazol or undecylimidazol, it seems clear that there
are two distinct features in this spectrum from the
“Cu-monolayer”. They correspond to the positive
oscillations in the real part of the Fourier transform
occurring at 1.05 A and 2.15 A. This has to be due to
oxygen neighbours of theliquid like metal film atoms
of Cu in the monolayer. Careful fits to the experi-
mental data are consistent with approximately 4.0
oxygen atoms at appr. 1.95 A. The peak at 2.15 A
could be assigned to oxygen atoms at approximately
2.55 A or Cuatomsat 2.60 A. This needs more clarifi-
cation. However, the surprising finding from the
spectrum of the Cu monolayer is that the peak in the
Cu-O nearest neighbor distribution is prominent,
sharply defined which suggests strong interactions of
Cu-atoms in the monolayer. Taken all together, it
suggests that oxygen or even chloride play an impor-
tant role in the formation of the Cu/Cu,O, monolayer
at theinterface, which can be shown nicely by EXAFS
spectra obtained by reconstitution experiments [11].

Furthermore, comparing the radia distribution
functions of this system with model systems com-
prising of a peptide and Cu”/Cu2+, or the with the
peptide containing exopolymer it can be concluded
that a certain number of Cu-solvate species are
present, which are CuCl(H20)n as,e main component
for amino acid complexation, whereas sufficient Na+
(H20O)nionswhich incompierehydration shell arefound in
order to provide a strong source of water removal in
the corrosion process in the presence of the biofilm as
a exopolymer (H20)nNa+ in form f a bicontinious
phase[12].

Taking the chemical properties of imidazole and
histidine, which hasbeen found extensively inthebio-
film, into consideration as well as the known struc-
tures of (imidazolato)-copper(l) as a polymer we can
infer afollowing corrosion mechanism [13] (Fig. 4).
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Thefirst step of the corrosion process may be the
formation of a cuprous complex by ligation of N3 of
imidazole with metallic copper. (N3 is the pyridine
nitrogen having alarge electronegativity, N; equals a
pyrrole nitrogen). In solutions at pH 7 or above the
unprotonated imidazol e functions as a ligand through
the two unpaired electrons on Ns. In this complex
(step 1) the Cu atom and the amino group become
reactive. When the solution is exposed to oxygen or
hydroperoxide which has been observed in the
corrosion products as it is the case of the corrosion
process in a County Hospital, the Cu is oxidized and
imidazole will be deprotonated, resulting in the
formation of (imidazolato)-copper(l) and H,O (step
2). Step 3 shows the formation of an infinite polymer
consisting of imidazolato-copper(l) which forms a
thinlayer on the surface of the Cu-metal in additionto
the biofilm which has a thickness of at |east 100-500
A. This structure and the possible dioxygen complex

Cui°+nL+%02 = [Cu(L), ' +H,0

2[Cu(L), I*+0, = [Cu?*—(L),—Cu?* ]+
. ]

0—0
[Cu2+_(L)n_Cu2+]+H30+
L o—o—
— [Cu?"—(L),]1(OH), +H,0,
— 2H,0+2Cu0

as mentioned above, is consistent with another pro-
posed reaction scheme as shown below:

where L=imidazole containing ligand, e.g. glyco-
protein. However, until the dioxygen complexes in
this corrosion process has been characterized in more
detail. The proposed reactions schemeisno morehigh
hypothetical since Cu-dioxygen complexes of this
kind are known since Widland (1923) [14], and
regained new interest very recently [15].

The imidazol e-copper-complex is aso consistent
with molecular structures of Cu-undecylimidazole or
Cu-dodecylimidazole complexes[16] in the presence
Of Cu,O (Fig. 3). The incorporation of O, or HO,
produced either by microorganisms in the biofilm or
by catalytic amounts of colloidal copper nano-parti-
cles during the initial stage of oxidation is also
observed at the interface between Cu,O and Xanthan
or alginate. The most plausible explanation which is
consistent with the EXAFS-experimentsinvolves the
decomposition of HO,. to freeradicals, accelerated by
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Fig. 4. Biomineralization mechanisms of copper in the presence of imidazole containing
exopolymers produced by microorganisms taking the EXAFS and surface enhanced
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biofilm formation and microorganisms [17]. The
catalytic effects of powdered copper, Cu,O and CuO,
revealing the highest reactivities showing the EXAFS
spectra as of Fig. 1 are obtained with cuprous oxide
and a copper surface exposed to air at room tempera-
ture. These oxidation processes are carried out at the
interface of the biofilm and the Cu or Cu,O-Substrate,
yielding nanoclusters of Cu,O - xH,O which are light
sensitive and of fractal nature [18].

