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Thermogravimetric  analysis  (TGA)  of  microbial  biofilms  on  bare  and  polyethyleneimine  (PEI)  sur-
face  modified  carbon  foam  is described.  PEI-modified  carbon  foam  was incorporated  into  a microbial
fuel cell  (MFC)  as  the  anode,  inoculated  with  electrogenic  bacteria,  and  the  voltage  and  power
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outputs  were  monitored  over  five  weeks.  The  results  were  compared  to  MFCs  containing  unmodi-
fied  carbon  foam  anodes.  Biofilm  formation  was  investigated  by scanning  electron  microscopy  and
TGA.  TGA  is  presented  as a new  method  to assess  the  relative  amounts  of  biofilm  on  an  electrode
surface.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The energy field has recently developed a strong interest in
enewable and alternative energy sources that are capable of reduc-
ng dependence on petroleum based energy. Microbial fuel cells
MFCs) are bio-electrochemical energy systems that provide new
pportunities for environmentally friendly energy production to
elp meet the growing demand for energy. In MFCs, microorgan-

sms oxidize organic materials and produce electrons that can be
arnessed and routed through an electrical circuit where they can
erform work [1–4]. While the energy density of MFCs is cur-
ently on par with traditional hydrogen based proton exchange
embrane fuel cells, the power derived from MFCs remains rel-

tively low [5].  Despite the relatively low power output, MFCs
ave successfully been used to power small scale buoys equipped
ith environmental monitoring devices (sediment/benthic MFCs)

6,7], demonstrating the benefit of their application in remote and
nattended environments. The most promising initial large-scale
pplication appears to be in the area of wastewater treatment
here MFCs have been used to remove organic matter from waste

treams while generating electricity [8–10]. MFC  development is
till at an early stage, and there is tremendous potential to increase

ower output through electrochemical, microbiological, and sys-
ems engineering improvements. With such improvements, the
pplication space for this technology will broaden tremendously.

∗ Corresponding author. Tel.: +1 310 317 5544; fax: +1 310 317 5840.
E-mail address: jhicks-garner@hrl.com (J. Hicks-Garner).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.03.022
One strategy to increase MFC  power output is optimization of
the anode material with consideration of the surface area, porosity,
and affinity for the microbes. In MFC  systems, the electrical cur-
rent scales with both the available surface area and the amount of
metabolically active microbial biofilm [11]. Increasing the electrode
surface area available for biofilm formation can result in increased
power output, however, porosity and fluid flow inside the anode
must be considered [11,12]. The electrode structure must allow for
circulation of biological media (a mixture of water, food/fuel, trace
nutrients, etc.) to the entire microbial population, and diffusion of
waste byproducts away from the biofilm. If fuel and waste cannot
be transported throughout the biofilm, cell viability and current
production will be variable. The anode material requires an ability
to accommodate a ∼40 �m thick biofilm comprised of electrogenic
bacteria typically 1–2 �m in length [11], with adequate room for
fluid flow. Affinity of electrogenic bacteria to the anode material
will also impact the rate of biofilm formation, and subsequently
current production [11].

Carbon foam anodes address the surface area and porosity
requirements of MFC  anodes by combining extensive three-
dimensional surface area with porosity that provides voids for
biofilm growth and fuel/waste circulation. Electrogenic bacteria are
naturally attracted to materials that can serve as an acceptor or
sink for the electrons generated as part of their metabolic cycle [2].
Conductive carbon in such forms as graphitic cloth, vitreous carbon

foam, and carbon felt, has proven capable of supporting bacterial
biofilms in laboratory MFCs while conducting current [10,11,13].

Though research has demonstrated that electrogenic bacteria
readily couple with and colonize on conductive carbon anodes,

dx.doi.org/10.1016/j.jpowsour.2012.03.022
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jhicks-garner@hrl.com
dx.doi.org/10.1016/j.jpowsour.2012.03.022
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traightforward and readily available methods to characterize
hese biofilms are lacking. Confocal microscopy is often used for
recision analysis of biofilm properties, but the technique requires
xpensive equipment as well as considerable time and training to
btain quality data. Thermogravimetric analysis (TGA) is an ana-
ytical tool which measures the rate and amount of mass loss of

 sample as its temperature is raised. TGA is routinely used to
nalyze materials ranging from small molecules to polymers, to
etermine physical characteristics such as decomposition temper-
ture, or levels of inorganic or organic components. TGA is also
seful in observing the mass effect of surface functionalization of a
aterial. The technique is simple, rapid, inexpensive, and requires

