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Abstract Biofilms are considered a significant health risk
in the food and dairy industries because they can harbor
pathogens, and direct contact with them can lead to food
contamination. Biofilm control is often performed using
strong oxidizing agents like chlorine and peracetic acid.
Although chlorine dioxide (ClO2) is being used increas-
ingly to control microbiological growth in a number of
different industries, not much is known about disinfection
in biofilms using chlorine dioxide. In this study, a
microelectrode originally made for chlorine detection was
modified to measure the profiles of chlorine dioxide in
biofilm as a function of depth into the biofilm. In addition,
discarded microelectrodes proved useful for in situ direct
measurement of biofilm thicknesses. The chlorine dioxide
microelectrode had a linear response when calibrated up to
a ClO2 concentration of 0.4 mM. ClO2 profiles showed
depletion of disinfectant at 100 μm in the biofilm depth,
indicating that ClO2 may not reach bacteria in a biofilm
thicker than this using a 25 mg/l solution.

Introduction

Biofouling may be defined as the attachment of biological
materials to a solid surface that quickly form thin layers of
microbial colonies. The microbial colonies, otherwise
known as biofilms, constantly and rapidly develop a
complex aggregation of microorganisms including bacte-
ria, protozoa, amoebae, fungi, and algae, which are encased

in self-made extracellular polysaccharide. Biofouling
commonly occurs in engineered systems, such as oil rigs,
piping systems, drinking water distribution systems, heat
exchangers, cooling towers, and ship hulls (De Beer et al.
1994; Meyer 2003). It causes equipment damage through
corrosion, down time, and decreased energy efficiency due
to the increased pressure drop in pipelines, which results in
billions of dollars in losses each year (Meesters et al. 2003).

Food and dairy industries frequently encounter persis-
tent biofouling problems that lead to solids buildup,
spoilage, and bacterial contamination in pipes and process
equipment. Fatemi and Frank (1999) described that
biofilms developed on wet food-processing surfaces were
not completely cleaned or not cleaned often enough.
Michaels et al. (2001) reported that in the food industry,
even under refrigerated conditions, pipeline biofilms could
include spoilage microorganisms as well as pathogenic
species. Recently, it has been reported that several Bacillus
cereus strains associated with dairy products potentially
cause food-borne illness as a result of toxin production
(Lindsay et al. 2002). Therefore, process efficiency and
safety in the food industry requires novel approaches to the
prevention, removal, and killing of biofilms.

Biofilm control is often performed with strong oxidizing
agents, of which the most commonly used is chlorine (Cl2).
Although gaseous chlorine has long been used as a simple
and economic method for disinfection, its use as a
microbiocide is declining because of safety, environment,
and community impact considerations. Furthermore, it has
been found that chlorination may form disinfection by-
products (DBPs) such as trihalomethanes (THMs) and
haloacetic acids (HAAs), by oxidizing organic matter
(fulvic and humic acids) in water. It is well documented
that these products are harmful to consumers’ health (Junli
et al. 1997; Chang et al. 2001). As a result of these
concerns, various alternatives have been explored, includ-
ing peracetic acid, chloramine, ozone, and chlorine dioxide
(ClO2) (Lopez et al. 1997; Fatemi and Frank 1999;
Richardson et al. 2000; Chang et al. 2001). As one of the
promising disinfectants, chlorine dioxide has become more
widespread as it offers some unique advantages, including
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its easy operation and maintenance, requirement for a
smaller dosage, less reaction time to yield same disinfec-
tion effect as Cl2, and effectiveness over a wide pH range
on killing bacteria or deactivating virus (Chang et al. 2000).
Some water systems have started treating tap water with
ClO2 as a substitute for Cl2 as ClO2 does not directly form
halogenated by-products (Noss and Olivieri 1985).

It is generally accepted that disinfectants are much less
effective against biofilm microorganisms than planktonic
microorganisms (De Beer et al. 1994; Cochran et al. 2000).
Although the fundamental mechanisms of biofilm resis-
tance have not been fully elucidated (Stewart and Raquepas
1995), this is fundamentally due to the chemical reaction of
the disinfectants with extracellular polymeric substance
(EPS) and other organic constituents that form the biofilm.
Furthermore, disinfectants may not reach bacteria deep in
the biofilm as a result of diffusional resistance of the
biofilm matrix, which may exist even after disinfection.

