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Abstract:

Biofilms have been modeled as homogeneous layers of cells and extracellular polymers covered by a
uniform liquid layer. Modelers have assumed that water within and in close vicinity to the biofilm is
stagnant. However, scanning confocal laser microscopy has shown that biofilms are highly
heterogeneous, and consist of cell clusters separated by voids and channels. The heterogeneous
structure makes the mass transport near and within biofilms very complicated. To be able to describe
mass transport in biofilms mathematically some simplifying assumptions based on experimental data
are needed.

Microelectrodes have been used here to measure oxygen profiles and local mass transfer coefficient
profiles in biofilm clusters and interstitial voids. Both dissolved oxygen- and local mass transfer
coefficient profiles were measured at the same locations to make it possible to superimpose the two
profiles. From the oxygen profiles the effective diffusive boundary layer thickness was determined.
The local mass transfer coefficient profiles provided information about the nature of mass transport
near and within the biofilm. All profiles were measured at three different flow velocities to determine
the influence of fluid flow on mass transport.

Convective mass transport was found to be active within the mass boundary layer and in the upper
region of the biofilm, independent of biofilm’s thickness and flow velocity. The effective diffusive
boundary layer thickness, however, varied strongly at different locations when the same flow velocities
were applied. Oxygen-and local mass transfer coefficient profiles collected through a 70 um thick
cluster revealed that the thin cluster did not cause any significant changes in local mass transfer
resistance. The same conclusion was drawn from profiles measured through a void filled with a 200 um
thick extracellular polymer layer when the flow velocity was higher than 1.53 cm sec”-1. In a 350 um
thick biofilm cluster the local mass transfer coefficient decreased gradually and approached zero near
the substratum.
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ABSTRACT

. Biofilms have been modeled as homogeneous layers of cells and extracellular
polymers covered by a uniform liquid layer. Modelers have assumed that water within
and in close vicinity to the biofilm is stagnant. However, scanning confocal laser
microscopy has shown that biofilms are highly heterogeneous, and consist of cell
clusters separated by voids and channels. The heterogeneous structure makes the mass -
transport near and within biofilms very complicated. To be able to describe mass
transport in biofilms mathematically some simplifying assumptlons based on
experimental data are needed.

Microelectrodes have been used here to measure oxygen profiles and local
mass transfer coefficient profiles in biofilm clusters and interstitial voids. Both
dissolved oxygen- and local mass transfer coefficient profiles were measured at the
same locations to make it possible to superimpose the two profiles. From the oxygen
profiles the effective diffusive boundary layer thickness was determined. The local
mass transfer coefficient profiles provided information about the nature of mass
transport near and within the biofilm. All profiles were measured at three different
flow velocities to determine the influence of fluid flow on mass transport.

Convective mass transport was found to be active within the mass boundary
layer and in the upper region of the biofilm, independent of biofilm’s thickness and
_ flow velocity. The effective diffusive boundary layer thickness, however, varied
strongly at different locations when the same flow velocities were applied. Oxygen-
and local mass transfer coefficient profiles collected through a 70 pm thick cluster
revealed that the thin cluster did not cause any significant changes in local mass
transfer resistance. The same conclusion was drawn from profiles measured through a
void filled with a 200 um thick extracellular polymer layer when the flow velocity
was higher than 1.53 cm sec™. In a 350 um thick biofilm cluster the local mass
transfer coefficient decreased gradually and approached zero near the substratum.
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INTRODUCTION

Recent studies of biofilm architecture strongly influence our concepts of mass
' transpc;rt mechanism in biofilms. Images of living biofilms using confocal laser |
microscopy show that biofilms form celluiar aggregates (microcolonies) separated by
interstitial void spaces filled either with water or low density biopolymers as shown in
figure 1 (Lawrence et al., 1991, Korber et al., 1994, Wolfaardt et al., 1994, Keevil
and Walker, 1992). Structural heterogene‘ify of biofilms was demonstrated using
scanning electron llnicroscopy (Stewart et ai. , 1995) ,» scamﬁng confocal laser
microscopy (SCLM) (Lawrence et al., 1991), and cryoembedding (Murga et al.,
1994). 1t is well known that the nonuniform distribution of biomass in bioﬁln_is may
influence the mass transport mechanism. The study of the nature of oxygen
distribution within structurally heterogeneous biofilms clearly demonstrated the
importance of biofilm architecture to oxygen transport (De Beer et al, 1994 a).
" Reports of such influence were puﬂlished even before the importance of biofilm’s
architecture was fully realized. Siegrigt and Gujer (1985) observed an increased
average diffusion coefficient with increased biofilm -thic}mess .and hypothetically
explained this as a result of irregularities of thick Bioﬁlms penetrating the boundary
layer causing eddy diffusion. Similar explanation may be employed to the

observations of Larsen and Harremoés (1994) and Horn and Hemi)el‘ (1995) who




Figure I. Biofilm structure; cell clusters separated by void spaces filled with
extracellular polymers.
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report that the oxygen diffusion coefficient in a biofilm is higher than in pure water.
The coﬁcept of structurally héterogeneous bi9ﬁ1n1s constitutes an intellectual platform
to accommodate those, otherwise difficult to interpret, observations. At the recent
meeting of the International Association on Water Quality (IAWQ) Specialist Group
on Biofilm Systems in Leeuwenhorst, the ﬁetherlands, biofilm’s heterogeneity was
defined as “spatial differences in any para.metef we think is important” (Bishop and
R1ttmann, 1995). Despite the awareness of biofilm heterogeneity there is no clear .
notion on what causes it aﬂd how the heterogeneity influences biofilm processes. Van
Loosdrecht et al. (1995) discussed the Muence of substrate loading rate, shear, and
growth rate on the biofilm strﬁcture. Some qualitative opinions of how the process
parameters influence biofilm structure have been established among biofilm
researchers. A high shear rate tends to increase the bioﬁlm’s density and mechanical
stability. Higher substrate loadings as well as presence of fast growing
microorganisms result in tﬁicker and less smooth biofilms. Some researchers initiated
the quantification of parameters influencing structural heterogeneity. Zhaﬁg and
" Bishop (1994 a,b5 détermined the densit_i_es, porosities, specific surface area, and
‘mean pore radius of bioﬁﬁm. They determined the distribution of the -tomosiw factor
and the ratio of the effective diffusivity to the diffusivity in bulk solution of a biofilm.
Fu et al. (1994) estimated the effective diffusivity in different layers of a biofilm
using a dissdl,ved oxygen microelectfode. ngmanowicz et al. (1995) used SCILM

images to estimate the fractal diménsion and biofilm morphology.
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Biofilm reactivity is controlled by the rate of substrate éonsumption and by the
rate of mass transport. Bird et al. (1960) describe two models for mass transfer; (1) |
the film theory; and (2) the boundary-layer theory. The film theofy isa
unnidirectional transport model, whereas the boundary-layer theory considers two-
dimensional velocity profiles. The film theory saysfhat a stagnant or laminar,
fictitious film of fluid is present next to the boundary in which all resistance to
transfer exists (Welty et- al., 1976). Transport in this layer is only .due to molecular
diffusion. The mass transfer coefficient, k, is defined as the molecular diffusivity, D,
divided by the film thickness, Ly:

k=D/L, )
Although the disadvantages of the film mbdel are well known, its cbnceptual
simplicity and computational'cénvenience are so appealing that it is frequently |
intermixed with thé bbuﬁdary layér concept. From its beginning biofilm modeling
relied on the assumption that water neér the biofilm, anc_l within the biofilm, is
stagnant (Atkinson and Davies, 1974, Rittmann and McCarty, 1978, Wanner and
Gujer, 1984). Itisa common practicé to substitute the film thickn_ess in the film
mo.del with tht; thickneés of the masé boundary layer (MBL) determined with
- microelectrodes (Zhang and Bishop, 1994 c¢). This approach implicitly assumes that
the mass transpo'rt in the mass bouﬁdary layer is due to molecular diffusion only.
Figure 2 shows how a conc_:entration prpﬁle through the bulk liquid, MBL, and |
biofilm shoﬁld appear based én thJS concept. The assum;;tions thatlmolecular

diffusivity is the major factor influencing the mass transport rate inside the MBL and.




Figure 2. Substrate concentration profile, S, through bulk liquid, mass boundary
layer, and biofilm based on concept of homogeneous biofilms. The
substrate concentration is constant in the bulk solution. In the MBL the
gradient is linear because transport is only due to molecular diffusion. The
profile is curved in the biofilm due to substrate consumption.
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biofilm influences the ways the kinetic data are extracted from substrate concentration
profiles. Revsbech (1989 a) evaluated the kinetics of oxygen transport from the
oxygen concentration profiles. Lewapdowski (1994) used an oxygen profile £o ,
determine the diffusivity? maximum reaction raite, half-saturation coefficient, and
oxygen flux. Kiihl and Jergensen (1992) calculated the rates of oxygen coﬁsumption,
sulfide oxidation, and sulfite reduction from oxygen-, sulfide-, and pH profiles
through a trickling filter biofilm. Denitrification rates were determined from nitrous
oxide concentration profiles by Dalsgaard et al. (1995).

When transport is governed by molecular diffusion, the mass transfer
coefficient, introduced in equation .1, is used to determine the flux, J, of a species
caused by a concentration gradient:

J = kAC o )
Models using the film theory impiicitly assume that the boundary layer is uniform and
the overall mass transfer coefficient is constant. Thus, the mass U'ansfér coefficient is .
just the ratio of the diffusion coefficient of the éubstrate in stagnant water to the
thickness of the effective diffusive boundary layer.

The mass transfer coefficient is an ilﬁportant parameter for bioﬁlm modeling.
Following are some examples how th¢ mass transfer coefficient has been applied in
biofilm research. Logan and Dettmer (1989) examined the effept of fluid ﬂow on
leucine uptake by cells attgched to a surface. Based on the leucine uptake rate, Q, cell

radius, o, and the assﬁmption that the leucine concentration at the cell surface was




7

negligible, they calculated the mass transfer coéfﬁcient fo‘r different flow v_elocities'
acc.ording to:

k = Q[4nd’(C. - CYI' €))
The mass transfer coefficient was converted to a dimensionless parameter called the
Sherwdéd number, Sh:

Sh =kL/D . o (C))
The Sherwood number, Sh, also referred to as the mass transfer Nusselt number, ﬁu
can be considered as the ratio of the molecular nl_ass transport resistance to the- |
convective mass transport resistance of the fluid. Baséd on the flow \.lglocity, -cell
radius, kinematic viscosity, and the diffusivity of leucine Loogan and Déttmer
calculated the Reynolds number and the Peclet number for the velocities used in the
experiment. By definition the Reynolds number is the ratio of the inertia force to the
viscous force:

Re = Lvv! (5)
The Peclet number relates the effectiveness of mass transport by advection to tﬁe
effectiveness of mass transport by diffusion (Fetter, 1993):

Pe = vL/D | | " ©)
Knowing Re and Pe, Logan and Deﬁmer calculated the Sherwood number according
to three different models:
1. Sherwood number for a sphere fixed in a flow stream;

Sh = (1 + 0.48Pe*®'2 ™

2. Effect of sinking velocity on mass transport to phytoplankton;
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Sh =1 + 0.5Pe + 0.6P¢? ' ®

3. Effect of fluid velocity 6n phosphorous uptake by a diatom;

Sh = 1.45Re" ®
The Sherwood numbers calculated using the models and the mass transfer _éoefﬁcient
were piotted versus flow velécity in the same diagram. For the experimental results in
this study the model of the effect of fluid velocity on phosphorous upt',ake by a diatom
appeared to give the best fit. .

Gantzer et al. (1988 b) examined the sensitivity of substrate flux into
streambed biofilms to short-term changes in flow veloéity, They developed an
equation describing mass transfer of substrate into biofilms growing in gravel and
cobble streambeds:

k = [, + nyRe™Sc' d'IDd,* , | (10)
In this equation the Schmidt number, Sc, occurs. This ié the ratio of the moleéular
diffusivity o.f momentum to the molecqlar diffusivity of mass (Welty et al., 1976):

Sc = vD | 12)
Biofilms were grown at an acclimation flow velocity until it reached steady state,
Batch tests for COD removal were pérformed at flow velocities above and below the
acclimation velocity. Gantzer et al. (1988 b) found that substrate flux into the cobble-
streambed was more sensitive to short-term changes in water velocity than flux into
gravel-streambed biofilms. The substrate removal rates of both biofilms were more

sensitive to changes in flow velocity than predicted by previous models.
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Gantzer et al. (1988 a) demonstrated that a mechanistic biofilm model was
suited for predicting the removal rate of trace organics by natural biofilms. Biofilms
were grown in pond gmd river Water on Teflon strips. These were attached to the
inner walls of a beaker stirred by paddles. The equation used to calculate the mass
transfer coefficient was originally designed to determine the heat transfer coefficients
for walls of a jacket lined reactor stirred by an anchor agitator:

k = 0.38Re**Sc!”Dd?! (11)

Chang and Rittmann (1987 a&b) used column reactors filled with spherical
activated carbon to verify a model of biofilm on activated carbon. The model
incorporated film transfer, biodegradation, adsorption pf substrate, and bioﬁlm.-
growth. The overall mass transfer coefficient was estimated by:

k = 2.40v Reey0%(Scy o (13)

Christiansen et al. (1995) investigated the influence of liquid film diffusion on |
reaction rate in a submerged biofilter with denitrification and to coméare with a
theoretical study of the mass transfer coefﬁéient. They used an equaﬁon for mass l
tranéfer in fixed beds: | _

k = DDp'l{Z+O.51[«’i(Don(evj_'l)“‘]°'6}(vD'l)”3 (14
The mass transfer coefficient was found for different flow velocities. They plotted the
rate of nitrate removal versus nitrate concentration for the experimeﬁtal data and from
theoretical calcuiations applying the defermined mass transfér coefficients and a mass
transfer coefficient several orders of magnitude higher. The magnitude of k had no

inﬂuence .on the graphs, and it was concluded that the influence of liquid film
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diffusion on reaction rate can be ignored for velocities in the range, 1.3 < v < 10.9
m/h. |

The major factor influencing the intensity of local mass transport and the
shabe of substrate concentration profiles in biofilms is hydrodynamics. Experiments
demoﬁstratgd the true nature of hydrodynamics near biofilms. Lewandowski et al.
(1993) showed, using Nuclear Magnetic Resonance Imaging (NMRI),- that- water was
moving in the space occupied By the biofilm. This study was followed by
quantification of the intrabiofilm flow using a combination of particle tracking and
SCLM. De Beer et alA. (1994 b) and Stoodley et al. (1994) determined the flow
velocity profiles in voids and channels. The water flow in biofilms occurs in two flow
ﬁeids, one inside the biofilm and one outside. The external and internal flow fields
influence each other in a complex way (Lewandowski et al., 1995). Consequently,
recent experiments suggest the possibility that in the Bioﬁlms neither the film nor the
boundary layer theory are directly applicable. Also these results indicate that the mass
transport in biofilms is affgcted by convection to a much larger extent:than previously
suspected.