ittle training. Adhesion of a bacterial biofilm to an MFC  anode
s analogous to surface modification and affects the mass of the
node. We  have investigated the use of TGA as an analytical tool to
bserve trends in biofilm formation on carbon foam anode surfaces.
e have correlated the trends in TGA data to our observations of

ell voltages and the appearance of biofilms by scanning electron
icrographs (SEM).
We  have also investigated the use of carbon foam anodes that

ave been covalently surface modified with polyethyleneimine
PEI) in an effort to enhance the affinity of a mixed colony of electro-
enic bacteria to the electrode. Currently, there has been little work
one to increase the rate of biofilm formation or biofilm stability on
FC  anode surfaces by enhancing attraction of the bacteria to the

node. Branched PEI is a polycationic organic polymer that has a
igh density of primary, secondary, and tertiary amino groups. PEI
as been extensively used as a nonviral DNA transfection agent both

n cell culture applications and in vivo [14,15]. PEI has also been
sed as an attachment factor for culturing both eukaryotic [16,17]
nd prokaryotic [18] cell lines. The cationic polymer is an effective
acterial flocculating agent and has been used to aid construction
f both artificial biofilms [19] and artificially constructed microbial
onsortia [20] on electrode surfaces. Goncalves and Govind recently
eported that PEI coating a gold electrode surface improved the
iofilm formation of wastewater bacteria [21]. In this case, elec-
rode surfaces were coated with PEI, polylysine, or collagen, and
iofilm formation was compared to untreated electrodes. The
EI coated surface was reported to give the highest increase in
iofilm spread. It is noteworthy that in this study, biofilm growth
as observed via changes in electrode impedance and capaci-

ance, noting that confocal microscopy is often time consuming
nd difficult. Given the reported benefits of PEI electrode coating
n wastewater bacterial biofilm formation, we applied this to an
FC.
Herein, the MFC  application of carbon foam anodes, PEI-

odified carbon foam anodes, and biofilm characterization with
GA are described. Carbon foam anodes were covalently surface
odified with PEI, then characterized by infrared spectroscopy (IR),

GA, and SEM. Biofilm formation was observed on PEI-modified
ersus unmodified carbon anodes in functional MFCs. Cell voltages
nd power densities were observed over five weeks, and biofilms
ere then examined by TGA and SEM. To our knowledge, this is the
rst application of anode surface modification with PEI in an MFC
pplication, and the first use of TGA as a method for evaluating
iofilm formation.

. Experimental

.1. General materials and methods
All chemicals were purchased from commercial sources unless
therwise noted. Water was purified in a Nanopure(R) water sys-
em.
urces 210 (2012) 122– 128 123

2.2. Electrogenic microorganisms

A mixed colony was  obtained as anaerobic digester sludge from
the Tapia Wastewater Treatment Facility (Malibu, CA). The colony
was propagated in a biological medium containing 10 mM acetate
(electron donor) and 40 mM fumarate (electron acceptor).

2.3. Microbial fuel cell assembly

The MFCs used in these experiments were constructed from
two pieces (7 × 7 × 1.1 cm)  of machined acrylic glass, one hav-
ing the anode compartment with dimensions 1.9 × 1.9 × 0.8 cm,
and the other having the cathode compartment with dimensions
3.2 × 3.2 × 0.8 cm.  Two pieces of butyl rubber, each with a 1 in.
square opening in the middle, served as the gaskets. A piece of
exchange membrane (Nafion® 117) soaked in 0.5 M H2SO4 was
placed between the rubber gaskets to electrically separate the
anode and cathode compartments while permitting proton trans-
port.

Reticulated vitreous carbon foam (20 ppi density, 3% density)
from ERG Materials and Aerospace Corp., Oakland, CA, was  used
as the anode and a 3.0 × 3.0 cm piece of graphite cloth (0.3 mm
thick GC-14, Electrolytica, Amherst, NY) was used as the cathode. A
piece of platinum (Pt) mesh pressed to the carbon foam anode and
a piece of Pt wire woven through the cloth were used to provide
external electrical contact to the electrodes. The wire and mesh
were secured outside of the cell to an electrical post with a screw
and washer. All MFC  materials were sterilized prior to use by auto-
clave, bleach, or ethanol treatment, and the cell components were
assembled under sterile water.