The objective of this study was an investigation of the
efficacy of ClO2 as a disinfectant by measuring ClO2

penetration into simulated dairy biofilms. Concentration
profiles of ClO2 in biofilms can be achieved with high
spatial resolution by the use of microelectrodes. These tiny,
needle-shaped electrochemical sensors have a tip diameter
of around 10 μm, which prevents disruption of the biofilm
during the measurement of concentration profiles.

Materials and methods

Operation of the rotating drum biofilm annular reactor
(RDBAR)

The design and operation of a continuous aerobic rotating
drum biofilm annular reactor (RDBAR), as shown in
Fig. 1, was previously described by Zhang (1994). Briefly,
the reactor consists of a concentric outer cylinder (inner
diameter of 11.7 cm) and a rotating inner cylinder with a
total height of 25.4 cm. The acrylic reactor, with a 1-l
working volume, was designed for continuous-flow oper-
ation. The inner cylinder was rotated at 90 rpm and
completely mixed the fluid in the reactor. Temperature was
maintained at 23±0.5°C. The reactor contained 40
removable 304 stainless steel coupons on its inner wall to
permit sampling of the biofilms. New stainless steel was
cut into 1-cm2 coupons. Coupons were cleaned once in
acetone and rinsed with deionized water prior to installa-
tion in the reactor.

Biofilm was grown in the RDBAR using a mixed culture
of undefined consortia from unpasteurized whole milk by
the following procedure. The RDBAR was seeded with
unpasteurized whole milk and operated in batch mode for
1 day. The reactor was then drained and refilled with sterile
10% trypticase soy broth (TSB) and operated in continuous
flow mode for the duration of the experiment. Sterile 10%
TSB was pumped through the reactor at a flow rate of 0.6 l/h,
resulting in a hydraulic retention time (HRT) of 2 h.
Biofilm on the stainless steel coupon surfaces became
visible after 7 days of growth. Biofilm samples were

removed at specific time intervals after the reactor was
seeded to analyze disinfection performance at various
biofilm thicknesses.

Microelectrode fabrication

The microelectrode assembly was as described by De Beer
et al. (1994) and Yu (2000), except that an operating
potential of 100 mV was used for chlorine dioxide instead
of the 200 mV that DeBeer et al. used for chlorine. The
signal for chlorine dioxide was found to be better at
100 mV. Briefly, the cathode was made from platinum wire
(Aldrich, Milwaukee, WI, USA, No. 26,716-3, purity
99.99%) melted into a lead glass micropipette (World
Precision Instruments, Sarasota, FL, USA, No. PG10150-4).
The wire was etched in 6 M potassium cyanide (KCN) by
applying a 5-V potential while continuously dipping the
wire into the solution; the platinum wire was attached to a
graphite reference electrode. Micropipettes were heated
over the flame of a small burner until the glass softened.
They were pulled from both ends until the middle section
of the micropipette became very fine but still unbroken.
The platinum wire was very carefully inserted into the
hollow center of the pulled glass micropipette at one end
until the etched tip of the platinum wire reached the fine
middle section of the micropipette. The center of the
micropipette (containing the etched platinum tip) was
placed in a heating element. This element melted and
sealed the glass around the wire tip. The voltage was
slowly increased during the heating operation, resulting in
even sealing. Increasing the heat sharply before the tip
reaches the heating element prevents the platinum wire
from breaking off before reaching the tip. Next, the
platinum tip was exposed by beveling, and the glass was

Fig. 1 Schematic diagram of rotating drum biofilm annular reactor
(RDBAR) used in this study (reactor working volume, 1000 ml,
reactor height and diameter, 25.4 and 11.7 cm; flow rate, 0.6 l/hr;
HRT, 2 h; temperature, 23±0.5°C; impeller peripheral velocity,
90 rpm)
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resealed by reheating the tip for approximately 2 s in the
heating element. Subsequently, the platinum in the tip was
recessed approximately 1 to 2 μm using fresh 2 M KCN
solution while applying 2.5 V of alternating current. The
etched platinum wire was then cleaned by immersing it
sequentially in three beakers of distilled water. The whole
process of etching must be conducted in a highly ventilated
hood to prevent inhalation of cyanide gas. Finally, a
cellulose acetate coating was applied by submerging the tip
in a 10% acetone solution for 30 s. The coating dried for 1 h
at room temperature. The tip diameters of the resulting
microelectrodes were 7 to 15 μm.

