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Abstract

This paper reports results of biodegradation studies of polyimide coatings exposed to a mixed fungal culture
using electrochemical impedance spectroscopy (EIS). The fungal consortium was originally isolated from degraded
polyimides and identified species inclulepergillus versicolarCladosporium cladosporioideand aChaetomium
species. Actively growing fungi on polyimides yield distinctive EIS spectra through time, indicative of failure of
the polymer integrity compared to the uninoculated controls. An initial decline in coating resistance was related to
the partial ingress of water molecules and ionic species into the polymeric matrices. This was followed by further
degradation of the polymers by activity of the fungi. The relationship between the changes in impedance spectra and
microbial degradation of the coatings was further supported by scanning electron microscopy, showing extensive
colonization of the polyimide surfaces by the fungi. Our data indicate that EIS can be a sensitive and informative
technique for evaluating the biosusceptibility of polymers and coatings.

Introduction the year 2000. As a result of the Clean Air Actin 1990,
volatile organic solvents, which were suppressants for
Metals are known to be susceptible to corrosion in potential microbial development in coatings, are now
many environments, including moist air, freshwater, prohibited in the United States. There is therefore a
marine, and industrial conditions (e.g. heat exchangerstrend towards increasing the use of biocides in coating
and cooling towers). Many different groups of microor- materials to inhibit microbial contamination during the
ganisms have been implicated in corrosion reactions, manufacturing processes and storage.
both through the physical presence of a biofilm and Polyimides are an important class of polymeric
as the result of specific metabolic activities (e.g., Ford materials used in insulating layers of integrated cir-
& Mitchell 1990). In comparison, less information is  cuits in computers (Lai 1989), thermosetting polymers,
available for nonmetallic materials. However, besides fiber-reinforced polymeric composites, and coatings.
electrochemical protection, metals are often paint- Polyimide coatings are also found in neural prosthesis
ed with inert polymeric materials to provide a bar- implants (Leyden & Basiulis 1989). They are unique-
rier between substratum materials and the corrosive ly suited for these applications because of their high
species. stability, processibility, and low dielectric constants
Paints and coatings represent a world-wide busi- (Jensen 1987). However, the polyimides in these sys-
ness worth approximately $61 billion dollars in 1996 tems are oftenin contact with aqueous media and possi-
(Reisch 1996). In 1995, the total paint demand was 22 bly airborne microorganisms. Their surfaces may con-
million tons and is projected to be 25 million tons by dense moisture, providing an opportunity for the devel-
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opment of microbial biofilms, and subsequent biode-
terioration.

Polyimides have exceptional chemical, mechani-
cal and thermal stability, but they respond to moisture,
resulting in changes of their dielectric properties (Gu
etal. 1996a; Lai 1989). Even very small changesin the
transport properties of a coating may cause variations
in its ability to resist electrochemical corrosion of the
underlying metal. In addition to moisture adsorption
into the polymeric matrix of polyimides, contamina-
tion by microorganisms, particularly fungi, has been
reported to be a common problem during processing
and in service (Thorp et al. 1994). Figure 1 Schematic illustration of an electrochemical impedance

Microorganisms have been found to be capa- cell used in the study of polyimide coating degradatianPlexi-
ble of colonization of surfaces of magnetic tapes glass basdy, working electrode conn(_ection; silver loaded epoxy;
(McCain&Mirocha 1994) building materials (Ezeonu g,l st'andard calomel electrode; platlnu.m counter.electroderf;.