2.4. Microbial fuel cell operation

Assembled MFCs were inoculated with 20 mL of propagated
anaerobic digester solution, which was added anaerobically to
200 mL  of media that was continuously circulated through the
anode chamber at a flow rate of 20 mL  min−1. Anolyte (media) and
catholyte were contained in sealed 250 mL bottles and continu-
ously circulated through the anode and cathode compartments at
a rate of 20 mL  min−1 using a peristaltic pump. The anolyte con-
sisted of anaerobic freshwater media [22] with 10 mM acetate as
the electron donor, which was continuously purged with an 80/20
mixture of N2/CO2. A solution of 50 mM potassium ferricyanide in
TRIS buffer [22] served as the electron acceptor. After the bacte-
ria attached to the surface of the anode (as evidenced by the cell
voltage) the anode and cathode were connected through a 500 �
resistor.

2.5. Anode surface modification procedure

Carbon foam anodes were surface oxidized by immersion in con-
centrated nitric acid followed by heating for 4 h at 140 ◦C. Anodes
were carefully removed from the acid solution and washed with
copious distilled water until neutral. The carboxylic acid func-
tionalized anodes were then submerged in 25 mL of an aqueous
solution of 100 mM N-hydroxysuccinimide (NHS) and 100 mM
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride.
Anodes were incubated for 4 h to allow formation of NHS esters,

and then 1 mL  of a 50 wt% solution of branched PEI (Mn  = 1200,
Sigma–Aldrich) was added. Anodes were incubated in this solu-
tion overnight at room temperature and then removed from the
solution and washed with copious distilled water.
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increase to 17.96% was  observed for the carboxylic acid modified
carbon, whereas a significant increase to 22.46% loss was observed
for the PEI-anodes. Two  distinct mass loss events were observed
Scheme 1. Preparation of PEI-modified carbon anodes.

.6. Infrared spectroscopy (IR) and thermogravimetric analysis
TGA)

IR samples were prepared by first oven drying at 120 ◦C
vernight to remove water, and then grinding with dry KBr at 1 wt%
ample. Samples were pressed into thin discs and analyzed on a
icolet 6700 FT-IR spectrophotomer under N2 with a dry KBr back-
round. TGA samples (10–15 mg)  were analyzed on TA Instruments
500, thermogravimetric analyzer, at a heating rate of 15 ◦C min−1

n an atmosphere of N2.

.7. Scanning electron micrograph imagng (SEM)

Samples were prepared for SEM imaging by drying overnight at
5 ◦C in atmosphere oven. Prior to imaging, an electronically con-
uctive coating was applied to the sample to reduce charging in the
EM. Images were taken on a Hitachi S-4800.

.8. Electrochemical characterization

Fuel cell voltages were monitored periodically with a high
mpedance multimeter. Current–voltage curves were generated
sing a Solartron SI 1287 Electrochemical Interface.

. Results and discussion

.1. Preparation of PEI-modified carbon foam anodes

Carbon foam anodes for MFC  applications were surface modi-
ed with branched PEI to investigate the polymer’s effect on biofim

ormation. Various forms of carbon, such as nanotubes [23,24], and
raphitic nanofibers [25], have been surface oxidized using heat and
cid to bear carboxylic acid groups. The reported procedures were
dapted for carbon anodes in this publication, which we oxidized
y heating in nitric acid. Treatment with PEI under standard peptide
oupling conditions with aqueous NHS and EDC, allowed formation
f covalent amide bonds with the carbon surface (Scheme 1). This
ethod of anode surface modification is rapid, simple, and appli-

able to the covalent attachment of any polymer or small molecule
ith a free amine.

.2. Characterization of PEI-modified carbon foam anodes

Anodes were examined by FT-IR and TGA before surface modi-
cation, after oxidation to bear carboxylic acid groups, and finally
fter attachment of PEI. The FT-IR spectrum of the oxidized carbon
nodes revealed two new absorptions with maxima at 1730 cm−1

nd 1620 cm−1 when compared to the unmodified anodes (Fig. 1).
hese absorptions can be attributed to the carbonyls of the acid
roups. It was also noteworthy that after oxidation the carbon
nodes became much more hydrophilic and could be immersed in
ater. The unoxidized anodes are highly hydrophobic and float in
ater. The FT-IR spectrum of the PEI-modified anodes also revealed

wo absorptions in the carbonyl region, with maxima at 1730 cm−1

nd 1577 cm−1. The slight downshift in absorbance from 1620 cm−1
o 1577 cm−1 is characteristic of amide bonds (Fig. 1, inset). Peaks
bserved between 3500 and 3300 cm−1 in both modified anode
pectrums are most likely due to water adhered to the hydrophilic
urfaces.
Fig. 1. IR spectrum of anodes before modification (carbon foam), after oxidation
(carbon COOH), and after PEI modification (carbon PEI).