The EXAFS results clarify the interpretation of
the effects of the biofilm on the interactions with the
copper surface at low ionic strength revealing the
formation of imidazole-Cu-complexes, hence dissolu-
tion of metallic copper. The anionic imidazole pos-
sesses two equivalent sites for coordination, so that
each copper cation can coordinate two nitrogens of the
imidazole. These polymeric Cu-complexes are water
insoluble and form a thin layer on the surface of the
copper metal within the biofilm which hasin addition
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also cationic selective membrane mimetic properties
[11].

References

[1] 3. W. Costerton; G. G. Geesey & K.-J. Cheng; Scientific
Amer., 238, 86-95, (1978).

[2] W. G. Characklis & K. C. Marshall; Biofilms, John Wiley
& Sons, Inc., N.Y., (1990).

[3] C. E. Zobell; J. Bact., 46, 39-56, (1943); W. R. Fischer, I.
HaenBel, H. H. Paradies; Korrosion und Werkstoffe, 43,
56-62, (1992).

[4] H. H. Paradies; Chemical & Physicochemical Aspects of
Metal Biofilms, in “The Biology of World Resources
Series”, eds. C. C. Gaylarde & H. A. Videla, pp 197-269,
Cambridge University Press, U.K., (1995).

[5] K. Tokji, Y. Udagawa, T. Kawasaki, K. Masuda; Rev. Sci.
Instrum., 54, 1482-1490, (1983); G. S. Knapp, H. Chen;
T. E. Klipperrt; Rev. Sci. Instrum., 49, 1658-
1666,(1978).

[6] A. Biancomi; L. Inconia; S. Stippich; EXAFS and Near
Edge Structure, eds., Springer Verlag, N.Y., (1983); K.

21



O. Hodgson, B. Hedman; J. E. Penner-Hahn; EXAFS
Near Edge Structure Ill, eds., Springer Veriag, N.Y.,
(1984).

[7] P. A. Lee; P. H. Citrin; P. Eisenberger; B. M. Kincaid;
Rev. Mod. Phys., 53, 769-791 (1981).

[8] S. P. Cramer; K. O. Hodgson; Progr. Inorg. Chem., 25,
1., (1979); D. E. Sandstrowe; F. W. Lytle; Amer. Rev.
Phys. Chem. Soc., 98, 8059-60, (1978); S. P. Cramer et
al.; J. Amer. Chem. Soc., 100, 2748-61, (1978).

[9] D. Wagner, W. R. Fischer, H. H. Paradies, Amer. Soc.
Test & Mater., Philadelphia, (1994), pp 252-258.

[10] W. R. Fischer, D. Wagner, H. H. Paradies, Amer. Soc.
Test & Mater., Philadelphia, (1994), pp. 258-265.

[11] H. Siedlarek; D. Wagner; W. R. Fischer; H. H. Paradies;
Corrosion Science, 36, 1751-1763, (1994); A. H. C.
Chamberlain; W. R. Fischer; H. H. Paradies; U. Hinze;
M. Thies; C. A. C. Sequeira; H. Siediarek; D. Wagner; J.

22

N. Wardell; in “Microbial Corrosion-3”, eds. C. A. C.
Sequeira & A. K. Tiller, pp 6-12, (1995).

[12] M. Thies; U. Hinze; H. H. Paradies; in “Microbial
Corrosion-3", eds. C. A. C. Sequeira & A. K. Tiller, pp
17-48, Elsevier Science Publ. LTD, U.K., (1995).

[13] U. Hinze; M. Thies; I. HaenBel; W. R. Fischer; H. H.
Paradies; Amer. Chem. Soc., (1996); submitted.

[14] H. Wieland; F. Stein; Z. Anorg. Chem., 236, 361,
(1938).

[15] K. D. Karlin; Z. Tyeklar; Acc. Chem. Res., 22, 241,
(1989).

[16] S. Yoshida; H. Ishida; J. Mater. Science, 19, 2323-35,
(1984).

[17] W. R. Fischer; I. HaenBel; H. H. Paradies; in “Microbial
Corrosion-I", eds. C. A. C. Sequeira & A. K. Tiller, pp
300-327; pp 444-445; pp 452-453; Elsevier Science
Publ. LTD, U.K., (1988).

[18] M. Thies; U. Hinze; H. H. Paradies; Physical Review
Letters, (1996); submitted.

TheRigaku Journal