Mass transfer by convection involves “the traﬁspért of material bgtwéen a
A boundary surface and a moving fluid (Welty et al., 1976). Similar to the mass transfer
coefficient for diffusive mass transport (equation 2), the convective mass. transfer
. coefficient, k, is defined by: |

J=kAC ) (15)
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When determining k., one have to consider the properties of the fluid, the dynamic
characteristics of the flowing fluid and the geometry of the systein. Use of

_ dimensionless parameters makes it easier to determine the mass transfer coefficient.
Welty et al. (1976) discussed foﬁf methods of evaluating the convective mass transfer
coefﬁc'ient: These are; (1) dimensional analysis;.(2) exact boun&ary-layer analysis; (3)
approximate boundary-layer analysis; and (4) analogy between momentum, energy,
and mass transfer.

Dimensional aﬁalysis can be used to predict which dimensionless parameters
are helpful in correlat'ing expérimental data. Welty et al'. (1976) used the Bﬁckingham
method. All significant variables and their'dimensi(')ns for the system are listed. The
variables and dimensions are then tabulated in a matrix where the numbers represent
the exponent of the corresponding dimension and variable. The number obtained by
subtrac;ing- the number of roWs, in the largest nonzero determinan£ v?hich can be
. formed from the matrix, froﬁ the number of variables involved, indicates how many
independent dimensionless groups can be formed. A core group of variables, which
will appear in each dimensionless group and éontain all of the fundamen'tal
dimensions, is then selected. Each of the remaining variables are combined with the
core group. These groups are made dimensionless by changing the exponénts of the
variables in the core group. By using this method Welty et al. (1976) showed that Nu
for transfer into a stream flowing under forced convection is a function of Re and Sc.

For laminar flow parallel to a flat surface, Blasius (1908) ﬁeveloped an exact

solution for 'the hydrodynarrﬁc boundary layer. Welty et al. (1976) extended this
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solution to include convective mass transfer. They assumed low mass transfer rates
between the flat plate and the boﬁndary layer, and a Schmidt number of one. The
following expression for the mass transfer Nusselt number was found:
- Nu = 0.332Re'? ’ | (16)
To mal.cje_the equation applicable for situations where the Schmidt number is not equal
to unity, the relation between the concentration boundary layer thickness, §_, and the
hydrodynamic boundary layer ghi;:kness, 0, was used:
8/, = Sc'® , amn
As predicted by the dimensional analysis the mass transfer Nusselt number was
determined as a function of Re and Sc:
Nu = 0.332Re'?Sc!? (18)
.Few exact solutions exist for transport in the boundary layer when the flow is
not laminar, and the cornfiguration is other than a flat plate. If no exact solution exists
one has to assume the conqen_tration and velocity profiles. To obtain an approximate
: solution the von Kérmén integral equation can be used:
d/dxf(C - C v dy = k(C,-C.) _ _ 19
In this thesis it has been described how microele'ctrodes can be used to measure
concentration profiles, and study the nature of mass transfer near and within biofilms.
The. equations for momentum, energy, and mass transfer are similar. Several
analogies among transfer pheﬁomena ha.ve been proposed bécause of the similarity in
their mechanisms. These analdgies are useful in predicting behavior of systems for

which limiting quantitative data are available. Reynolds (1874) postulated that the
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.“mechanisms for transfer of momentum and energy were identical. This has béc;,n
found to be trué when the Prandtl number, Pr, is unify (Welty et al., 1976). The
Prandtl number is the ratio of the molecular diffusivity of momentum io the molecular
diffusivity of heat:

Pr = pe,/k | - (0)
Chilton and Colburn (1934) found an analogy beween convective heat and mass

- transfer. They found that the dimensionless j factor for mass transfer, j;, is equal to

the j factor for heat transfer, Ju

jp = kIV(SY? = jy = StPr*” 1)
where St ié the Stanton number which is the Nusselt number divided by the product of
the Reynolds number and the Prandt] number. Equation 21 is valid for gases and
liquids within the ranges, 0.6 < Sc < 2500 and 0.6 < Pr < 100.

Convective mass transport in biofilm systems is difficult to quantify.
Addressiiig this problem, Yang and Lewandowski (1995) developed a microtechnique
to evaluate the local mass’ transport éoefﬁcient in biofilms by measuring the limiting
current drawn from a mobile lilicroelectrode. The limiting current technique is often
used to determine mass transfer rates to surfaces (Hanratty, 1991, Juhasz and Deen,

| 1993, Dawson a.nd Trass, 1972). Electroactive species are consumed at the polarized

electrode surface. In the experiment of Yang and Lewandowski a ferricyanide

solution was used as electrolyte. Ferricyanide was not cori_sumed by the biofilm, and
the only sink for those species was the tip of the microelectrode. All physical

elements of the system, like the reactor’s walls and the biofilm, obstruct mass




14

transport to the tip of the electrode. The extent of this obstruction is measured on.a
relative scale. The pbtential applied to the microelectrode is higﬁ enough to assure
that the concentration of electfoaéti?e species at the electrode surface is zero. Under
such conditions the rate of consumpti(')n of the electroactive species at the electrode
surface is limited ohly by mass transport, and the measured limiting current is directly
proportional to the mass trapsfer rate. By positioning the tip of the electrode at
different locations in biofilms, the local mass transport coefficient to the electrode can.
be determined. The concept of the local mass transport coefficient is similar to the
concept of the overall mass transfer coefficient. Local mass transfer coefficient
describes the ratio of the flux of electroactive species to thé tip of the microelectrode
to the concentration difference at a specific location. It should not be, however,
identified with the overall mass transpért coefficient. The local mass transport
coefficient describes only the mass traﬁsfer resistance in the immediate vicinity of the
" electrode tip, and thus réﬂecté the relationship between local hydrodynamics, local
effective diffusivity, and local biofilm'structure. Conversély, the overall mass
transport coefficient reflects mass transport rate to the biofilm surface through the -
entire mass boundary layer. Yang and Lewandowski (1995) report that the local mass
transfer coefficient varied both horizontally aﬁd vertically.in biofilms.

It is ciear that the mass transport dynamics in biofilms is much more complex
than previously assumed; 1) the biofilms are heterogenous and consist of discrete cell
clusters separated by ihterstitial vdids, 2) the hydrodynamiés in biofilms is controlled

by two flow fields, and 3) the mass transfer coefficient in biofilms behaves
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unexpectedly. Aithough the newly proposed concept of biofilm structure helps to

' 'interpret the experimental observations, the‘ new experiments reveal further
dimensions of complexity. Researchers are becoming progressively aware that it may
not be possible to completely describe mass transport in biofilms matliematically.
Some éimplifying assumptions are, therefore, urgently needed to establish empirical
equations serving purely practical purposes. It is important that these assumptions are
established as a result of experimentation raiher than computational convenience.

To study the nature of mass transport near and within bii)ﬁhns the
measurements of the local mass transfer coefﬁcignts were combined with the
measurement of local dissolved oxygen concéntrations. A bacterial biofilm composed
of aerobic microorganisms was grown in an open channel flow reactor. Profiles of
dissolved oxygen and local mass transfer coefﬁi:ient were measured through the cell -
clusteis and through the interstitizil voids .for different flow velocities. ‘Superimposing
thoge iwo pioﬁles permits evaluating the effect of biofilm architecture on the rate of
transport related to hydrodynamics. The goal of this work was to get a better
understanding of mass transport in biqfﬂms, .a.nd therel_)y be able to make some

simplifying assumptions about this process. . .
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MATERIALS AND METHODS

Construction of dissolved oxygen microelectrode

The dissolved oxygen microelectrode was constructed.as described by
Revsbech (1989 b). As shown in figure 3 the electrode had five compoﬁents: 1) a
platinum cathode; (2) a silver/silver chloride reference electrode; 3a sﬂver guard
cathode; (4) an outer casing; and (5) a pom;sium chloride electrolyte solution.

The platinum cathode was made from a 0.004 inch (pure TC grade) platinum
wire (California- Wire Corﬁpany, Grover Beach, CA). One end was electrochemically
etcheci (7 volts AC) in a saturated KCN solution to a diameter of 5-10 ﬁm, and then
rinsed in distilled water. The wire was inserted into a glass capillary of Schott 8533
glass (Schott Glaswerke, F.R.G.). The capillary was obtained by heating a'glass tube
-over a propane torch and pulling on the ends by hand. Heat was thén appli;ed where

the glass tube started to taper, and a second pull was performed. This resulted in a

glass bulb with two capillaries on 'o'pposite endé. The capillaries were separated using .

a file. Soda-lime glass was used as shaft. A glass tube (15 cm in length) was pulled
once over a propane torch, and the capillary was brok_en off. The tapefed end of the
shaft was then inserfeci into the 8533 capillary containing the platinum wire, ‘and the
two were fused in a flame. The glass capillary was positioned in a Micro Electrode

Puller (Stoelting Co., Wooddale, IL) with the etched tip of the platinum' wire 1.5-2.0
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Figure 3. Construction of a dissolved oxygen microelectrode.
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cm higher than the Ni-Cr heating coil. Heat was gradually increased until the glass
collapsed around the wire and the electrode dropped down. Under a microscope the
glass was recessed 5-10 pm by moving a platinum heafing_ loop close to the electrode
tip. The exposed platinum ‘'was then electroplated with gold by inserting the tip into a
. HAuClJ, solution and applyirrg a potential of 2.0 volts for 2-3 secorrds. |

A 0.5 mm diameter, 99.99% pure silver wire was used for the silver/silver
c]aloride reference electrode. The tip of a 3 cm long wire was polished with fine
-grained sandpaper followed by cleaning in nitric acid and rinsing in distilled water.
One c_entimeter of the wiré was then submerged in a 0.1M HCI solution; and a
current density of 0.4 m.Ajcm2 was applied for 1-2'hours until the wire was uniformly -
covered with AgCl. It was then rinsed with distilled water.

A 0.604 inch diameter, 99.99% pure silver wire (Califdrnia Fine Wire
- Company, Grover Beach, CA) was used for the .gua.rd cathode. A 10 cm long wire
was inserted into a thin glass capillary obtained by pulling a soda-lime glass tube over |
a.propane torch. Approximately 1.5 cm of the wire was sticking out of the capillary
in both ends. The rvire was .ﬁxed to the glass by dipping one end of the capillary in
epoxy. One end was then eleetrochemically etched (3.5 volts AC) in a saturated KCN
selution followed by rinsing with distilled‘ water.

The ourer casing was made from 5%/, inch Pasteur Pipets (Fisher Seientiﬁc,
Pittsburgh, PA). Heat was applied to the narrow end by a propane torch, arld tt.le
glass was pulled by hand. The second pull was done py gravity, and a thin capillary

was obtained by slowly moving a platinum heating loop towards the glass. The
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desired tip diameter was obtained by pushing the tip'against‘ a solid glass rod under a
microscope. The tip opening was then shrunk to 2-3 um by mow}ing a platinum
heating loop close to the tip. It was then filled with uncured silicone, by capillary
suction; to a depth of 10-15 pm.

“The platinum cathode was fixed to the outer casing with epoxy, and the
 distance between the gold tip and the silicon r'nembrane was 10 pm. When the €poxy .
was dry, the reference- and the guard cathode were fixed to the outer casing with
ci)oxy. The distance between the tip of the platiﬁum catﬁode and fhe tip of the guard
cathode was 100 um. The outer casing was filled with electrolyte contaiqing K,CO,

(0.3 M), KHCO, (0.2 M), and.KCl (1.0 M). Epoxy was then used to seal the top.

Calibration of dissolvedl oxygen microelectrode

When a potential of -0.8 .volts is applied between the platinum cathode and the

silver/silver chloride reference electrode, oxygen is reduced on the gold-tip of the
'cathodép. Tﬁis creates a current which is pfoportional to fhe oxygen coﬁcentration in
the solution surrounding the tip of thé probe. Since the calibration curve is linear,
only two points are required; the currents associated with zero and saturated oxygen
concentration. A picoammeter / DC voltage source (Hewlet Packard 4140B) was used
to apply a potential of -0.8 volts between thé platipum cathode and the Ag/AgCl
reference electrode, and between the guard cathode and the reference. Some of the
nutrient solution uséd‘ in the experiments was transferred to a 300 ml beaker. The tip

of the microelectrode was then submerged in the solution. Air from a compressed air
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. tank was supplied to obtain a saturated oxygen concentration. When the current

stabilized, the current reading was associated with the saturated oxygen concentration.