Anodes were also examined by TGA before surface modifica-
tion, after oxidation to bear carboxylic acid groups, and finally
after attachment of PEI. Distinct changes in overall mass loss were
observed for both the acid and PEI-modified anodes (Fig. 2). Water
adhered to the anode surfaces is likely to have contributed to mass
losses from 25 to 100 ◦C and so only losses between 100 ◦C and
1000 ◦C were considered significant. The unmodified carbon foam
showed a 16.06% total weight loss from 100 to 1000 ◦C. A slight
Fig. 2. TGA spectrum of anodes before modification (carbon), after oxidation (carbon
COOH), and after PEI modification (carbon PEI).



J. Kramer et al. / Journal of Power Sources 210 (2012) 122– 128 125

F ode (A
a

d
2
t
a

u
a
c
P
n
h
c

3

f
i
r
a

ig. 3. Scanning electron microscopy images (SEM) of unmodified carbon foam an
n  MFC  (C, D), PEI-modified anode after 5 weeks in an MFC  (E, F).

uring PEI-anode heating, 3.75% from 100 to 200 ◦C and 7.99% from
00 to 375 ◦C. The distinct changes in TGA profiles can be attributed
o the increased amount of volatile organic matter in the PEI chains
nd support the success of the surface modification chemistry.

PEI-modified anodes were examined by SEM and compared to
nmodified anodes (Fig. 3A and B). Imaging revealed that the foam
node surface was coated with a film, presumably the polymer
oating. Visible film formation was an unexpected result of the
EI modification, however, it is plausible given the highly charged
ature of the polymer. The cationic polymer is likely to have a large
ydrodynamic radius due to inter-chain charge repulsion, which
ould cause the polymer to swell, resulting in the observed film.

.3. PEI-modified carbon anodes in MFC  applications

To observe if PEI surface modification has an effect on biofilm

ormation, modified anodes were incorporated into MFCs and
noculated with a mixed colony of anaerobic digester bacte-
ia. For comparison, MFCs containing unmodified carbon foam
nodes were simultaneously inoculated with the same anaerobic
), PEI-modified carbon foam anode (B), unmodified carbon anode after 5 weeks in

bacteria sample. MFC  cell voltages and power outputs were moni-
tored over a period of approximately five weeks. Acetate was used
as the oxidant and fuel source to initiate the bacterial metabolic
cycle. Ferricyanide was used as the reductant and therefore the cell
voltages reported are the difference in the oxidation potential of
acetate and the reduction potential of ferricyanide, minus any con-
tribution from internal cell resistance [22]. As expected, the voltage
of the fuel cell with the unmodified anode gradually increased from
0.18 V to 0.58 V over a 40 day period (Fig. 4). However, the voltage
of the system with the PEI-modified anode did not increase within
the observation period.

Fig. 4 shows the change in power output over the same 40 day
period. A substantial increase in power output was observed for
the MFC  containing the unmodified anode. The fuel cell’s peak
power output after approximately four weeks of biofilm growth
was 0.08 mW at 0.45 V, characteristic of metabolically active bac-

teria populating the MFC  anode surface. The power output of the
MFC with the PEI-modified anode was negligible, which is expected
given the low cell voltage. This data indicates that the bacteria
originally inoculated into the MFCs were metabolically active and
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Fig. 4. (A) Fuel cell voltages of PEI-modified and unmodified carbon foam anodes.
A  500 � resistor was  placed in series with the anode and cathode at day 20. (B)
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Fig. 5. (A) TGAs of unmodified carbon foam anode before and after use in an MFC.
(B)  TGAs of PEI-modified carbon foam anode before and after use in an MFC. Solid
nmodified MFC  polarization curve, PEI-modified MFC  curve not pictured due to
ow voltage. Electron donor: 10 mM acetate. Electron acceptor: 50 mM potassium
erricyanide.

apable of biofilm formation, but that PEI modification either does
ot support biofilm growth, or that the PEI coating prevents elec-
rochemical observation of the biofilm.