Microelectrode measurements

During calibration and concentration measurements, 0.1 V
was applied to the chlorine dioxide and reference
electrodes. The pico-ampere current signal was measured
with a chemical microsensor (Model II, Diamond General,
Ann Arbor, MI, USA). Biofilm samples were placed in a
specially designed flow cell inside a Faraday cage to
minimize electrical interferences. The whole system was
connected to a scrupulously clean-grounded line. Position-
ing the tip of the microelectrode in the biofilm was
accomplished using a three-dimension micromanipulator
(Model 11N, Narishige International, Tokyo, Japan)
located outside the Faraday cage. The position relative to
the biofilm surface was determined visually using a
microscope, CCD camera, and video monitor. Because of
irregularities, biofilm surfaces are not always well defined.
The surface of the biofilm was located by recording when
the microelectrode tip visually disappeared as it ap-
proached the biofilm. The flow rate of the solution into
the flow cell was maintained at 10 ml/min as previous
studies have shown that flows of 50 ml/min or more would
interfere with the microelectrode measurements by creating
signal noise (Zhang and Bishop 1994). A peristaltic pump
was used to achieve the necessary flow above the biofilm.
Chlorine dioxide concentration profiles, from the bulk in a
direction perpendicular to the biofilm surface, were
measured at 5, 10 and 15 min after exposure. The bulk
solution concentration was 25 mg/l. An Ag/AgCl milli-
electrode was used as the reference electrode for all
working microelectrodes throughout the study. More than
five microelectrode profiles were measured at different
positions along the biofilm axis during the investigation.
The tip of the microelectrode was rinsed in distilled water
between each experiment change.

Microscopic examination of cross-sectioned biofilms

Coupons and attached biofilm were removed from the
reactor, dipped into 1 ml of 4% paraformaldehyde and
stored at 4°C overnight. The coupons and attached biofilm
were then washed with 1×PBS buffer solution, embedded
in tissue-freezing compound, and then immediately frozen
at −20°C for cryosectioning. The solidified biofilm was

fixed on a specimen stage of a cryostatic microtome (HM
505E, Microm International Gmbh, Germany). Biofilm
samples were cut vertical to the coupon surface into
20-μm-thick slices using a steel razor blade and spread on a
gelatin-coated slide. The slide was then immersed into
serial 50, 80, and 95% ethanol solutions for 3 min each and
dried. Biofilms on the slide were observed using a
microscope (Nikon) under ×400 magnification.

Preparation of ClO2

Sachets of sodium chlorite (NaClO2, Selective Micro
Technologies, Beverly, MA, USA) were supplied by
JohnsonDiversey. The sodium chlorite within the sachet
was activated by filling it with 2 l of distilled water, which
provided a solution containing approximately 120 mg
ClO2/l. The ClO2 solution, which is very volatile and
unstable, was placed in a dark brown glass container and
stored in the dark at 4°C. The concentration of the ClO2

solution was directly measured using a DR/2010 spectro-
photometer (Hach Method 10126, HACH Company,
Loveland, CO, USA) just before application. This is a
standard N,N-diethly-p-phenylenediamine (DPD) color
change method described by Standard Methods for the
Examination of Water and Wastewater (2005) (4500-ClO2

D). In addition, the ClO2 concentration in the flow cell was
measured regularly during the experimentation with the
DR/2010 spectrophotometer. The results were comparable
to those obtained using the ClO2 microelectrode.

Results

ClO2 microelectrode

When both the ClO2 microelectrode and the Ag/AgCl
reference electrode are immersed in ClO2 solution, the
ClO2 diffuses to the cathode where ClO2 is reduced to
chloride ions. Silver is oxidized to silver chloride at the
anode at the same time. The current resulting from this
reaction is a direct measurement of the concentration of the
ClO2 in solution. A Faraday cage was used to isolate the
ClO2 microelectrode from external electrical noise. How-
ever, it was found that the current signals varied from one
microelectrode to another, depending on the geometry of
the working electrode (i.e., electrode surface area and
recess length). The stability of ClO2 microelectrodes with
tip diameters of 10 μm was checked using a standard pH 7
buffer solution. When 0.1 V was imposed on the working
and reference electrodes, the signal in the blank was in the
range of 50–100 pA. If the current in the blank solution was
lower or higher than this range, the microelectrode was
discarded. Response time of the ClO2 microelectrode to
reach 90% of the final stable reading was less than 1–2 s.
Furthermore, drift of the reduction current was usually
below 1% per hour.