Next, nitrogen gas was supplied to the solution to remove all the dissolved oxygen.
When the current stabilized, the current reading was associated with the zero dxygeﬁ

concentration. An example of a calibration curve is shown in figure 4.
Construction of local mass transfer coefficient microelectrode

The microelectrode used for local mass transfer coefficient measurements was
constructed according to Yang and Lewandowski (1995). Figure 5 shows the |
construction of the electrode. It was made from a 0.004 inch (pure TC grade)
platinum wﬁe (California Wire Company,_ Gréver Beach, CA). One end was
electrochemically etched (7 volts AC) in a saturated KCN solution to a diameter of 5-
10 pm, and then rinsed in distilléd water. The wire was inserted into a. glass capillary
of Schott 8533 glass (Scﬁoﬁ Glaswerke, F.R.G.). The capillary was obtained by
heating a glass tube over a prdpane torch ‘and pulling on the ends by hand. Heat was
then applied where the glass tube started to téper, and a-second pull was performed.
This resulted in a glass bulb with two capillaries on opposite ends. The capillaﬁes
were separated usiné a file. Séda—lime glass was used f01" shaft. A glass tube (15 cm
in length) was pulled once over a propane torch, and the capillary was broken off.
The tapered end of the sha;ft was then insgrted into the 8533 capillary containing the

platinum wire, .and the two were fused in a flame. The glass capillary was positioned
{
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Figure 4. Calibration curve for a dissolved oxygen microelectrode. The secondary
Y-axis indicates the current associated with the oxygen concentration on
the primary Y-axis.
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Figure 5. Construction of a local mass transfer coefficient microelectrode.
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in a Micro Electrode Puller (Stoelting Co., Wooddale, IL) with the tip of the wire
1.5-2.0 cm higher thaﬁ the Ni-Cr heating coil. Heat was gradually increased until the
glass collapsed around the wire and the electrode dropped down. The tip of the wire
- was then exposed by grinding on a rotating grinding wheel (Model EG-4, Narishige
'Co., Tokyo, Japan), fqllowed by cleaning in a sonication bath with deidnized water
and then acetone. To calculate the surface area, the tip radius was measured
mjcroscbpically. Each electrode was tested in the elec.:trolyte solution before it was
used. The electrolyte solution consisted of 25 mM K;Fe(CN); and 0.5 M KCI as
supporting electrolyte. To test the electrode the potential bet%;veen the microelectrode
and the reference was scanned from 0 to -1.2 volts. From the voltammogram the
potential range m which the limiting ‘;:urrent occurred was determined. A range

between -0.6 and -0.9 volts was accepted.

Testing the local mass transfer coefficient microelectrode

Effect of changing the position of reactive
surface relative to flow direction

The local mass transfer coefficient is_ influenced by the local hydrodynamics
around the tip of the microelectrode.' From equation'l it is clear that by changing the
boundary layer thickness the local maés transfer coefficient will change if the
diffusivity is constant. When the tip of tﬁe microelectrode faces towards thé flow, the
boundary layer will be compressed compared to thickness when the tip is positioned

perpendicular to the flow. Likewise, the boundary layer thickness will increase by

(
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moving the electrode from the vertical position to one where the tip faces away from
the flow. The effect of changing the position of the electrode tip, relative to the flow -
direction, on the local mass transfer coefficient measurements was tested.
Ferricyanide electrolyte solutiqn was added to a 1 L beaker. The solution was stirred
by a magnet stirrer at a constant rotational speed throughout the experiment. A
standard calomel electrode (Model 13-620-51, Fisher Scientific, Pittsburgh, PA) was
positioned in the center of the beaker to minimize any influence of the electrode on
the hydrodynamics. The local mass transfer coefficient microelectrode was polarized
- at -0.8 volts against the reference electrode by a Picoammeter / DC Voltage Source
(Hewlett Packard 4140B). A data acquisition system (Model CIO-DAS08PGL,
Compufer Boards, Inc., Maﬁsﬁeld, MA) collected the current signal. The
micfoeleclrode tip was positioned in three different ways; (1) facing away from the
flow; (2) facing the bottom of the beaker; and (3) facing towards the flow. Results are
shdwﬁ in figure 6. From this figure it can be found that the local mass transfer
coefficient decreased by 30% when the electrode was moved from the vertical
position to one where the tip faced away from the flow. When the tip.faced towards
the flow, the local mass transfer coefficient was 30% higher than when the electrode
was in the vertical po;ition. These measurements were measured ét the same location.
of the beaker which means that the diffusivity was constant. Moreover, the only
parameter that changed the local mass transfer coefﬁciént was the bounciary layer
thickness. This experiment shows the importance of being consistent with the

positioning of the electrode tip relative to the flow direction.
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Figure 6. Effect of changing the position of the local mass transfer coefficient
microelectrode tip relative to the flow direction.
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Respiratory activity in a biofilm sub-
merged by electrolyte solution

Yang and Lewandowski (1995) report that the number of viable cells remained
relatively constant the first four hours after the biofilm was exposed to the electrolyte
solutio_n. This doés not mean that the bacteria respired under these conditions. The
high potassium chloride concentration (0.5 M) is very likely to injure the cells. When
these viable cells are transferred to a rich medium, normal cell activity can resume.
To examine if respiration occurred when the bioﬁim was submerged in the electrolyte
solution, oxygen profiles were measureri through it. Before this experiment was
performed the dissolved oxygen microelectrode Wars‘calibrated in both water and the
electrolyte solutiorl. This was done to see if ferricyanide or potassium chloride
influenced the.oxygen measurement. The calibration procedure is described under
Calibration of dissolved oxygen microelectrode. Figure 7 shows the calibration curves
for oxygen in water and the ferricyanide’electrolyte solution. The calibrations were
done separately, but the curves are in the same figure for comparison. Both curvés
start out yvith a saturated oxygen concentration between 7.5.and 8.0 mg L™, At the
point where the curves suddenly drop, nitrogen gas Was added to remove the
dissolved oxygen from the'solutions. Both curves reached the same level when okygen

was depleted. The sudden increase in the oxygen concentrations indicates that

compressed air was added to the solutions. Both curves reached the same level for

oxygen saturation as before nitrogen gas was added. When nitrogen gas was supplied

again, the slope of the calibration curve for oxygen in water decreased. This happened
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Figure 7. Calibration of the dissolved oxygen microelectrode in water (A) and
ferricyanide electrolyte solution (m).
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simply because the supply of nitrogen was terminated right before the end of the
calibration. These calibration curves show that .the signal for zero and saturated
oxygen concentration were the same in water and electrolyte. Hence, ferricyanide and
potassium chloride did not affect the oxygen measurement by the electrode. Figure 8
shows an oxygen profile through a biofilm five hours a.fter the electrolyte solution was
added. The biofilm thickness was approximately 200 um, and the oxygen
concentration was close to 4 mg L throughout the bioﬁim. The curve is nearly
horizontal inside the biofilm indicating‘no oxygen flux. This means that oxygen was
not consumed within the biofilm.

Influence of oxygen on local mass
transfer coefficient measurements

Local mass transfer coefficient nﬁcroelec&ddes ‘were only used if the limiting
current occurred at a potential m the rangé -0.6 - -0.9 volts against a standafd calomel
electrode. During the experiments the electrode was polarized at -0.8 volts against a
standard calomel electrode. - The limiting current of oxygen occurs at a potential of
-0.8 volts against a silver/silver chloride reference electrode. The standard calomel

- electrode and the silver/silver chléfide' reference elw&ode have similar reduction
potentials; 0.241.and 0.222, respectively (Lide, 1994), which means that the
poténtials at the tip of the local mass transfer microelectrode and the oxygen sensor
are sixhiiar. Moreover, oxygen may be redﬁced by the local mass transfer coefficient

electrode. However, the concentration of ferricyanide (25 mM) in the electrolyte -
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Figure 8. Dissolved oxygen measured through a biofilm submerged by ferricyanide
electrolyte solution. The solid line parallel to the Y-axis indicates the
biofilm thickness.
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solution was approximately a hundred times higher than the saturated oxygen
concent;ation in water (0.25 mM). Consequently, the influence of oxygen should Be
negligible. To confirm this hypothesis the inﬂqence of oxygen present in the
electrolyte solution was examined. The tip of the local mass transfer coefficient
microelectro_de was submerged in electrolyte contained in a beaker. It was polarized at
-0.8 volts against- a standard calomel electrode (Mbdel 13-620-51, Fisher Scientific,
Pittsburgh, PA) by a picoammeter / DC voltage source (Hewlet Packard 4140B). The
current was recorded by a data acquisition system (Model CIO-DASOSPGL,
Computer Boards, Inc., Mansfield, MA). When the current reading had stabilized the
solution was aerated for one minute with compressed air through a diffuser. The
current stabilized again, and the oxygen was removed by.‘adding nitrogen gas to fhe
solution. Figure 9 shows the result from this test. Addition of air caused a sudden
increase in the limiting.currcn't_ from 4.0E-8 A to 8.9E-8 A_. Following termination of |
the air supply, the current étabilized at its original level. When nitrogen gas was
added to remove the dissolved oxygen, the 'lim‘iting current increased to 7.4E-8 A.
After the gas flow was terminated, the current stabilized around 4.0E-8 A. From
these results it can be concluded that the limiting current is the same in the presence

and absence of oxygen.




Figure 9.
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me i f a biofilm

Experimental setup

‘The experimental setup is. shown in figure 10. The biofilm was grown in an
open channel reactor 46 mm wide and 500 mm long, made of polyc_arbonate.
Measurements were conducted at flow velocities of 0.62, 1.53, and 2.60 cm sec’’,
corresponding to Reynolds numbers of 100, 300, and 600, respectively. A
microir;anipulator (Model M3301L, World Precision Instruments, New Haven, CT)
was used to move the microelectrodes. It was equipped with a stepper motor (Model
18503, Oriel, Stratford, CT) and manipulated by a computer controller (Model
20010, Oriel, Stratford, CT). The electrodes were moved from the bulk down .
through the biofilm with 10 um increments. A Picoammeter / DC voltage source
(Hewlet Packard 4140B) was used to polarize the electrodes. The measured signal was
directed to a computer containing a data acquisition system (Model CIO-DASO8PGL,
Computer Boa;ds, Inc., Mansfield, MA). Dissolved oxygen profiles were measured
first. After the measurement the nutrient solution was replaced by the solution of
electroactive species. Local mass transfer’ coefficient profiles were then collécted in
the same locations as the prior dissolved oxygen profiles. The reactor was fixed to an
X-Y micropositioner stage (Model CTC462—2$,'MicfoKinetics, Laguna Hills, CA).
| The stage was computer controlled through a controller (Model CTC-283-3,

MicroKinetics, Laguna Hills, CA) with a positioning precision of 0.1 um. A
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Figure 10. Experimental setup: I. Open channel flow reactor; 2. Concentrated
nutrient solution; 3. Tap water; 4. Mixing chamber; 5. Microelectrode;
6. Micromanipulator; 7. Biofilm; 8. Data acquisition system; 9.Pico-
ammeter / DC-voltage source; 10. X-Y micropositioner stage;
11. Inverted microscope; 12. Controller; 13. Computer for stage
movement; 14. Air tank; 15 Waste stream.
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computer equipped with a custom made software was used to control the stage

movement.

Biofilm growth

A concentrated nutrient solution and filtered tap water (PAC-filter, Model

\
1

CBC-10, Cole-Parmer Instr. Co., Chicago, IL) was aerated. in a mixing chamber
before it was recycled through the 'reactor by a peristaltic pump (Cole-Parmer Instr.
Co., Chicago, IL).‘ The influent nut;ient solution froxﬁ the mixing chamber consisted
of KH,PO, (0.69 mM), K,HPO, (1.5 mM), (NH,),SO, (0.079 mM), MgSO,*7H,0
(0.013 mM), and yeast extract (0.031 g L"), The total reactor vélume was 420 ml,
and the hydraulic retention time was only 4 min and 30 sec to avoid suspended
growth. 1-ml portions of stock c;ultures of: i’seédomonas aeruginosa (7.7x10° -
CFU/ml), Pseudomonas fluorescens (4.8x10' CFU/ml), and Klebsiella pneumohiae

(7.2x10" CFU/ml) were used to inoculate the reactor. After inoculation the reactor

" was operated in a batch mode fof 24 houré, followed by continuous flow mode for

five days. Dﬁring the period of continuous'ﬂow the reactor was tilted to obtain a
shallow water depth, and hence, a high volumetric flow velocity set to 17 cm sfec'l.'
(Reynolds number 1000). The high flow velocity during the growth phase was used to
obtain strongly attached biofilms\ of high densit)} (Van Loosdrecht et gl. , 1995,
Christensen and Characklis, 1990). 'fhis was necéssary to avoid detachment/change of
structure during the experimenfs since different microelectrodes, flow velocities; ?md

solutions were used.




35
isition syst 'm'

- The data.acqui_sition system collected curreht data from the Picoammeter / DC
Voltage Source. On the computer’s monitor, the vertical profile of oxygen or local
mass transfer coefficient was displayed in real time. At each step, 22 current readings
were cbilected aF a frequency of 1 KHz. The highest and lowest \'avere rejected and a
. standard deviation was calculated for the remaining 20. If the deviation was higher
than 5% the measurement was repeated, and if it was lower the electrode was moved
to the next verticﬁl position for a new measurement.