.4. Characterization of biofilms on anode surfaces

Biofilms on the carbon foam anodes and PEI-modified carbon
oam anodes were examined by both SEM and TGA after five weeks
n MFCs. Carbon foam anodes are known to support biofilm growth
10,11,13] and thicker anode biofilms have been associated with
igher MFC  power outputs [11]. Though SEM is not capable of
easuring depth, the technique is useful for a qualitative exam-

nation of the presence and quality of the biofilms. SEM imaging
f the unmodified carbon anode surface clearly revealed bacterial
opulations (Fig. 3). Common electrogenic bacteria such as Geobac-
er and Shewanella species are typically on the order of 1 �m in
ength. At the 10 �m scale (Fig. 3C), rod-like individual bacteria

ere observed populating the anode surface. At the 100 �m scale
Fig. 3D), the unmodified carbon foam anode surface appeared to
e covered with a layer of bacteria and seemed to support a healthy
iofilm. Although there appeared to be some structures on the PEI-
node after use in an MFC  (Fig. 3E and F), it was not clear whether
hey were live bacteria composing a biofilm. The presence of a
iofilm is possible but the structures are not as uniformly rod-like
s those observed on the unmodified anode, and could be cellular

ebris instead of live bacteria. It is difficult to measure depth with
EM so it is unclear whether the film on the anode surface is thicker
fter use in the MFC, which could indicate the presence or absence
f a biofilm. In the MFC  environment, electrostatic interactions with
lines (—) are % weight loss and dashed lines (—) are the derivative of this loss with
respect to temperature.

negatively charged organic compounds in the buffered nutrient
media and debris from the charged bacterial cell wall are likely
to further contribute to film formation. Further work is underway
to elucidate the nature of the PEI coating.

In an effort to quantitate the differences in biofilm formation,
we investigated TGA as a method to observe differences in the
mass loss profiles. To our knowledge, this is the first application
of TGA in biofilm characterization. Biofilm thickness is typically
characterized by confocal microscopy, [10] which is a highly effec-
tive method, but requires expensive equipment and considerable
training to obtain quality images. TGA is widely used for materials
characterization, requires little training and sample preparation,
and yields rapid results.

After five weeks in functional MFCs, anodes were removed from
the fuel cells and subjected to TGA analysis. A comparison of the
mass loss profiles of PEI-anodes versus the unmodified anodes
before and after use in the MFCs, revealed significant differences.
Only mass loss events above 100 ◦C were considered significant due
to the likely presence of surface adhered water. In the case of the
unmodified carbon anodes before and after use in the MFC, a 5%
change in mass loss was observed between 100 ◦C and 200 ◦C in
the TGA weight loss profile (Fig. 5). This is a temperature range
where bacterial organic matter is likely to decompose and burn,
and thus this difference is attributed to a bacterial biofilm. The TGA
data is in agreement with our observations by SEM, as well as our

electrochemical data. An active biofilm in direct contact with the
carbon foam surface should create a potential difference between
the anode and the cathode and generate current, such as observed.
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Fig. 6. (A) Fuel cell voltages of MFC  JKAD7. A 170 � resistor was placed in series

composing the biofilm and their densities are likely to affect the
temperature that mass losses occur.

Based on our data, TGA appears to be a valid new method
for observing trends in biofilm formation on anodes for MFC
J. Kramer et al. / Journal of Po

A 5% mass loss correlates to approximately 4 mg  of dry bacterial
iofilm, in the unmodified MFC. Taking 1.06 g cm−3 as an average
ensity of a wet cell [10] and estimating that the dry mass accounts
or roughly 30% of the total cell mass, the cumulative cell vol-
me  is calculated to be 0.0133 cm3. If this volume was  distributed
niformly over the surface of the unmodified anode (15 cm2) the
iofilm thickness would be about 9 �m.  A biofilm of 9 �m is within
he range expected given the current and power output of the MFC.

The mass loss profile of the PEI-anode after five weeks in the MFC
isplayed no new events when compared to the profile before use in
he MFC  (Fig. 5). The same two mass loss events, centered around
75 ◦C and 325 ◦C, were observed in both profiles. No significant
hange in mass loss was observed between 100 ◦C and 200 ◦C as
n the unmodified case, suggesting the lack of a substantial biofilm
or the PEI-modified case. The overall mass loss was slightly less
1.9%) after use in the MFC  than before, which is most likely due to
oss of material that was electrostatically adsorbed, but not cova-
ently linked, to the anode surface (e.g. anions to the PEI chains). The
uffered anolyte solution is likely to break up such interactions over
ime.