1 exiglass cell to hold NaCl electrolytg, Amercoat;h, polymer;
et al. 1994a; 1994b), glass and carbon fibers (Gu andk, metallic substratum.
et al. 1994a), graphite sheets (Gu et al. 1994a),
fiber-reinforced polymeric composites (Gu & Mitchell
1995; Gu et al. 1995c; 1995d; 1995e; 1995f;, sion and separation of the coating from the underlying
1996b; 1996¢; 1997a; 1997b), and polymeric coat- materials, water uptake by the coating polymers and
ings (Gu et al. 1996a; 1996b; 1998; Mitchell et al. interface delamination can also be determined with this
1996). Earlier results have shown that polyesters (e.g.,method. Examples of EIS applications are mostly on
poly(hydroxybutyrate) and cellulose acetates) (Gross corrosion and corrosion resistant coatings in electrolyte
et al. 1993; 1995; Gu et al. 1993a; 1993b; 1993c; solution rather than under conditions of biological
1994b) and polyethers (Kawai, 1987) are all suscep- challenge (Macdonald, 1987; Mansfeld, 1995; Walter,
tible to biodegradation by both aerobic and anaer- 1986). The objective of this study was to demonstrate
obic microorganisms. Different methods for testing the use of EIS as a sensitive and informative technique
biodegradation and biodeterioration of polymers have for testing biosusceptibility of polymeric coatings.
been proposed (ASTM 1993a; 1993b; 1993c; Gross
et al. 1993; 1995; Gu et al. 1993a; 1993b; 1993c;
1994b), but none is suitable for slow-degrading poly- Materials and methods
mers such as paints and coatings. Earlier reports of
tests for biodegradation of coating materials have failed Electrochemical impedance spectroscopy (EIS)
to provide quantitative information on biodegradation
and the processes and mechanisms involved (Seal &Polyimide coatings used in this study were Kapton HN
Shuttleworth 1986). (pyromellitic dianhydride and 4,’4iaminodiphenyl

Recently, we reported that microbial degradation of ether) (E. I. Du Pont Co., Wilmington, Delaware,
electronic insulating polymers can be detected quanti- USA). The Kapton polyimides had a molecular weight
tatively with application of electrochemicalimpedance of 2.5 x 10° (M,,) relative to polystyrene standards
spectroscopy (EIS) (Ford et al. 1995; Gu & Mitchell, without further corrections.

1995; Gu et al. 1995a; 1995b; 1996a; 1997a; 1998; EIS cells were constructed by the following
Mitton et al. 1993). Impedance can be measured method: polyimide resin was applied to one side of
directly in the frequency domain by applying a single- a 316 stainless steel coupon (506<050.0 mm) and
frequency voltage to the interface and measuring the cured at 200°C for 48 hours. Once the polyimide
phase shift and amplitude, or real and imaginary parts coating was dry, a 30.0 mm long acrylic tube (1.D.,
of the resulting current at the frequency. EIS is a useful 34.9 mm; O.D. 38.1 mm) was attached to the polymer-
technique in monitoring the integrity of oxide layers on stainless steel coupon by a mixture of Amercoat 90
metal surfaces and in studying electrical and electro- resin (Ameron, Protective Coatings Group, Brea, Cali-
chemical properties of dielectric materials. Polymeric fornia, USA) and Epon 828 resin (Shell Chemical Co.,
coatings can be evaluated using this technique. Corro-Houston, Texas, USA) in a ratio of 4:1. A schematic




diagram of the EIS cell used in our study is shown
in Figure 1. After the sealants had cured, the internal
and external surfaces of the EIS cells were sterilized
with 70% ethanol and dried at room temperature in a
laminar-flow sterile hood.

Our EIS analytic system consists of a Schlum-
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mer films from inoculated and sterile EIS cells were
prepared for examination by SEM.

SEM sample preparation

Polyimide coated samples from the inoculated and ster-

berger 1250 frequency response analyzer combinedile EIS cells were fixed in 3% glutaraldehyde buffered

with a Schlumberger 1286 electrochemical inter-
face (Schlumberger Technologies - Instruments Divi-
sion, Billerica, Massachusetts, USA). Z-plot software
(Scribner Associates, Inc., Charlottesville, Virginia,

USA) was used to control the system and analyze the
data. During data acquisition, EIS cells were poten-
tiostatically held at their open circuit potential (OCP),

with 0.2M sodium cacodylate for about 12 hours. The
fixative was pre-filtered through a O/@n-pore-size
polycarbonate membrane filter (Gelman Science, Ann
Arbor, MI). Samples were then washed with O/
Na cacodylate three times, additionally fixed in 1%
osmium tetroxide in 0.M Na cacodylate, and rinsed
again with 0.2\ Na cacodylate followed by deionized

and a sinusoidal perturbation of 20 mV was applied. water three times for each treatment. The samples were
The impedance response was measured over a rangelehydrated in an ethanol-distilled water series of 40,
of frequencies from 65 kHz to 1 mHz and spectra were 60, 70, 80, 85, 90, 95 and 100% ethanol. Samples were
recorded as a function of immersion time at ambient stored in 100% ethanol in air-tight sealed glass vials

temperature and pressure. A trielectrode system wasbefore critical point drying in liquid Ce{Samdri PVT-
used in this study; a saturated calomel electrode as3B, Tousimis Research Co., Rockville, MD). Immedi-
a reference electrode, a platinum mesh as a counter-ately following drying, they were coated with gold-

electrode, and the EIS cell itself as a working electrode.
In all experiments, the surface areas of the working
electrode were 38.3 cmBode magnitude and Nyquist
complex plane plots were used to provide information
on the coating stability.