Measurement of local mass transfer
coefficient profiles in sterile reactor

Instruments used in this experiment were the same as those described under
“experimental setup”. The ferricyanide solution was recycled through the reactor by a
peri_staltic pump. The local mass transfer coefficient microelectrode was attached to
the micromanipulator and positioned 450 mm downstream from the reactor inlet. A
standard calomel electrode (Model 13-620-51, Fisher Scientific, Pittsburgh, PA) was
positioned close to the inlet, and a potential of -0.8 volts was applied between the two
. electrodes by the picoammeter / DC voltage sburce. Profiles of the local mass transfer
coefficient were collected at the same location for three different flow velocities;
0.62, 1.53, and 2.60 cm sec™. The current signal was directed to the data acquisition

system.
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Local mass transfer coefficient- and
xyeen profile ocati

Before the measurement a reference point was selected on the subsfrafum
* using an inverted microscope (11) (Model CK-2, Olympus, Japan), and the DO-probe
was pqsitioned right above this point with a precision of 10 um. The movement of the
reactor relative to the reference point in X and Y directions was then recorded. At
each location DO-profiles were cqllected at different volumetric flow velocities. The
inverted microscope was also used to locate the tip of the microelectrode and to
“observe when the el«;ctrode reached the substratum. Before the local mass transfer
coefficient measurements were‘ performed, the r_eaétor was drained, and the «electrolj./te-
solution was add;':d. It was recycled through the reactor for 30 min to obtain a
constant ferricyanide concentration throughout the biofilm (Yang and Lewandowski,
1995). The reference point was again found under the microscope, and the local mass
transfer coefficieﬁt—electrode was positioned right above it with a precision of 10 yum.
The reactor was then moved by the X-Y stage to the same locations that the DO
profiles were collected, aﬁd iocal mass transfer vcoefﬁcient profiles were measured for

the same flow velocities.
Theoretical calculations

Calculation of the local mass
transfer .coefficient

Local mass transfer coefficient profiles were collected at different locations to

study the nature of mass transport near and within the biofilm. Use of the local mass
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transfer coefficient microelectrode in biofilms was described by Yang and'
Lewandowski (1995). A ferricyanide solution was used as electrolyte. Ferricyanide
diffused to the tip of the microelect;ode apd was reduced to ferrocyahide according to
the following reaction:
Fe(CN)* + e -> Fe(CN)s* | (22)
The flux, J , of an ion to the tip of the electrode is related to the mass transfer
coefficient, k:
= k(C,, - C) . (23)
The surface reaction causes a current, I, which is also related to the flux:
I = InAF | 24)
The limiting current technique is applied to create diffusion limiting conditions..
Hence, the surface concentration is equ;11 to zero. By combining equations 23 and 24
the followmg equation can be used to calculate the mass transfer coefﬁcient:.
k = I/(nAFC,) | o - (25)
It is common to normalize the limiting current when o;omparing mass transfer rates
(Macpherson et al., 1994, Gao et al., 1995). When compared to oxygen profiles, the
limiting current is presented in a normalized form, obtained by dividing each data
point by the highest current megsured‘ in each experiment.

Calculation of the effective diffusive
boundary laver thickness

Oxygen profiles were measured at the same locations as the local mass transfer

coefficient profiles. From the oxygen profiles the effective diffusive boundary layer
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thickness (Revsbech and Jergensen, 1§86) was calculated to determine if convective
mass transport occurred within the MBL. A method described by Lewandowski
(1994) was applied to calcula'te the effective diffusive boundary layer thicknesses. It
was found that the oxygen concentration above a biofilm can be described by the
following empirical equation:

(C-Co/I(C.-Cy) = 1 - exp(-Bx) (26)
The first derivative of the local oxygen concen&ation, C, at the biofilm surface (x =
0) is:

(dC/dx), o = B(C.. - Cy) @27
The flux, J of oxygen through the biofilm surface can be written as:

J = D(dC/dx), .o = k(C.. - Cy) = (i)/I,D)(Cm - Cy) 28
From the last two equations it can be seen that B equals L'. Hence, B has to be
determined to find the boundary layer thickness. The empirical equation can be
written in a linearized form: |

| | Inf1- (C-Co)/(C.-Cy)] = -Bx 29)

Thén B can be found as the slope. when plotting In[1- (C-C,)/(C.-C)] 'versus X. The
effectiv-e diffusive boundary layer is equal to the film described by the film theory.
This is a ﬁc‘titious liquid layer which contains the same amount o'f resistance to mass
transfer as exists in the entire flowing fluid. Graphically tﬁe film thickness can be
found as the distance'from the biofilm liquid interface to the point where the tangent
of the profile at the biofilm surface crosses the ey;tended lline through tile bulk

concentration.
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RESULTS

Local mass Lransfgr coefficient profiles in a sterile reactor

Figure 11 shows the local mass &amfer coefﬁcient profiles collected in a sterile
reactor. The magnitude of the coefficient in the buik liquid was approximately 3.4E-4
m sec’, 3.2E4 m sec!, and 3.0E4 m sec™ at the flow velocities of 2.60 cm sec™, .
1.53 cm sec, and 0.62 cm sec™, respectively. It remained relatively constant until the
electrode tip was located 15 um from the substratum. At this point there was a sudden
drop, and the local mass transfer coefficient was redug’:ed by approximately 60% near
the bottom compared to the values in the bulk liquid.

Dissolved oxygen- and !Qggll mass transfer coefficient profiles collected at

the same locations

Thin cluster

The profiles in figures 12 and 13 .were measured in a thin cluster with. a
thickness of approximately 70 microns. Flow velocities applied were 0.62 cm sec™
and 1.53 cm_sec‘1 for the results shown in figures 12 and 13, respectively. The solid
line perpendicular Jto the X-axis indicates the approximate locaﬁon of the
biofilm/liquid interface. The oxygeﬁ concentration in the bulk solution was close to 6

mg L, and was depleted inside the biofilm at for the flow velocity of 0.62 cm sec™.
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Figure 11. Local mass transfer coefficient profiles collected in a sterile reactor at three
average flow velocities; 0.62, 1.53, and 2.60 cm sec-1 The magnitude ofthe
local mass transfer coefficient remained constant until 15 pm from the
substratum. At this point the wall effect caused a sudden drop in the local
mass transfer coefficient. A value close to 30 % ofits bulk value was
observed near the substratum.
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Dissolved oxygen and normalized local mass transfer coefficient profiles
collected through a thin cluster at a flow velocity 0f0.62 cm sec™™1 The
biofilm thickness (ca. 70pm) is indicated by a solid line parallel to the Y-

axis.
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Figure 13. Dissolved oxygen and normalized local mass transfer coefficient profiles
collected through a thin cluster at a flow velocity of 1.53 cm sec'l The
biofilm thickness (ca. 70[im) is indicated by a solid line parallel to the Y-
axis.
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At this flow velocity the effective diffuéive boundary layer thickness was 370 um. At
the flow velocity of 1.53 cm sec™ the oxygen concentration was approximatelyl 1.6
mg L at the biofilm liquid interface, and 0.1 mg L™ at the substratum.
Corresponding .effective diffusive boundar)-' layer thickness was 60 pm. The local
mass transfer coefficient near the biofilm .surface decreased to approximately 90 % of
its value in the bulk for both flow velocities. At a distance less than 30 pm from the
substratum k/k_,, dropped and reached 0.6 near the bottom.

Void filled with polymers |

The profiles presented in ﬁgures 14, 15, and 16 were collected in a region

between clusters. Through the inverted microscope this. region appeared much
brighter than the clusters. It was tﬁerefore assumed that the fraction of watér and
polymers was higher in this region of the‘bibﬁlm. The thickness of this polymer layer
_was approximateiy 200 um as indicated in the figures by a solid line.parallel to the Y-
axes. The oxygen concentration in the bulk liquid was apbroximately 6mgL’. Ata
flow velécity of 0.62 cm sec™ the eqtir'e biofilm was anaerobic as shown in figure 14.
From figure 15 it can be seen that oxygen was depleted 100 mﬁ from the substratum
at the flow vélocity of 1_53 cm sec’. At the biofilm liquid interface the oxygen
concentration was 0.6 mg L. By increasing the flow vélqcity_ to 2.60 cm sec™ (figure
16) thé bi(;ﬁlm became fully penetrated with an approximate oxygen concentrati.on at
the bottom of 1.3 mg L', The oxygen concentration at the biofilm surface was 2.0 mg
L. At the flow velocity of 1.53 cm sec’ significant noise was ob_s;erved in the

dissolved oxygen concentration data collected in the bulk liquid. For the flow

\—-
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Figure 14. Dissolved oxygen and normalized local mass transfer coefficient profiles
collected through a void filled with polymers at a flow velocity of 0.62 cm
sec*1 The biofilm thickness (ca. 200pm) is indicated by a solid line parallel
to the Y-axis.
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Figure 15. Dissolved oxygen and normalized local mass transfer coefficient profiles
collected through avoid filled with polymers at a flow velocity of 1.53 cm
sec*1 The biofilm thickness (ca. 200pm) is indicated by a solid line parallel
to the Y-axis.
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Figure 16. Dissolved oxygen and normalized local mass transfer coefficient profiles
collected through a void filled with polymers at a flow velocity of 2.60 cm
sec'l The biofilm thickness (ca. 200pm) is indicated by a solid line parallel
to the Y-axis.
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velécities 0.62 cm sec, 1.53 cm sec™, aﬁd 2.60 cm sec’! the effective diffusivel
boundary layer thickness was 440 um, 420 um, and 260 um, respectively. The local
mass transfer ‘c'oefﬁcient was reduced by approximately 15 % within the mass . |
boundary layer at the ﬂéw velocity of 0.62 ¢cm sec™. It decreased gradually below the
biofilm surface, and k/k,, reached a value of 0.2 near the substratum. For the flow
velocity of 1.5'3 cm sec the local mass transfer coefficient was reduceci by
approximateiy 20 % through the mass boundary layer. k/k_,, decreased only slightly
inside the biofilm until the electrode tip was iO pm from the substratum. Within the
last 10 ;uﬁ from the bottom the normalized local mass transfer coefficient decreased
from 0.6 to 0.3. At the highest flow velocity the local mass transfer coefficient was
reduced by approximately 20 % within the mass boundary layer. At a distance of 20
pm from the bottom k/k . W;J.S 0.7, and decreased to 0.4 near the substratum.
Thick cluster

" In ﬁgurés 17, 18, and 19 éxygen- and locdl mass transfer c_:oefﬁciént profiles
measured across a 350 um thick cluster are showﬁ. The cluster thickness is indicated '
by a solid line ﬁerpendicﬁlar to the X-axes. The oxygen cénéentration in the bulk
liquid was approximately 6 mg L. For the flovs} velocity of 0.62 cm sec™ oxygen was
depleted at a distance of 270 puﬁ from the sﬁbsfratum as shown m figure 17. The
okygen concentration at the biofilm liquid interface was approximately 0.6 mg L™ |
Oxygen depletion was obséwed ata distance of 210 pm from the subsfratum at the
flow velocity of 1.53 cm sec™ which is shown in figure 18. At the biofilm surface the

oxygen concentration was 1.5 mg L. From figure 19 it can be seen that oxygen
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Figure 18. Dissolved oxygen and normalized local mass transfer coefficient profiles
collected through a thick cluster at a flow velocity of 1.53 cm sec'l The
biofilm thickness (ca. 350gm) is indicated by a solid line parallel to the Y-
axis.
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depletion occurred 200 um from the substratum at a flow velocity of 2.60 cm sec™.
The oxygen concentration was aﬁproximately 1.5 mg L™ at the biofilm surféce. For
the flow velocities 0.62 cm sec™, 1.53 cm sec’, and 2.60 cm sec™ the effective
diffusive boundary layer thicknesses were 200 ym, i40 pm, and 140 ym,
respectively. The local mass transfer coefficient was reduced by approximately 20 %
within the mass boundary layer for the lo.west flow velocity. It decreased gradually
through the cluster, and k/k .. reached a value of 0.09 near the substratum. At the
flow velocity of 1.53 cm sec™ k/kmax was.approximately 0.7 at the biofilm liquid
interface. The local mass transfer coefficient decreased gradually through the biofilm
and approached zero at the bottom. For the highest flow velocity the local mass
. transfer coefficient was reduced by almost 40 % through the mass boundary layer.