After checking the stability of the ClO2 microelectrodes,
they were calibrated with a ClO2 calibration series (0 to
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1.48 mM) in standard pH buffer solutions of pH 4, 5, 7, 8,
and 9. Three measurements were made and the average
picoampere current was used to determine the calibration
sensitivity for ClO2. The results from the effects of initial
pH on the ClO2 microelectrode calibration curve show two
stages of slope. In the beginning, the signal increase was
linearly proportional to increasing ClO2 concentration in
contact with the platinum (Pt) surface of the microelec-
trode. At greater than 0.44 mM, however, a nonlinear
signal response was observed.

The results in Fig. 2a show that the signal increases
varied, some with pH up to pH 8, with the response
decreasing only slightly with increase in pH at lower ClO2

concentrations. However, the trends observed for the
currents measured at pH 9 were different from those in

the range of pH 4–8. It is assumed that the ClO2

microelectrode is significantly affected by changes at
pH 9, possibly due to an increase of the ratio of [NaClO2]
to [ClO2] in the solution. This may be one reason for the
reduced signal observed at pH 9. As the biofilm reactors
were operated at pH 7, the profiles measured in this study
were conducted at the same pH.

When the ClO2 microelectrode was calibrated up to a
concentration of 0.44 mM, as shown in Fig. 2b, there is a
linear proportionality between current measured and ClO2

concentration in the ranges of pH 4–8. The ClO2 concen-
tration range of 0–0.44 mM lies well within the linear part
of the curve and is well suited for monitoring most
biofilms. Although slightly different slopes (pA/mM) of
the calibration curves are observed depending on the initial
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pH, reasonable linear curve fits were obtained. During all
measurements of ClO2 concentration in biofilm, the flow
rate of the solution was maintained to be under 10 ml/min.

ClO2 penetration depth

Biofilm thickness, as shown in Fig. 3, was visualized by
light microscopy. The biofilm seemed smooth when
observed with the naked eye, but numerous heterogeneities
appeared when viewed under the microscope. Biofilm

thickness varied spatially on the coupon but usually fell
between 150 and 200 m.

Figure 4 shows the ClO2 microprofiles in a biofilm
obtained when using a ClO2 microelectrode and a bulk
liquid concentration of 25 mg ClO2/l adjusted to pH 7.
Profiles were measured at 5, 10, and 15 min after the start
of the chlorine dioxide dosing at the same position in the
biofilm. All ClO2 profiles showed similar trends, although
the actual concentration of ClO2 measured in a single
biofilm varied slightly, depending on the sampling loca-
tion. The sigmoidal shapes of the ClO2 microprofiles show
that, in the cases of 5 and 10 min after the start of the
chlorine dioxide dosing, ClO2 was depleted at a depth of
50 μm. After 15 min, however, the shape of the ClO2

profiles had slightly changed. The inflection point of the
concentration profile moved in the direction of the coupon,
and the penetration depth of ClO2 in the biofilm was
increased to approximately 100 μm. This may be due to
changes in the ClO2 demand in the upper layers of the
biofilm due to oxidation of organic matter by ClO2.

The chlorine dioxide concentration continued to de-
crease in the 150-μm-thick mass transfer diffusion bound-
ary layer above the surface of the biofilm. From the nearly
linear gradient within the mass transfer boundary layer, it is
evident that the diffusion layer governs the rate of
exchange of substrate between the bulk liquid and the
biofilm. Consequently, the existence of a boundary layer
cannot be ignored in a mathematical model interpretation.
The profiles of ClO2 showed a trend of gradual decrease
from the biofilm surface toward the coupon surface, which
is characteristic for ClO2 that is diffusing into a matrix
where it is being consumed.