At the initiation of the experiment, 15.0 mL of ster-
ile 0.2 M NaCl solution was added to the acrylic tube
of the working electrode, followed by 1.0 mL of a min-
imum salt solution. The salt solution consisted of (g
L—1): K;HPQy, 0.8 g; KHPOy, 0.2g; CaSQe2H,0,
0.05; MgSQe7H,0, 0.5; FeSQ@e7H,0, 0.01; and
(NH4)2S0Oy, 1.0 g. Measurement of the impedance
response was made immediately after a short equili-

palladium and viewed under an AMR 1000 scanning
electron microscope.

Results and discussion

EIS is considered one of the least destructive and
most informative techniques of electrochemical analy-
sis available for monitoring interfacial phenomena of
polymeric coatings on metal surfaces (Ferraz et al.
1995; Kendig & Scully 1990; Mansfeld & Tsai 1991;

Mansfeld 1995; Scully & Hensley 1994; Titz et al.

1990; Tsai & Mansfeld 1993; Walter 1986) and has

bration time (approximately 30 minutes). Uniformity enabled physical transport processes to be success-
of all prepared EIS cells was evaluated to determine the fully studied with electrochemical and mathematical
validity of using them for replicate analyses and forran- models (Macdonald, 1987; van der Weijde et al. 1994;
dom assignment as inoculated and sterile controls. Onevan Westing et al. 1994a; 1994b). Recently, this tech-
set of prepared EIS cells (three) was inoculated with nique has also been used effectively in the detection

100uL of the fungal consortium, maintained on a malt
extract medium (Difco Lab., Detroit, Michigan, USA)
and described earlier (Gu et al. 1995a; 1995b; 1996a).
The consortium was previously obtained by enrich-
ment from degraded polyimides. A second set of EIS
cells was maintained under sterile conditions through-
out the study as experimental controls. At regular time

of microbial degradation of electronic insulation poly-
mers (Ford et al. 1995; Gu & Mitchell 1995; Gu et
al. 1994a; 1995a; 1995b; 1996a; Mitton et al. 1993),
and fiber reinforced polymeric composites (Gu et al.
1995c; 1995d; 1995e; 1995f; 1996b; 1996¢; 19974,
1997b).

Analysis of impedance data is commonly carried

intervals, the impedance responses of all EIS cells wereout over a wide frequency range with the aid of
determined. Aseptic procedures were used throughoutBode plots or Nyquist complex plane plots in order

the determination to avoid contamination and cross to determine the individual components of the equiv-
contamination. At the conclusion of the study, poly- alent electrical circuit model that represents the poly-
mer/solution interface (Macdonald, 1987; Mansfeld,
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Figure 3 Nyquist complex plane plot of polyimide coatings after
122 days of incubation following inoculation and under sterile con-
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Figure 2 Bode magnitude plots of polyimidea)(at initiation of the study andof after 122 days of incubation.
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ditions.

Inthe current study, polyimides were chosen as can-
didate materials to assess their properties as protective
coatings. They were coated on one side of a conductive
stainless steel coupon. Degradation of polyimides was
monitored in the inoculated and sterile EIS cells con-
taining a 0.2\ NaCl solution for 122 days at ambient
temperature. No apparent difference in electrochem-
ical response was observed between the inoculated
and the sterile cells at the initiation of the experiment,
indicating the uniformity and excellent resistivity ¢L.0
Ohms) of the polyimide coating (Figure 2a). However,
after 122 days of exposure, a decrease of impedance in
the lower frequency region (10 to 1dHz) was detect-
ed in the inoculated EIS cells and to a lesser extent, the
sterile EIS cells. In the higher frequency region10
to 10%), a large decrease in impedance was detected in
inoculated EIS cells (Figure 2b). The decrease of pore
resistance in the lower frequency region in the sterile
EIS cells could be explained by the partial adsorption
of moisture and ionic species into the polymer matrix
resulting in a decrease in film resistivity. A decrease