4

k/k .., decreased gradually through the cluster and reached zero near the substratum.
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. DISCUSSION

Local mass transfer coefficient profiles in a sterile reactor

The shape of the local mass transfer coefﬁcient profile dependé on local

hydrodynamics. Near a wall the hydrodynamics c;hzinges both with a biofilm present
'and absent. To be able to determine what a.re the effects of the biofilm, local mass
transfer coefﬁcient profiles were measured in a sterile reactor for comparison. Figure
11 shows that the flow velocity did not have any significant influence on the
magnitude of the local mass transfer coefficient in the bulk liquid. The sudden drop
observed close to the substratum is due to the presence of the wall. In the bulk liquid
transpbrt of ferricyanide occurs from behind., the sides, and the front of the reactive
surface. When the electrode is close to the substratum the transport from the front
ceases. This results in 4 drop in the limiting current. As the electrode moves further
towards the bottom, the area of transport to the.reactive. surfaée decreases as well aé
the current. Ideally, if the tip of the electrode wés perfectly flat, and the
micromanipulator moved the electrode in such way that the tip was flush with the
substratum, there would be no connection between the reacting surface and the

electrolyte. In this case the current would be zero.
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Dissolved oxygen- and local mass transfer coefficient profiles collected at

the same locations

Thin cluster

'From figures 12 anci 13 it is clear that the local mass transfer coefficient
remained high through the mass boundarf layer and the biofilm cluster. For both flow
velocities (0.62 cm sec” and 1.53 cm sec™) k/k,,,, was only reduced by 10 % through
the mass boundary layer. The local mass transfer coefficient remained constant within
the upper 50-60 pm layer of the cluster. These results indicate that convection was
active both inside and éutside the biofilm. The drop in lc;cal mass transfer coefﬁcient
close to the substratum is due to the wall effects also observed in a sterile reactor
(figure 11). Although the change in velocity did not have any significant effect on the
shape of the normalized local mass ‘transfer coefficient profile, an increase in flow
velocity from 0.62 cm sec to 1.53 cm sec™ resulted in a profound alteration of the
oxygen profile. At the lowest flow veiocity the cluster was anaerobic, while it was
fully penetrated for the flow velocity of 1.53 cm sec™. The increase in flow velocity
also causéd an 80 % reductioﬁ of the effective diffusive boundary layer thickness.
Void filled with polymers

The ﬁow velocity had a signiﬁcapt influence on the shape of both the oxygen-
and local mass transfer coefficient proﬁleé collected in the region consigting of

extracellular polymers shown in figures 14, 15, and 16. At the lowest flow velogity

oxygeﬁ was depleted throughout the biofilm. By increasing the velocity to 1.53 cm
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sec™ only the bottom half of the biofilm was anaerobic, and for the velocity of 2.60
cm sec™ the biofilm was fully penetrated. Th;e noise in the oxygen profile collected at
the velocity of 1.53 cm sec” could be due to aggregated cells sticking to the tip of the
electrode. Despite the large ciifference in.the effec.tive diffusive boundary iayer
thickness above the thin cluster (ﬁgurés 12 and 13), the effective diffusive boundary
layer thickness was only reduced by 5 % above the polymer layer when the flow
| velocity increased from 0.62 cm sec™ to 1.53 cm sec™. There was a 40 % reduction in
the thickness of the effective diffusive boundary layer when the flow velocity
increased from 1.53 cm sec™ to 2.60 cm sec™. The shape of the local mass transfer
coefficient profiles appeared almost identical in the liquid phase for differept flow
velocities. Within the mass boundary layer k/k_ .. was reduced by 15 %, 20 %, and
20 % fo-r the flow velocities of 0.62 cm sec™, 1.53 cm sec™, and 2.60 cm sec?, |
respectively. However, within the polymer layer the flow velocity had a profound
influence on the profile. At the lowest flow velocity the normalized local mass |
transfer coefﬁéient near the substratum decreased to 20 % of its bulk value. At the
higher flow velocities the local mass transfer coefficient remained high within the
biofilm. k/k., was above 0.6 and 0.7 for the flow velocities o.f 1.53 cm sec”, and
2.60 cm sec™, respectively, at a distance further than 20 ym from the substratum.
This indicates active convection withiﬁ the polymer iayer for these velocities. As in

figures 11 through 13 the sudden drop in the local mass transfer coefficient is

observed in figures 14, 15, and 16.
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Thick cluster
The shape of the oxygen- and mass transfer coefficient profiles inside a

cluster, shown in figure 17, 18; and 19, was not significantly affected by the flow |
-velocity. This indicates a dense biofilm. A 270 um thick anaerc')bic layer was
“observed at the bottom of the cluster at the lowest flow velocity. The anaerobic zone
was approximately 200. pm thick for the velocities of 1.53 cm sec™ and 2.60 cm sec™.
At the biofilm liquid interface the oxygen concentration was approximately

0.6 mg L', 1.5 mg L?, and 1.5 mg L for the flow velocities of 0.62 cm sec™, 1.53
cm sec™’, and 2.60 cm sec™, respectively. The effective diffusive boundary layer
thickness was reduced by 30 % when the flow velocity increased from 0.62 cm sec |
to 1.53 c;m sec’’. There was no change in this thickness when the velocity increased to
2.60 cm sec™. Effective diffusive boundary layer thicknesses for different locations
and flow velocities are tabuiated in table 1.

Table 1. Effective diffusive boundary layer thicknesses at different locations and flow
velocities.

Effective diffusive boundary layer thickness [pm]

Flow velocity [cm sec] Thin cluster Void w/polymer Thick cluster
0.62 370 ‘ 440 200
1.53 60 | 420 140
2.60 | N.D. 260 140

The variation of the thickness at different locations, and the fractional change with

flow velocity indicate that the mass boundary layer is not uniform. For all three flow
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velocities the local mass transfer coefficient decreased gradually through the biofilm,
and approached zero near the substratum. It has been mentioned before that the local
mass transfer coefficient is a function of the effective diffusivity of ferricyanide and
the thickness of the boundary. layer surrbunding the tip of the microelectrode. A
change in either of these two parameters will cause a change in the local mass transfer
coefficient. 'fhe shape of the profiles within the biofilm in figures 17, 18, and 19, can
therefore, be due to a decreasing effective diffusivity or an increasing boundary layer
thickness as tile electrode tip approaches the bottom of the biofilm. |

| De Beer and Stoodley (1995) examined the hydrodynamics m biofilms by
combining scanning confocal laser microscopy and microinjection of ﬂiiorescent dyes.
They report that fluorescein was stagnant inside cell clusters, and conclude that mass
transport inside these microbiill aggregates, therefore, must be due to molecular
diffusion only. Ass’uming. a uniform distribution of cells an.d' extracellular polymers in
the cluster, the effective diffusivity and the thickness of the boundary layer,

_ surfouilding the inicroelectrode tip, should be constant within the biofilm. However,
figures 17, 18, émd- 19 show that the local mass transfer coefficient decreased
giadually within the cluster, and approached zero near the substratuni.

If the flow around the tip of the local mass transfer coefficient microelectrode
in the bulk liquid was turbulelit, and transitionalhaminar or absent in the biofilm, this
could have explained the unexpected shape of the local niass transfer coefficient
profile inside the biofilm. However, the Reynolds number was estimated baséd on the

tip diameter of the microelectrode, and found to be 0.27 for the highest flow velocity
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in the bulk liquid. For porous media, laminar flow occurs generally for Reyn;)lds
numbers less than 1 (Dullien, 1992). This means that the flow around the tip was
laminar in the bulk liquid.

A co-worker suggested that the ferricyanide was utilized as an electron '
acceptor by the cells in the biofilm. However, figure 8 shows that oxygen was not
depleted or used inside the biofilm v;/hen submerged in the electrolyte. In addition,
Yang (1995) measured .fer.ricyanide concentration profiles through bioﬁlms. These
showed that the electrolyte conceﬁtration was constant throughout the biofilm 30
minutes after the nutrient solution had been substituted with the ferricyanide solution.

Due to the high k/k ,, observed in the upper region of the biofilm cluster
convection occurs in this area. It is, therefore, likely that the thickness and shape of
the boﬁndary layer thickness around the tip of the microelectrode changes inside the
biofilm. Longmire et al. (1990) determined .the diffusivity of ferrocene solutes m
polymer solvents by a microdisk electrode and cyclic voltammetry. They pointed out
that one of the problems enqountered was that the variability of the diffusion rates
caused uncertainty about the diffusion geometry. Fang and Leddy (1995) presented
results from a computer simulation fof the effect of shield thickness on the cyclic‘
vo}talmnetric response of a microdisk. They explained three different scenarios of
difft‘lsion.that depended on the scan rate, ;adius of the reactive surface (a), and radius
of the reactive surface plus shield (b). The scan rate was converted to a scan
parameter, O,;

8, = [RTD/nFu]"?* - (30)
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Their results showed that linear (iiffusion _occur§ if 8/a « 1 and 6/b « 1, radial,
hemispherical diffusion occurs if 6/a>1 and &/b <1, and radial, spherical diffusion
- occurs if 6/a » 1 and 6/b>1.They report that the equations for infinitely thick
insulators underestimate the current at a thinly shielded microdisk by up to 49%.
 Linear diffusion to the local mass transfer coefficient electrode would occur at a high
flow velocity. A reduced velocity inside the biofilm could result in a change in the
d“iffusion geometry to spherical diffusion. However, a transition from linear to
spherical diffusion would increase the measured current inside the biofilm. It is,
therefore, likely to believe that diffusion is either linear or sphérical @oughout the
measurements. Although the diffusion geometry is thé same,. the boundary layer -
thickness may change if convection occurs within the cluster. |

The graduai decrease in the local mass transfer coefficient through the biofilm
can also be due to a gradual increase m the biofilm density. As the density increases,
mass transport becomes more lumted énd the effective diffusivity decreases. It has
been reported in literature that the density of some biofilms increases towards the.
substratum. Zhang and Bishop (1994 b) determined that the densities in the bottom
layers of a heterotrophic bioﬁhﬁ were 5-10 times higher than those in the top layers. |
Fu et al. (1994) determined the effective diffusivity of oxygen in differenf layers of a
biofilm. It varied from 0'.25Dw at the substratum to 0.90D,, at the biofilm liquid .
interface. Yang (1995) measured a local mass transfer coefficient profile through a
650 pm thick 3% calcium alginate layer. The volumetric ﬂow‘\rélocity was 1.15 cm

sec’l. It was found that in alginate the local mass transfer coefficient dropped rapidly
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in the upper layer, and‘then leveled off towards the substratum. This is exactly what
was expected to occur in a biofilm cluster, and supports the hypothesis that the
effective diffusivity decreases down through a thick biofilm cluster. Experiments
currently in progress also substantiate this hypothesis. A local mass transfer
coefficient profile has been measured through a biofilm under stagnant conditions.
'i‘he local mass transfer coefficient decreased gradually within clusters, approaching
zero near the bottom, similar to profiles collected in a flow field (figures 17 through
19). Under stagnant conditions the thickness of the boundary layer surrounding the

microelectrode tip is constant, and the only parameter that can cause the reduced local

-mass transfer coefficient is the effective diffusivity.

Tortuosity and porosity also influence the effective diffusivity. Zhéng and
Bishop (1994 a) developed two models for determining tortuosities, tortuosity factors,
and effective diffusivities with porosity data as input. They report that for a biofilm
with porosities of 0.84-0.93 in the top layers and 0.58-0.67 in the 5ottom layer, the
tortuosity factor increased ffrpm 1.2 in the top layer to 1.6 in the bottom layer. In the
same biofilm the ratio between the effective diffusi‘vity to the diffusivity in bﬁlk '

solution decreased from 68-81% in the top layer to 38-45% in the bottom layer.

Zhang and Bishop (1994 a) defined pores as space between clusters. In their model

the clusters obstructed the transport of substrate and, thereby, caused tortuosity. The
concept of porosity and tortuosity can also be transferred to a smaller scale of the
biofilm. Inside a cluster cells obstruct the transport of substrate. Substrate transport to

cells in the bottom layer of a biofilm is more likely to occur around than through the
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cells in the upper layers. Hence, the cells cause tortuosity. Regions with higher
amounts of cells will have a higher tortuosity and lower porosity than regions
containing less cells. Following is one of the equations used in the models of Zhang
and Bishop (1994 a):

| D, = (e/x)D,, 1)
From this equation it is evident that if the porosity decreases and/or the tortuosity
increases towards th.e bottom of the biofilm, the effective diffusivity as well as the
local mass transfer coefficient will decrease.

Yang and Lewandowski (1995) observed very irregular profiles of the local
mass transfer coefficient inside biofilm clusters. High peaks were believed to be due
to channels inside the clusters facilitating convective flow. They also observed an
increased local mass transfer coefﬁcient just above the biofilm matrix which was
suggested to be a result of active movement of the biofilm surface. These two effects
were not observed in this work. However, thé biofilm referred to in this thesis was
grown at a much higher flow velocity, v = 17 cm sec™ , whereas that of Yang and
Lewandowski was grow at a flow velocity of v = 1.3 crﬁ sec’. It is well known that
biofilms grovﬁng at a high flow velocity are relatively rigid and dense (Van
Loosdrecht et ,al.? 1995, Christensen a_nd Characklis, 1990). Therefore it is also
possible that the secondary heterogeneity monitored by Yang and Lewandowski was
in this case either less visible or absent.

Models of biofilms (Atkinson.and Davies, 1974, Rittmann and McCarty,

1978, Wanner and Gujer, 1984) assume that there exists a thin diffusive boundary
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layer in which the mass transport is dominated by molecular diffusion. If this was true
a sudden drop should have been observed in the local mass transfer coefficient when
entering this layer. Results presented in this thesis indicate that convective mass
transport is active in the entire system down to theé biofilm surface. A sudden decrease
of the local mass transfer coefficient in the upper layer of the biofilm was also
expected. However, clusters, 70 um and less, and interstitial voids between clusters
did not significantly inﬂuegce the local mass transfer coefficient. The ohly significant
reductioﬁ in local mass transfer coefﬁcient was encountered in thick\ cell clusters. The
question is now how this new knowledge about mass transport near and within
biofilms can be applied in future biofilm modeling. As alfeady .mentioned it was
obvious from results presented in this thesis that convective transport occurred near
the biofilm surfage. It was also shown that convection was present within thin clusters
'and polymer-layers. Assuming that molecular diffusion is dominating in this regién
underestimates the mass transfer to and within the biofilm. Modelers should,
therefore, experiment V\’/ith diffusivities higher than in stagnant water. In thick clusters
it was found that the; effective diffusivity decreased gradually towards the substratum.
Mass transfer was convective in the top layer, and dominated by molecular diffusion
in the bottom layers. If the biofilm model is built ﬁp by several compartments of the
biofilm, different diffusivities can be applied in- éach combartment. Alternatively, one
can develop an equation for the effective diffusivity as a function of known
parameters e.g. porosity, density, or tortuosity. Wanner and Reichert (1996) extended

an existing biofilm model. One of the improvements was to include a more flexible
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description of transport of dissolved components in the biofilm. They did three
calculations with different diffusivities of oxygen to predict the dissolved oxygen
profile within the biofilm. In the first calculation the diffusivity was assumed to be
equal to the molecular diffusivity of oxygen in water. The‘ diffusivity was reduced due
to tortuosity in the second calculation. In the third calculation the diffusivity was
described by an exponential function which modeled convective oxygen transport into
the biofilm. Results showed that when convective transport was accounted for in the
model, the oxygen proﬁie appeared significantly different than in the other two cases.
This shows the importance of determining the degl;eg of convective mass transport

near and within bioﬁlﬁs.
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CONCLUSIONS

Local mass transfer coefficient data.presented in this thesis were measured with a
microelectrode. The reliability of the technique was tested before any experiments were
performed. It was found that the positioh of the reactive surface relative to the flow
direction had a significant influence on the magnitude of the local mass transfer
coefficient. This effect was avoided by keeping the microelectrode in a vertical position
in each experiment. An oxygen profile measured through a biofilm submerged in
electrolyte showed that respiration did not occur. Finally, oxygen was present in the
system but did not have any influence on the local mass transfer coefficient measurement.
The expeﬁmegts presented were conducted at flow velocities between 0.6 and 2.6
cm/sec. For these flow velocities and for the specific experimental conditions employed

!

in this work it was concluded that

1. Convection was active within the mass boundary layer and in the upper region of the .

biofilm independent Qf biofilm’s thickness and flow velocity.