An experiment to examine if multiple punctures of the
biofilm might boost its permeability was carried out. A
profile in the biofilm was measured and the tip was then
removed from the biofilm. The tip was then immediately

Fig. 3 A microscopic image of the spatial biofilm section attached
to the surface of a stainless steel coupon. The biofilm sample was
cut vertical to the coupon into 20-μm-thick slices using a cryostatic
microtome. The scale bar shown on the figure is 50 μm
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reinserted at the same location and the profile was
measured again. The tip was removed again and the
process repeated a third time. As shown in Fig. 5, the same
concentration profile was measured for three consecutive
times when the microelectrode was removed and rein-
serted. This shows that permeability does not increase as
the biofilm is punctured (at least for microelectrodes with
tips of 10–15 μm like what we used).

Parameter estimation for mathematical modeling

Mathematical modeling can analyze chlorine dioxide
consumption kinetics. Due to the high diversity and
complexity of biofilms, some simplifications concerning

the reactions that take place in the biofilm are necessary for
development of biofilm models where antimicrobial agents
such as ClO2 are involved. The assumptions used in this
study are described elsewhere (Lu et al. 1995; Stewart and
Raquepas 1995). Models such as those described hereafter
are useful because they predict qualitative phenomena and
suggest new experimental designs. Parameter determina-
tion methods used for full model development are
described elsewhere (Abrahamson et al. 1996).

As observed in Fig. 4, chlorine dioxide transport from
the bulk solution to the biofilm decreased both near the
diffusive boundary layer and in the biofilm, probably due
to the mass transfer resistance, leading to the development
of the substrate concentration gradient. It is assumed that
transport in the stagnant liquid layer above the substrate is
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entirely dependent on molecular diffusion, which can be
described by Fick’s first law (Abrahamson et al. 1996).
This assumption yields the following empirical linearized
Eq. (1):

C � Cs

Cb � Cs
¼ 1� exp �Azð Þ (1)

where C is the local ClO2 concentration, Cs is the ClO2

concentration at the surface of the biofilm, Cb is the ClO2

concentration in the bulk, A is an experimental constant
determined graphically from the slope of Eq. (1), and z is
the vertical distance into the biofilm. Figure 6 shows an
example of the plot for the determination of A. At 5, 10, and
15 min after the start of the chlorine dioxide dosing at a
given position within the biofilm, the slopes in Fig. 6 were
101.1, 70.2, and 97.6, respectively.

For the study of microbial activity in the biofilm, the
classical transient diffusion–reaction model can be ob-
tained from a mass balance in the biofilm. As written in Eq.
(2), the chlorine dioxide consumption at any point in the
biofilm per unit volume of biofilm attached to the coupon,
as the chlorine dioxide penetrates the biofilm, is expressed
by the Monod equation.

@C

@t
¼ Df

@2C

@Z2
� VmaxC

Km þ C
(2)

At steady-state,

Df ¼ @2C

@Z2

� �
f

¼ VmaxC

Km þ C
(3)

where subscript f represents biofilm, t is the time, Df is an
average effective diffusion coefficient of ClO2 in the
biofilm, Z is the distance into the biofilm from the biofilm
surface, Vmax is the maximum ClO2 utilization rate, and Km

is the Monod saturation constant. The parameters to be
estimated in Eq. (3) are the kinetics parameters (Vmax and
Km) and ClO2 diffusivity (Df). A mathematical process is
necessary to find the values of these parameters. According
to Lineweaver–Burk linearization, Eq. (3) can be linearized
by taking the inverse of each part in Eq. (3).

d2C

dZ2

� ��1

f

¼ Df Km

Vmax

1

C
þ Df

Vmax
(4)

The relationship between (d2C/dZ2)−1 and 1/C is
illustrated in Fig. 7. A plot of (d2C/dZ2)−1 vs 1/C should
result in a straight line with a slope of DfKm/Vmax and an
ordinate intercept of Df/Vmax. Consequently, Km can be
calculated from the slope and the intercept of the line. As
shown in Fig. 7, a good curve fit is obtained if high 1/C
values (low concentration) are neglected. Therefore, the
lower concentration limit for linearity is about 1.0 mg/l. By

plotting Eq. (4) within the acceptable range of the low 1/C
values, the values of Km calculated from the slope divided
by the intercept of the straight line for 5, 10, and 15 min
after the start of the chlorine dioxide dosing are 0.4, 1.0,
and 1.6 mg/l, respectively.