1995; van der Weijde et al. 1994; van Westing et al. of impedance in the higher frequency region indicat-
1994a; 1994b; Walter, 1986). Several graphical pre- ed that polymer was degraded. Exposure to the fungi
sentations of impedance data are available over a wideis thought to have enhanced transport of water and
frequency range. The most commonly applied are Bode ionic species into the polymer matrices, due to fun-
plots and Nyquist plots. The Bode plot graphs the log- gal penetration into, and destruction of, the polymer
arithm of the impedance modulus and phase angle ver-integrity (Gu et al. 1996a). Impedance decreases in
sus the logarithm of frequency, and the Nyquist com- the higher frequency region were only observed in EIS
plex plane plot graphs the resistive versus the reactive cells inoculated with the fungal culture, supporting the
components of impedance.



Figure 4 SEM micrographs of deteriorated polyimides from an i

Figure 5 SEM micrograph of intact polyimides from sterile cells
after 122 days of incubation.

hypothesis that fungal activity contributed directly to
polymer degradation.

The decline inimpedance, observed in the inoculat-
ed cells but not in the sterile control cells (Figure 2b),
signifies a decrease in capacitance of the polymer coat-
ing. Impedance magnitude decreased frofhdtQime
zero to below 10 in the inoculated EIS cells with-
in 122 days. During the same period of incubation,
impedance of the sterile cells changed fronf 10
10" Ohms (Figure 2a) after partial adsorption of water
and ionic species. A high impedance is considered
a strong indicator that a coating is not defective (
10" Ohms) (Mansfeld 1995). Therefore, the polyimide
coating did not appear to degrade under sterile condi-
tions, undergoing only limited adsorption of water and
ionic species.

noculated EIS cell showing fungi growing on the polymer coating.

When data were plotted in the Nyquist plot, clear
differences were observed between the inoculated and
sterile controls. Degraded coatings showed progressive
decreases in the radii of developed semicircles as the
incubation time increased (Figure 3). At the same time,
coatings maintained under sterile conditions showed
almost no change throughout the incubation period.
Polymer coating degradation in the presence of fungi
had been previously modeled by physically creating a
series of needle-sized holes in the polymeric film that
had been shown by EIS to be previously intact (Gu et
al. 1996a). A single needle-sized hole resulted in dra-
matic decreases in pore resistance. In response to an
increasing number of holes in the polymer, impedance
continued to decrease, but the difference between the
intact and damaged film was much greater than that
between the films with different numbers of holes. This
creates a problem in the analysis in that the EIS tech-
nigue may be too sensitive to detect small defects in a
polymer or coating to allow effective determination of
severe damage (Mansfeld 1995). Growth of the fungi
is thought to result in severe deterioration of polymer
with potentially disastrous consequences for coatings.
EIS may only be useful in determining the initiation
of fungal deterioration and cannot reliably be used to
monitor time to coating failure.

Following our impedance studies, polyimide coat-
ings from the inoculated and sterile EIS cells were
examined by SEM in order to observe the extent of
fungal colonization. SEM micrographs of polyimide
from inoculated cells show extensive fungal growth
(Figure 4). In contrast, SEM micrographs of poly-
imide from sterile cells show no fungal colonization
(Figure 5). The species of funghspergillus versicol-
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or, Cladosporium cladosporioideand aChaetomium

species, were isolated and identified from a sample of

the polyimide surface. All of these fungi are common

Ferraz O, Cavalcanti E & Di Sarli AR (1995) The characterization of
protective properties for some naval steel/polimeric coating/3%
NaCl solution systems by EIS and visual assessment. Corrosion
Sci. 37: 643-652

in air and on surfaces (Ezeou et al. 1993a; 1993b) Ford T & Mitchell R (1990) The ecology of microbial corrosion.

and can readily contaminate a coated surface. Simi-
lar microorganisms have been isolated from electron-

ic components, including magnetic disks (McCain &
Mirocha 1994).

In conclusion, EIS can be used in monitoring
the initial steps of polymer degradation by microor-
ganisms. This technique provides information which
is indicative of specific mechanisms of the degra-
dation process. Susceptibility of polymer coatings
to fungal colonization and subsequent deterioration
suggest that application of these coatings in specif-
ic environments, e.g., where any humidity is present,
should be approached with caution. Addition of fungi-
cides/biocides may be warranted for application of
polymers in these environments, but only after exten-

sive testing of efficacy, and appropriate considerations

of coating integrity and potential human exposure to
toxic substances.
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