2. Thin biofilms, 70 um or less, did not present any significant changes in local mass

transfer resistance.
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3. The polymers occupying the void space between clusters did not cause any significant

changes in mass transfer resistance for flow velocities of 1.53 cm sec™ -and higher.

4. The local mass transfer coefficients in Eioﬁhn clusters, 350 um thick and more,
decreased gradually within the cluster approaching zero near the substratum. The
decreased local mass transfer coefficient was found to be a result of a decreased

effective difﬁisivity within the biofilm.
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[Units: M - mass, L - length, T - time]

’

radius of reactive surface

reactive surface area

radius of reactive surface plus shield

experimental coefficient
concentration

heat capacity

surface concentration
bulk liquid concentration
concentration gfadient
inside diameter of reactor
molecular diffusivity
effective diffusivity
streambed particle size
particle diameter
diffusion coefficient in water

void fraction

o)
@

@)

@h
(ML?)

(Joule Kelvin® M7

- (ML?)

@t
O




Jo-

Ju

~
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Faraday’s constant

electricél current

flux of reactant

J factor for mass transfer

J factor for heat transfer

mass transfer coefficient
convective mass transfer coefficient
characteristic length

film thickness

empirical éonsta_nt

number of electrons transferred
empirical constant

empirical constant

leucine uptake rate
gas_cbnstant

absolute .tefnperaulre

scan rate

empty bed flow velocity

velocity

superficial flow velocity through column

MT'L?)

()

" (Kelvin)

(96485 Coulomb Mole™)

(Ampere)

)

LT
LT

@
MT™)

(L2 Pascal Mole! Kelvin)

(Volts T
LT
(LT
LT




|

Nu

- Pe

Pr

Re

Sh

St
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x-component of velocity
bulk liquid flow velocity
rectangular coordinate

rectangular coordinate

- cell radius

hydrodynamic boundary layer thickness
concentration boundary layer thickness
scan rate parameter

porosity

tortuosity factor

constant

viscosity

density -

mass transfer Nusselt number

Peclet number

Prandt]l number

Reynolds number

Sherwood number

Stanton number

LT
LT
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APPENDIX

Experimenta] raw data
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Raw data of Fig. 6
|Electrode Limiting k [m/sec]|Electrode Limiting k [m/sec]|Electrode Limiting k [m/sec]
position current position current .| position current
[x10"7A] [x10"7A] [x10"7A]

Facing 0.0794 4.2E-05|] Facing 0.0802 4.3E-05 | Veitical 0.111 59E-05
away 0.0759 4E-05 away 0.0801 4.3E-05 § position 0.1118 6E-05
from 0.0798 4.2E-05} from 0.0803 4.3E-05 “ - 01155 6.1E-05
flow 0.0795 4.2E-05} flow 0.0794 . 4.2E-05 " 0.1141 6.1E-05 §

" 0.0779 4.1E-05 " 0.0812 4.3E-05 " 0.1104 5.9E-05
" 0.0796 4.2E-05 " 0.0815 4.3E-05 " 0.113  6E-05

" 0.0808 .4.3E-05 “ 0.0804 4.3E-05 W 0.1151 6.1E-05
“ 0.0815 4.3E-05 " 0.0802 4.3E-05 " 0.112 6E-05
" 0.08 4.3E-05 " 0.0811 4.3E-05 " 0.1114 5.9E-05
" 0.0805 4.3E-05 " 0.0808 4.3E-05 " 0.1112 5.9E-05°
" 0.0814 4.3E-05 " 0.0798 4.2E-05 " 0.1143 6.1E-05"
" 0.0788 4.2E-05 " 0.0796 4.2E-05 " 0.1104 5.9E-05
" 0.0808 4.3B-05) = " 0.0818 4.4E-05 " 0.1117 5.9E-05
" 0.0796 4.2E-05 " 0.0818 4.4E-05 " 0.1136  6E-05

" ©0.08 4.3E-05 " 0.0829 4.4E-05 " 0.1118 6E-05

" 0.0794 4.2E-05 " 0.0823 4.4E-05 " 0.1118 6E-05

" 0.0791 4.2E-05 " 0.0838 4.5E-05- " 0.1125 6E-05

" 0.0781 4.2E-05 " 0.0823 4.4E-05 " 0.1114 5.9E-05
" 0.0803 4.3E-05 " 0.0827 4.4E-05 " '0.1132  6E-05

" 0.0782 4.2E-05 " 0.0809 4.3E-05 " 0.1107 5.9E-05
" 0.082 4.4E-05 " 0.0843 4.5B-05) " 0.1104 5.9E-05
" 0.0788 4.2E-05 “ 0.0843 4.5E-05 " 0.1091 5.8E-05
“ 0.0801 4.3E-05 " 0.0841 4.5E-05 " 0.111 5.9E-05
"o 0.0803 4.3E-05 " 0.0836 4.4E-05 " 0.111 5.9E-05
" 0.0802 4.3E-05| " 0.0821 4.4E-05 " 0.1073 5.7E-05
" 0.0812 4.3E-05 “ 0.084 4.5E-05 " 0.1133  6E-05

" 0.0807 4.3E-05 M ..0.0826 4.4E-05 " 0.1167 6.2E-05
" 0.0798 4.2E-05 ! 0.0832 4.4E-05 " 0.12 6.4E-05
“ 0.0817 4.3E-05 " 0.0814 4.3E-05 " 0.1248 6.6E-05
“ 0.0801 4.3E-05 ] Vertical 0.0886 4.7E-05§ Facing 0.1305 6.9E-05
“ 0.0818 4.4E-05 jposition 0.1048 5.6E-05 ] towards 0.1329 7.1E-05
" 0.0787 4.2E-05 “ 0.1031 5.5B-05] flow 0.1308 - 7E-05

" 0.0791 4.2E-05 " 0.1073 5.7E-05 " 0.1285 6.8E-05

Diameter of the microelectrode: 10 microns
Ferricyanide concentration: 25 mM




Raw data of Fig. 6 CONT'D

current
. [x1077A]

Electrode Limi’fing k [m/sec]
position '

Facing
towards

flow

0.1347
0.1328
0.1327

-0.1354
0.1364
0.1322
0.1269
0.1367
0.1398
0.1355
0.1383
0.1362
0.1388
0.1382
0.1361
0.1353

0.135

0.1379
0.1352
0.1336

0.136

0.1346
0.1347
0.1343

"0.1306
0.1309
0.1325

7.2E-05
7.1E-05
7.1E-05
7.2E-05
7.3E-05
7E-05
6.8E-05
7.3E-05

7.4E-05 .

7.2E-05
7.4E-05
7.2E-05
7.4E-05
7.4E-05.
7.2E-05
7.2E-05
7.2E-05
7.3E-05

7.2B-05

7.1E-05

7.2E-05 |

7.2E-05

7.2E-05

7.1E-05
7E-05
7E-05

7.1E-05

75




76

Raw data of Fig. 8

Vertical  Oxygen | Vertical  Oxygen

position concentration] position concentration

[microns] [mg/L] {[microns] [mg/L]
500 4.6991 240 4.2286
490 4.6991 230 4.1741
480 4.6514 220 4.2082
470  4.6036 210 4.2082
460 4.6241 200 4.1673
450 46105 | 190 4.1809
440 45968 | 180 4.1809
430 ° 44741 | 170 4.0923.
420 4.4945 160 4.0855
410 4.4673 150 4.0241
400 4.4673 140 4.065
390 4.4127 130 4.0241
380 4.44 120 4.0514
370 43377 | 110 4.0991
-360 4.3582 100 4.1264
350 43377 - 90 4.1536
340 43105 | 80 4.1264
330 4.2423 70 4.1605
320 43105 | 60 - 4.1605°
310 4.2627 50 4.1468
300 43445 | 40 - 4.1877
290 4.1809 30 4.0582
280 42559 | 20 4.0786
270 4.1536 10 4.0718
260 4.1673 0 4.2014
250 . 4.1468 :
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Raw data of Fig. 9

Limiting Limiting Limiting Limiting {
current current current '+ current
[x10"7A] [x1077A] [X1077A] [x10"7A]
Stagnant 0.3932 |Stagn. 0.3903 |Stagn. 0.39 {AIR 0.7693
solution 03926 | sol. 0389 | sol. 03925 | ON 0.7416
" 03926 | " 03897 | " 03929 " 0.7763
“ 0.392 “ - 03889 | " - 03945 | "  0.7543
“ 03941 | " 0388 | " 03944 | "  0.8103
“ 03945 | " 03889 | " 03949 | " 0.6834
" 03942 | " 03894 | " 03944 ] " 0.7171
" 03943 ] " 03889 | " 03951 | AIR 0.7369
" . 03945) " 0381 | " 03948 |OFF 0.7132
" 039421 " 0385 | " 03943 | " 05104
" 03944 | * 0386 ]| 0.395 " 0.5514
" 03941 | " 03872} " 03955 " 0.6377
" 0.394 " 03882 | 039 | " 0.5671
“ 03942 | " 03872 | * 03962} " 0.517
" 03938 " 03883 ]| " 0396 | " 04516
" 03922 f " 0381 " 03%6 ]| " 0462
" 03931 " 0387 1§ " 0392} " 04692
" 03938 | " 0385 | " 0399 (| " 05114
0.393 " 0387 | " 039783 " 0.5231
" 0392 | . 0389 " 03982 " .  0.5324.
" 03923 | * 03846 | " 03995} "  0.4331
“ 03918 | " 038524 “ 039981 " 04405
" 03911 | " 03849 | " 0398 | "  0.4604
" 03914 | -* 03849 | " 039 | "  0.4668
03906 | " 0384 | AIR 03943 | " 04524
" 0.3909 | " 0385 | ON 05426 | "  0.4299
" 03917 f " 03832 )| " 08193 | " 04142
" 03914 ] " 03849 " 08139} " 04165
"o 03903 f " 03854 " 08908 | " . 04202
u 03909 " 03865 }§ " 0.838 " 04189
" 03909 " 0383 " 08624 ) " 0414
" 0.3906 | 0.387 " 083751 "  0.4089
" 03901 § " 03888 |." 08121 | "  0.4047
" 03883 ] " 03901 | " 08608} " 04004
" 03905 | * 0388 )} " 0788 | " 03982




Raw data of Fig. 9 CONT'D
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0.3868

Limiting Limiting Limiting - Limiting Limiting
current current current current current
[x10"7A] [x1077A] [x1077A] [x10"7A) [x10"7A]
AIR 03976 j AIR 04121 f AIR 03867 j§ N2 0.7627 j N2  0.4096
OFF 0.3981 JOFF 0.4126 |{OFF 03867 { ON 0.7947 { OFF 0.4095
" 0.3979 " 0.4135 § N2 0.3879 " 0.7904 " 0.4074
" 0.3962 " 04122 |ON 08267 | N2 07792 | * 0.4038
“ 0.3966 " 0.4121 " 06813 |OFF 0.7783 " 0.4028
“ 03959 " 0412 | * 0.7191 " 0668 | "  0.4005
" 03961 1 " 0.4104 " 0.6797 " 0.5776 " 03984
" 0.3972 " 0.4098 " 0.7104 " 0.5148 § " 0.3973
“ 0.396 " 0.4095 " 0.7384 " 0.4633 “ 0.3962
" 03981 | " 0.4082 " 0.7359 | " 0.4208 | " 0.3952 |}
" 03984 1Y " 0.4073 " 0.6902 " 0.4475 " 03946 §
“ 03979 y * .04077 § “  0.6685 " 0.5663 " 0.3946
“ 03969 | " 0.4073 " 0.6826 " 0.4657.F " 03946
" 0.3989 " 0.4078 " 0.6716 " 0.4287 " 0.3945
" 0.3986 " 04095 | " 06236} " 0.4494 “ 03916
" 03983 " 04106 ] " 07086 | " 0.4678 " 03887 |
03975 " 0.4121 " 0.7452 " 0.4657 " .0.3864
" 0.397 “ 04117 | " 0.7249 " 0.433 " 0.3885
" 0.3973 “ 04121 " 0.6886 " 04262 | "  0.3888
4 " 03981 ¢ " 0.4103 " 0.7047 " 0.4305 " 0.3883
" 03974 § " 0.4062 .} " 0.696 'y " 0.4259 | " 0.3887 .
" 03973 " 04036 | "  0.7966 " 0.4213 " 0.3881
“ 0.3983 " 04022 | " 07235 " 0.4198 " 0.3889
" 0.3981 " 0.4003 “ 08158 “ 04211 | " 0.3873
“ 03976 § " 03984 | "  0.7086 " 0.4216 §- " .0.3874
" 0396 " 0.3985 " 0.8457 " 04199 § " 03867
" 03% | " 03962 | " 0.7225 " 04175 § " 03861
03958 " 03969 | " 0.8149 " 0.4157 " 0.3864
" 03987 ¢ " 03948 | * 07162 § * 0.4121-§ " 0.3866
“  0.4033 " 0.393 *  0.8307 " 0.4102 ‘" 0.3869
“ 04062} 0.3908 { 0.831 " 0.4078 " 03883
" 0.4079 " 03899 | "  0.8232 " 0.4085 “ 0.3903
" 040821 " 03884 { " 07277 " 0.4092 " 03929
" 04105 " 0.3873 “0.7647 " 0.4104 " 03947 |
" 0412 | " " 0.7285 " 0.4105 " 03977