The lack of MFC  voltage and power output, together with the
GA data, seems to indicate that the PEI prevented the formation
f a healthy biofilm. Given the previously reported success with PEI
oatings for wastewater bacterial biofilm formation [21] this result
as surprising. One explanation for the lack of power is that the PEI

oating prevented direct contact with the anode surface and conse-
uently prevented electron transfer from the bacteria to the anode.
s previously noted, the biofilm must be in electrical contact with
n electron sink for current generation. It is inconclusive from the
EM images whether a biofilm had grown on top of the PEI coating,
ut appears unlikely. The bacteria may  have initially adhered and
opulated the surface of the PEI-anode, but were not in contact with
he carbon foam anode and as a result no voltage and power out-
ut was generated. Another explanation is that high charge density
f the PEI has a toxic effect on the bacteria, however PEI toxicity is
enerally associated with free polymer in solution, not PEI immobi-
ized on a surface [16]. Another likely possibility for the difference in
ffect of PEI between our study and Goncalves and Govind’s study is
hat the wastewater bacterial composition was very different from
urs and contained strains that flourish on the PEI surface. The bac-
erial composition of wastewater is likely to be highly variable even
etween samples collected from the same treatment plant depend-

ng on the nutrient composition of the water, the time of year and
ther factors. In addition, Goncalves and Govind’s study involved
old anodes rather than carbon, and the branching density of the
olyethyleneimine used in their study was not reported.

To further verify the correlation between TGA data, elec-
rochemical observations, and biofilm formation; we set up an
dentical fuel cell as in the unmodified carbon case previously
escribed. The cell, JKAD7, was inoculated with the same anaer-
bic digester bacteria samples collected from wastewater. Fuel cell
ower output was monitored over 36 days and the anode was sub-
equently removed from the cell and subjected to TGA analysis.

Similar to the results previously described for the carbon anode,
oth the voltage and power output of the fuel cell gradually

ncreased over time (Fig. 6). The fuel cell’s peak power output
fter approximately four weeks of biofilm growth was 0.09 mW at
.46 V, characteristic of metabolically active bacteria. Anodes were
emoved from the fuel cells and subjected to TGA analysis as previ-
usly described (Fig. 7). A 5.4% change in mass loss from before and
fter use in the MFC  was observed between 100 ◦C and 350 ◦C, with
he majority of this loss occurring between 200 ◦C and 350 ◦C. This

s in good agreement with the data reported in Fig. 5. The slightly
igher mass loss for JKAD7 when compared to the first unmodi-
ed carbon MFC  correlates to the slightly higher voltage and power
utput of JKAD7. The mass loss for JKAD7 occurred over a higher
with the anode and cathode at day 12. Star (*) indicates dates fresh acetate media
was  added to the cells. (B) MFC  JKAD7 polarization curves. Electron donor: 10 mM
acetate. Electron acceptor: 50 mM potassium ferricyanide.

temperature range than for the anode shown in Fig. 5, despite the
two anodes being exposed to identical conditions. This difference
is likely due to variance in the morphologies of the biofilms on the
two anodes. It is known that bacterial biofilms commonly form fib-
rilar and mushroom like structures [26]. The types of structures
Fig. 7. TGAs of the carbon foam anodes before and after use in an MFC. Solid lines
(—)  are % weight loss and dashed lines (—) are the derivative of this loss with respect
to  temperature.
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pplications. Clear differences were observed between the PEI-
odified anode and the two unmodified anodes before and after

pplication in an MFC. Furthermore, the data was  in agree-
ent with the SEM images and electrochemical observations.
hile analysis of the TGA data in PEI-modified case was com-

licated by electrostatic interactions, the method appears to
e useful for a semi-quantitative assessment of biofilms. The
ethod lacks the precision of confocal microscopy, but it is

imple, rapid, inexpensive, and demonstrates trends in biofilm
ormation.

. Conclusions

In conclusion, we have successfully conjugated PEI unto the sur-
ace of carbon foam anodes for MFC  applications. We  also propose
GA as a useful new tool for observing trends in biofilm thick-
ess. Our PEI conjugation method is rapid, simple, and applicable to
urface modification with any compound containing a free amine.

e have found that in MFC  applications, PEI does not facilitate
ncreased power output. Two possibilities for this observation are
hat the biofilm formation was retarded by the PEI or that the PEI
revented electron transfer to the anode. Biofilms were charac-
erized by both SEM and TGA, and appeared more dense on the
nmodified carbon. Based on our observations, TGA is a useful
ew tool for simple and rapid observation of trends in biofilm
hickness.
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