After integrating Eq. (3) once, the ClO2 transport flux
rate (g/m2/day) into a unit area of a biofilm can be obtained
as (Lewandowski et al. 1991):

Jf ¼ Df
dC

dZ

� �
f

¼ Df

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
Vmax

Df
C � C0 � Km ln

Km þ C

Km þ C0

� �s (5)

From Eq. (5) and as seen in Fig. 4, the ClO2 concen-
tration in the biofilm near the surface of the substratum (C0)
is nearly zero. At a low bulk liquid ClO2 concentration, the
equation that depicts the ClO2 concentration near the
biofilm surface is

dC

dZ

� �
f Z¼Zsð Þj

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2
Vmax

Df

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cs � Km ln

Km þ Cs

Km

� �s

(6)

It was reported that at steady-state, the consumption rate
is equal to the diffusion rate inside the biofilm (Hibiya et al.
2004). Therefore, it can be assumed that the flux rate of
ClO2 consumption inside the microbial film (Jf) is equal to
the ClO2 flux across the stagnant layer (Jw).

Jf Z¼Zsð Þj ¼ Jw Z¼Zsð Þj ; orDf
dC

dZ

� �
f Z¼Zsð Þj

¼ Dw
dC

dZ

� �
w Z¼Zsð Þj

(7)

To calculate the internal effective diffusivity (Df) in the
biofilm, the terms on the right side of Eq. (7) can be divided
by the second term on its left side. The ClO2 diffusivity
(Dw) in water is 1.385×10−5 cm2/s at 20°C (Lide 2004).
Moreover, the first derivative in the boundary layer can be
expressed as follows:

dC

dZ

� �
w Z¼Zsð Þj

¼ �A Cb � Csð Þ (8)

The effective diffusivity of ClO2 in the biofilm was cal-
culated to be 1.21×10−5, 1.27×10−5, and 1.35×10−5 cm2/s
for 5, 10, and 15 min after the start of the chlorine dioxide
dosing, respectively, showing that the effective diffusion
coefficients of ClO2 in biofilms were reduced somewhat
from their values in the bulk solution.
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Discussion

The food and dairy industries are frequently plagued by
microbial contamination in pipes and process equipment.
Biofilm formation in the food service environment causes
not only economic losses due to technical failure in process
equipment but can also lead to significant hygiene prob-
lems; the biofilm can harbor pathogens, and direct contact
with them can lead to food contamination. Although chlo-
rine dioxide is being used increasingly to control microbio-
logical growth in a number of different industries, not much
is known about disinfection in biofilms using chlorine di-
oxide. Chlorine dioxide profiles in the biofilmwere obtained
using microelectrodes modified from an existing design.

Chlorine dioxide may not reach bacteria deep in a biofilm
as a result of multiple resistance factors, such as molecular
diffusion limitations, biofilm density, reactive depletion of
ClO2, and convective flow rate in interstitial voids. One of
the primary factors suggested by many researchers is trans-
port limitation of antimicrobial agents into the biofilm
community (Xu et al. 1998). Although the primary mecha-
nism, interaction of ClO2 with the biofilm has not been fully
examined, the EPS produced by microorganisms in the
biofilm may partially protect them from the disinfectant
properties of the ClO2. Inactivation and/or removal of
bacteria deep in the biofilm, consequently, may need to be
achieved by increasing the concentration of ClO2 in the
bulk liquid and/or by increased contact time.

Although microscopic images provide valuable informa-
tion with regard to biofilm structure, this method was
highly time and labor intensive. As an alternative, discarded
ClO2 microelectrodes with intact tips could be used to
provide a quick estimate of biofilm thickness. A light
source was placed over the top of the biofilm, and then the
microelectrode tip was positioned at the biofilm surface.
The tip of the ClO2 microelectrode was then slowly moved
through the biofilm. When the ClO2 microelectrode
touched the surface of the stainless steel coupon, the shaft
of the ClO2 microelectrode bent without breaking. This
bend could be easily identified from observation of the
microelectrode shaft above the surface of the biofilm.
Depth was calculated by determining the starting and
ending positions of the micromanipulator. Normally, about
10–15 thickness measurements were taken in situ at random
locations on each coupon. This method was simple and
reasonably accurate for measuring the biofilm depth.
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