Raw data of Fi

z. 9 CONT'D
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Limiting - Limiting Limiting
current current | current
[X1077A] [x1077A] [X10*7A]
N2 0.4009 [ N2 03871 | N2 0.3932
OFF 0.4042 |OFF 0.387 |OFF 0.3922
"“ 0406 | " 03841 " 0392
" 04065} " 03863 ] " 0.3904
" 04062 | * 038471 " 0.3903
“ 04039 ] * 0389 " 0.3903
“ 04021 | * 03826 " 03889
" 04006 | " 0389 " 03884
" 03969 | " 0386 " 03905
" 03949 | " 0385 | " 0.3884
" 03948 { * 0383 | " 03892
" 03926 ] " 0381 " 03901
“ 03917 * 03842 " 03901
“ 03917 | " 0388 | " 0.3899
" 03893 ) " 0382 ] " 0.3899
" 03863 | “ 0383 | " 0.3906
“ 0387 | " 0389 '
“ 03889 § " 0.3882
" 03925 " 0.3888
" 0394 | " 0389
" 03942 ] " 03903
" 039421 " 0.3906
“ 03944 | " 0.3904
" 03931 | " 0397
" 03924 " 03922
" 03907 | " 03926
" 03903 | " 0.3944
" 039 | " 03945
" 03883 | " 03952
“ 038911 " 03938
“ 03884 | " 03945
" 03887 | " 0.3958
v 03883 | " 03942
“ 03885 | " 03944
" 03884 | " 03947




Raw data of Fig. 11, v= 2.60 cm/sec
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Vertical ~ Limiting k [m/sec] . - Vertical Limiting  k [m/sec]
position current position  current
[microns] - [A] [microns]) [A]

500 1.5939E-08 0.0003367 335 1.5374E-08 0.0003247
495 1.5578E-08 0.000329 330 - 1.5292E-08 0.000323
490 1.5675E-08 0.0003311 325 1.558E-08 0.0003291
485 1.5776E-08 0.0003332 1 320 1.5494E-08 0.0003273
480 1.5803E-08 0.0003338 - 315 .1.5508E-08 0.0003276.
475 1.6068E-08 0.0003394 310 1.507E-08 0.0003183
470 1.5624E-08 0.00033 305 1.5155E-08 0.0003201 |
465 1.5957E-08 0.000337 300 1.5035E-08 0.0003176
460 1.5503E-08 0.0003274 295 1.5317E-08 0.0003235f
455 1.5566E-08 0.0003288 290 ' 1.4861E-08 0.0003139
450 1.5725E-08 0.0003321 285 1.5881E-08 0.0003354
445 1.5647E-08 0.0003305 280 1.5386E-08 0.000325
440 1.5646E-08 0.0003305 279 1.5007E-08 0.000317
435 1.5787E-08 0.0003334 274 1.5103E-08 0.000319
‘430 1.5805E-08 0.0003338 | 269 1.5063E-08 0.0003182:
425 1.5768E-08 0.000333 264  1.5414E-08 0.0003256
420 1.5525E-08 0.0003279 259 1.5141E-08 0.0003198
415 - 1.6099E-08 0.00034 254  1.5183E-08 0.0003207
410 1.5716E-08 0.0003319 249  1.4736E-08 0.0003112
405 1.5594E-08 0.0003294 244 '1.5115E-08 0.0003193
400 1.5733E-08 0.0003323 239 1.4547E-08 0.0003073
395 1.5795E-08. 0.0003336 234  1.4901E-08 0.0003147
390 1.5683E-08 0.0003312 229 1.511E-08 0.0003191
385 1.5843E-08 0.0003346} 224 1.497E-08 0.0003162
380 1.5769E-08 0.0003331 219  1.4739E-08 0.0003113
375 1.5455E-08 0.0003264 | 214 ~ 1.4575E-08 0.0003078
370  1.5696E-08 .0.0003315 209 1.4972E-08 0.0003162 |
365 1.541E-08 0.0003255 204 1.473E-08 0.0003111

. 360 1.5409E-08 0.0003255 199 1.4741E-08 0.0003114
355 1.5398E-08 -0.0003252| 194  1.4595E-08 0.0003083
350 1.5704E-08 0.0003317 189 1.4657E-08 0.0003096
345 1.5425E-08 0.0003258 184 1.461E-08 0.0003086}
340 1.5435E-08  0.000326 179 1.4749E-08 0.0003115

- Diameter of the microelectrode: 5 microns

Ferricyanide concentration: 25 mM




Raw data of Fig. 11CONT'D, v = 2.60 cm/sec

Vertical Limiting  k [m/sec]
position  current :
[microns] [A]
174  1.471E-08 0.0003106
169  1.461E-08 0.0003086
164  1.46E-08 0.0003085
159  1.46E-08 0.0003084
154  1.465E-08 0.0003093
149  1.449E-08 0.0003061
144  1.441E-08 0.0003044
139  1.464E-08 0.0003093
134  1.412E-08 0.0002981
129  1.452E-08 0.0003066
124  1.414E-08 0.0002986
119  1.412B-08 0.0002983
114  1.433E-08 0.0003026
109  1.431E-08 0.0003023
104  1.419E-08 0.0002998
.99 1.422E-08 0.0003002 |
94 = 1.448E-08 0.0003058
89 1.418E-08 0.0002994.
84.  1.435E-08 0.000303
79 1.453E-08 0.0003068
78  1.438E-08 0.0003037
77 1.472E-08 0.0003109
76  1.429E-08 0.0003018
75  1.473E-08 0.0003111
74  1.466E-08 0.0003096
73 1.443E-08 0.0003048
72 1.477E-08 0.0003119
71 1.47E-08  0.0003104 |
70  1.454E-08 0.0003071
69  1.437E-08 0.0003036
68  1.457E-08 0.0003077
67 1.46E-08  0.0003083
66  1.458E-08 0.000308
65 1.451E-08 0.0003065
64 - 1.433E-08 0.0003027

Verticél

Limiting  k [m/sec]
position  current
[microns] [A]

63 - 1.457E-08 0.0003078 | .
62 1.432E-08 0.0003025 { .
61 1.459E-08 0.0003082
60 1.448E-08 0.0003059
59 1.471E-08 0.0003107
58 - 1.468E-08 0.00031
57 1.462E-08 0.0003087.
56 1.452E-08 0.0003067
55 1.436E-08 0.0003034
54 1.447E-08 0.0003056
53 1.451BE-08 0.0003064
52 1.458E-08 0.0003079
51 1.42E-08 0.0003 |
50 1.445E-08 0.0003052
49 1.435E-08 0.0003031
438 1.431E-08 0.0003023

47 1.441E-08 0.0003044
46  1.414E-08 0.0002987
45 1.407E-08 0.0002972
44 1.402E-08 0.0002961
43 1.434E-08 0.0003028
42 1.408E-08 0.0002973
41 1.414E-08 0.0002987

" 40 1.421E-08 0.0003001
39 1.423E-08 0.0003006
38 1.428E-08 0.0003015
37 1.412E-08 0.0002983
36 1.457E-08 0.0003077 §
35 1.398E-08 0.0002952
34 1.432E-08 0.0003024 §
33 1.391E-08 0.0002939
32 1.474E-08 0.0003114
31 1.4E-08  0.0002956 |.
30 1.41E-08 0.0002978
29 1.395E-08 0.0002947




Raw data of Fig. 11CONT'D, v = 2.60 cm/sec

Vertical Limiting  k [m/sec]

position  current

[microns] [A]

28 1.4E-08  0.0002957
27 1.404E-08 0.0002965
26  1.428E-08 0.0003016
25  1.398E-08 0.0002953
24  1.411E-08 0.0002981
23 1.414E-08 0.0002986
22 1.393E-08 0.0002942
21  1.386E-08 0.0002927
20  1.411E-08 ' 0.000298
19  1.383E-08 0.000292
18 1.38E-08  0.0002915
17  1.418E-08 0.0002995
16 1.39E-08  0.0002937
15  1.382E-08 0.0002919
14  1.375E-08 0.0002904
13 1.339E-08 0.0002829
12 1.369E-08 0.0002891
11 1.286E-08 0.0002717
10  1.265E-08 0.0002671
9 1.222E-08 0.0002582
8 1.144E-08 0.0002415
7 . 1.029E-08 0.0002174
6 9.891E-09 0.0002089
5 8.452E-09 0.0001785
4 8.086E-09 0.0001708
3 7.131E-09 0.0001506°
2 5.685E-09 0.0001201
1 5.681E-09 0.00012
0 5.222E-09 0.0001103
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Raw data of Fig. 11 CONT'D, v = 1.53 cm/sec

Vertical Limiting k [m/sec]] Vertical Limiting k [m/sec]| Vertlcal Limiting k [m/sec]|

Ferricyanide concentration: 25 mM

position current position current position ourrent
[microns] [A] [microns] [A] . Umicrons] [A] ,

495 1.5E-08 0.00032} 330 1.4E-08 0.0003 165 1.4E-08 0.0003
490 1.5E-98 0.00031) 325 1.4E-08 0.00031 160 1.4E-08 0.00029
485 1.5E-08 0.00032} 320 1.5E-08 0.00031 155 1.4E-08 0.00029
480 1.5E-08 0.00031] 315 1.5E-08 0.00031 150 1.4E-08 0.00029
475 1.5E-08 0.00031] 310 1.4E-08 0.0003 145 1.4E-08 0.00029
470 1.5E-08 0.00031{ 305 1.5E-08 0.00031 140 1.4E-08 0.00029
465 1.5E-08 0.00031} 300 1.4E-08 0.0003 135 1.4E-08 0.00029
460 1.5E-08 0.00031] 295 1.4E-08 0.0003 130 1.4E-08 0.0003
455 1.5E-08 0.00031fF 290 1.4E-08 0.0003 125 1.4E-08 0.00029
450 1.5E-08 0.00031] 285 1.4E-08 0.00031)] 120 1.4E-08 0.00029
445 1.5E-08 0.00031} 280 1.4E-08 0.0003 115 1.3E-08 0.00028
440 1.5E-08 0.00031} 275 1.4E-08 0.0003 110 1.4E-08 0.00029
435 1.5E-08 0.00031§ 270 1.4E-08 0.0003 105 1.4E-08 0.00029
430 1.5E-08 0.00031} 265 1.4E-08 0.0003 100 1 4E-08 0.00029
425 1.5E-08 0.00031 260 1.4E-08 0.0003 95 1.4E-08 0.00029
420 1.5E-08 0.00031% 255 1.4E-08 0.0003 90 1.4E-08 0.00029
415 1.5E-08 0.00031 - 250 1.5E-08 0.00031 85 1.3E-08 0.00028.
410 . 1.4E-08 0.0003 | 245 1.4E-08 0.0003 80 1.3E-08 0.00028 '
405 1.4E-08 0.0003 240 1.5E-08 0.00031 75 1.3E-08 0.00028 }
400 1.4E-08 0.0003 235 1.4E-08 0.0003 | 70 1.4E-08 0.00029
395 1.5E-08 0.00031] 230 1.4E-08 0.0003 65 1.4E-08 0.00029
390 1.4E-08 0.0003 | 225 1.4E-08 0.0003 60 - 1.4E-08 0.00029}
385 1.5E-08 0.00031} 220 1.4E-08 0.00031{ -55 1.3E-08 0.00028
380 1.4E-08- 0.0003 | 215 1.4E-08 0.0003 50 1.3E-08 0.00028
375 1.4E-08 0.0003 210 1.4E-08 0.0003. 45 1.3E-08 0.00028
370° 1.5E-08 0.00031f 205 1.4E-08 0.00029§ 40 1.3E-08 0.00028
365 1.4E-08 0.0003 200 1.4E-08 0.0003 | 35 1.3E-08 0.00028
360 1.5E-08 0.00031] 195 1.4E-08 0.0003 30 1.3E-08 0.00028
355 1.4E-08 0.0003 190 1.4E-08 0.0003 25 1.3E-08 0.00028
350 1.4E-08 0.00031] 185 1.4E-08 0.000291 20 1.3E-08 0.00028
345 1.4E-08 0.00031 180 1.4E-08 0.0003 15 1.3E-08 0.00027
340 1.4E-08 0.0003 175 1.4E-08 0.00029 10 1.1E-08 0.00023
335 1.4E-08 0.00031] 170 1.4E-08 0.0003 5 5.9E-09 0.00012

- Diameter of the microelectrode: 5 microns 0 5.5E-09 0.00012




84

Raw data of Fig. 11 CONT'D, v = 0.62 cm/sec

Vertical Limitiﬁg k [m/sec]| Vertical Limiting k [m/sec]] Vertical Limiting k [m/sec]
position current position current position current
{[microns] [A] - [microns] [A] [microns] [A]
495 1.4E-08 0.0003 j 330 1.4E-08. 0.00029] 165 1.3E-08 0.00028
490 1.4E-08 0.0003 325 1.4E-08 0.00029 160 1.3E-08 0.00028 §
485 1.4E-08 0.0003 320 1.4E-08 0.00029§ 155 1.3E-08 0.00028
480 1.4E-08 0.0003 315 1.4E-08 0.00029 150 1.3E-08 0.00028
475 1.4E-08 0.00029f 310 1.4E-08 0.00029} 145 1.3E-08 0.00028
470 1.4E-08 0.0003 305 1.4E-08 0.00029] 140 1.3E-08 0.00028
465 1.4E-08 0.0003 | 300 1.4E-08 0.00029} 135 1.3E-08 0.00028
460 1.4E-08 0.0003 295 1.4E-08 0.00029 130 1.3E-08 0.00028
455 1.4E-08 0.0003 290 1.4E-08 0.00029} 125 1.3E-08 0.00028
450 1.4E-08 0.0003 285 1.4E-08 0.0003 120 1.3E-08 0.00028
445 1.4E-08 0.00029§ 280 1.4E-08 0.00029{ 115 1.3E-08 0.00028
440 14E-08 0.0003 ]| 275 1.3E-08 0.00028] 110 1.3E-08 0.00028
435 1.4E-08 0.00029§ 270 1.4E-08 0.00029}f 105 1.3E-08 0.00028 }
430 1.4E-08 0.00029} 265 1.4E-08 0.00029}§ 100 1.3E-08 0.00028
425 1.4E-08 0.00029§ 260 1.4E-08 0.00029 95 1.3E-08 0.00028
420 14E-08 0.00029| 255 1.4E-08 0.00029 90 1.3E-08 0.00028
415 1.4E-08 0.00029§ 250 1.4E-08 0.00029 85 1.3E-08 0.00028
410 1.4E-08 0.00029] 245- 1.4E-08 0.00029 80 1.3E-08 0.00027
405 1.4E-08 0.00029} 240 1.4E-08 0.000297 75 1.3E-08 0.00028 {
400 1.4E-08 0.0003 | 235 1.3E-08 0.00028 70 1.3E-08 0.00028
395 1.4E-08 0.00029{ 230 1.3E-08 0.00028}§ 65 1.3E-08 0.00027;
3900 1.4E-08 0.00029| 225 1.4E-08 0.00029 60 1.3E-08 0.00028
385 1.4E-08 0.00029| 220 1.4E-08 0.00029 55 1.3E-08 0.00028
380 1.4E-08 0.00029f 215 1.3E-08 0.00028 50 1.3E-08 0.00028
375 1.4E-08 0.00029§ 210 1.3E-08 0.00028 45 1.3E-08 0.00028
370 14E-08 0.0003§ 205 1.3E-08 0.00028 40 1.3E-08 0.00027
365 1.4E-08 0.0003 | 200. 1.3E-08 0.00028 35 1.3E-08 0.00027
. 360 1.4E-08 0.0003 195 1.3E-08 0.00028 30 1.3E-08 0.00028
355 1.4E-08 0.0003 190 1.4E-08 0.00029 25 1.3E-08 0.00027{
350 -~ 1.4E-08 0.00029{ 185 1.3E-08 0.00028 20 . 1.3E-08 0.00027(
345 1.4E-08 0.00029f 180 1.3E-08 -0.00028 15 1.3E-08 0.00027
340 1.4E-08 0.00029y 175 1.3E-08 0.00028 10 1.2E-08 0.00026
335 1.4E-08 0.00029§y 170 1.3E-08 0.00028 5 9.4E-09 0.0002
Diameter of the microelectrode: 5 microns 0 0.0001

Ferricyanide concentration: 25 mM

4.9E-09




Raw data of Fig. 12

Vertical

position -

[microns]
1500
1490
1480
1470
1460
1450
1440
1430
1420
1410
1400
1390
1380
1370
1360
1350
1340
1330
1320
1310
1300
1290
1280
1270
1260
1250
1240
1230
1220
1210
1200
1190
1180

Limiting
“current
[Al
1.875E-08
1.894E-08
1.896E-08

1.895E-08

1.893E-08
1.897E-08
1.898E-08
1.895E-08
1.894E-08
1.896E-08
1.895E-08
1.896E-08
1.895E-08
1.893E-08

'1.896E-08
1.895E-08

1.895E-08
1.894E-08
1.894E-08
1.895E-08
1.895E-08
1.888E-08
1.894E-08
1.894E-08
1.894E-08
1.896E-08
1.895E-08
1.896E-08
1.896E-08
1.894E-08
1.894E-08
1.895E-08
1.897E-08

k [m/sec]

0.0002021
0.0002041
0.0002043
0.0002042
0.000204
0.0002045
0.0002046
0.0002042
0.0002041
0.0002044
0.0002042
0.0002044
0.0002042
0.000204

-0.0002044

0.0002042
0.0002042
0.0002041
0.0002041
0.0002042
0.0002042
0.0002034
0.0002041
0.0002041
0.0002041

.0.0002044
- 0.0002042

0.0002044

0.0002043
0.0002041

0.0002041
0.0002042
0.0002045

85

k/kmax

0.99541
0.99646
0.99593
0.99488
0.99741
0.99793
0.99593
0.99541
0.99688
0.99593
0.99688
0.99593
0.99488
0.99688

0.99593

0.99593
0.99541
0.99541
0.99593
0.99593
0.99225
0.99541
0.99541
0.99541
0.99688
0.99593
0.99688
0.99646
0.99541
0.99541
0.99593
0.99741

Diameter of the microelectrode: 7 microns
Ferricyanide concentration: 25 mM

Oxygen
conc.

" [mg/L]
0.98563

6.23214
6.21071
6.28929
6.31071
6.28929
6.26429
6.3
6.29286

6.30357

6.27857
6.22143
6.28214
6.28214
6.28929
6.21786
6.17143
6.21786
6.27857
6.35714
6.30357
6.28929
6.275
6.22143

'6.22143

6.13214
6.28929

-6.25714

6.28214
6.275
6.19643
6.075
6.21429
6.28929




Raw data of Fig. 12 CONT'D

“Vertical
position
[microns]
1170

- 1160
1150
1140
1130
1120
1110
1100
1090
1080
1070
1060
1050
1040
1030 .
1020
1010
1000
990
980
970
960
950
940
930
920
910
900

- 890
880
870
860
850
840
830

Limiting
current
[A]
1.9E-08
1.895E-08
1.898E-08
1.896E-08
1.895E-08
1.894E-08
1.896E-08
1.896E-08
1.896E-08
1.899E-08
1.895E-08
1.895E-08
1.893E-08

- 1.895E-08

1.896E-08
1.895E-08
1.895E-08
1.805E-08
1.893E-08

1.899E-08

1.872E-08
1.881E-08
1.894E-08
1.895E-08
1.894E-08
1.892E-08
1.894E-08

1.872E-08

1.895E-08
1.893E-08
1.895E-08
1.895E-08
1.895E-08
1.892E-08
1.895E-08

k [m/sec]

0.0002048
0.0002042
0.0002046
0.0002044
0.0002042
0.0002041
0.0002043
0.0002043
0.0002044
0.0002047
0.0002042
0.0002042
0.000204

'0.0002042
-0.0002044
0.0002042

0.0002042
0.0002042
0.000204
0.0002047
0.0002017
0.0002027
0.0002041

- 0.0002042
0.0002041 .

0.0002038

10.0002041

0.0002017
0.0002042
0.000204
0.0002042
0.0002042
0.0002042
0.0002038
0.0002042

86
k/kmax

0.99898
0.99593
0.99793
0.99688
0.99593
0.99541
0.99646
0.99646
0.99688
0.99846
0.99593
0.99593
0.99488
0.99593
0.99688
0.99593
0.99593
0.99593

0.99488"

0.99846
0.98405
0.98868
0.99541
0.99593
0.99541
0.99436
0.99541

0.98405

0.99593
0.99488
0.99593
0.99593
0.99593
0.99436
0.99593

Oxygen
cornc.

[mg/L]
6.325

6.36071

6.21786
6.19643
6.06786
6
5.94286
6.01786
6.15357
6.15714
6.07857
6.08214
5.96786
5.86786
5.92857
5.86071
5.78571

5.99286 -
6.00714

5.975 -
5.87857
5.76786

5.80357

5.72143

5.74286 -

5.72857
5.73929
5.6
5.60714
5.98214
5.73214
5.80357
5.85357
5.16786
5.525




Raw data of Fig. 12 CONT'D
Vertical  Limiting

position
[microns]

820
810
800
790
780
770
760
750
740
730
720
710
700
690
680
670
660
650

640"

630
620
610
600

" 590
580
570
560
550
540
530

- 520

510 .

500
490
480

current
[A]
1.875E-08
1.89E-08
1.895E-08
1.895E-08
1.893E-08
1.888E-08
1.895E-08
1.875E-08
1.878E-08
1.884E-08
1.894E-08
1.873E-08
1.876E-08
1.876E-08
1.855E-08

- 1.871E-08

1.875E-08
1.875E-08
1.875E-08
1.875E-08
1.875E-08
1.853E-08
1.855E-08
1.855E-08
1.855E-08
1.854E-08
1.855E-08
1.855E-08
1.833E-08
1.835E-08
1.836E-08
1.836E-08
1.835E-08
1.836E-08
1.814E-08

k [m/sec]

0.0002021
0.0002036
0.0002042
0.0002042
0.000204
0.0002034
0.0002042
0.0002021
'0.0002024
0.000203
0.0002041
0.0002018
0.0002022
0.0002022
0.0001999
0.0002016
0.0002021

©0.0002021

0.0002021
0.0002021
0.0002021
0.0001996
0.0001999
0.0001999

0.0001999

0.0001997
0.0001999
0.0001999
0.0001975
0.0001977
0.0001979
0.0001979
0.0001977
0.0001979
0.0001955

87

k/kmax

0.98563
0.99331
0.99593
0.99593
0.99488
0.99225
0.99593
0.98563
0.98721
0.99026
0.99541
0.98458
0.98616
0.98616
0.97533
0.98353
0.98563
0.98563
0.98563
0.98563
0.98563

0.97386-

0.97533
0.97533
0.97533

0.97438 .

0.97533
0.97533
0.96355
0.9646
0.96513
0.96513
0.9646
0.96513
0.95378

Oxygen .
conc

[mg/L]
5.375
5.31429
5.25
5.23929

5175
5.03571
5.075
5.05357
5.07857
5.08929
5.01786
471786
5.15714
4.825
4.925
494286
5.23929
488214

- 4.75714

4.76429
4.46786
4.58929
4.54643
4.125
4.26071
433214
4.075
4.17857
3.92857
3.85
3.775
3.78929

3.98929

3.65714
3.66429




Raw data of Fig. 12 CONT'D

Vertical
position
[microns]

470
460
450

440 |

430
420
410
400
390
380
.370
360
350
340
330
320
310

300-

290
280
270
260
© 250
240
230
220

210 -

200
190
180
170
160
150

140
130

Limiting
current
[A]
1.8164E-08
1.8164E-08
1.8164E-08
1.8164E-08
1.8144E-08
1.8154E-08
1.7978E-08
1.7774E-08
1.7968E-08
1.793E-08
1.7958E-08
1.789E-08
1.7774E-08
1.7774E-08
1.7774E-08
1.7734E-08
1.7774E-08
1.7774E-08
1.7774E-08
1.791E-08

1.7958E-08

1.7792E-08
1.7774E-08
1.7774E-08
1.7774E-08
1.795E-08
1.7968E-08
1.7784E-08
1.7822E-08

1.7958E-08

1.7774E-08
1.7578E-08
1.7422E-08
1.7392E-08
1.7364E-08

k [m/sec]

0.0001957
0.0001957
0.0001957
0.0001957
0.0001955
0.0001956
0.0001937
0.0001915

. 0.0001936
0.0001932
0.0001935
0.0001928
0.0001915
0.0001915

10.0001915
0.0001911
0.0001915
0.0001915
0.0001915

0.000193
0.0001935
0.0001917
0.0001915
0.0001915
0.0001915
0.0001934
0.0001936
0.0001916
0.0001921
0.0001935
0.0001915
0.0001894
0.0001877
0.0001874
0.0001871

- 88

k/kmax

0.95483
0.95483
0.95483
0.95483
0.95378
0.9543

0.94505

0.93433
0.94452
0.94253
0.944
0.94042
0.93433
0.93433
0.93433
0.93222
0.93433
0.93433
0.93433
0.94147
0.944
0.93527

0.93433.

0.93433
0.93433
0.94358
0.94452
0.93485
0.93685
0.944
0.93433
0.92402
0.91582
0.91425
0.91277

Oxygen
conc.
[mg/L]
3.22857

'3.41071

3.32857
3.36071
3.06429
3.13929
3.27857
3.15714
3.15357
2.93571-
2.79643

-2.58929

2.38929
2.45357
2.38214
2.18571

'2.03571

2.06071
1.88929
1.75714
- 1.6

1.41071
1.31071

- 1.18571

1.04643
0.91786
0.78929
0.66786
0.57143
0.48571
0.425
0.325
0.20357
0.21071
0.15714




Raw data of Fig. 12 CONT'D

Vertical
position
[microns]
120
110
100
90
80
70
60
50
40
30
20
10
0

Limiting
current
[Al
1.7374E-08

1.7548E-08 .
1.7382E-08 .

1.6826E-08
1.7412E-08
1.7578E-08
1.7578E-08
1.7646E-08
1.7598E-08
1.7578E-08
1.7548E-08
1.1202E-08
1.042E-08

k [m/sec]

0.0001872
0.0001891
0.0001873
0.0001813
0.0001876
0.0001894
0.0001894
0.0001902
0.0001896
0.0001894
0.0001891

0.0001207
.0.0001123

89

k/kmax

0.9133
0.92245
0.91372
0.88449

0.9153
0.92402
0.92402

0.9276
0.92507
0.92402
0.92245
0.58886
0.54775

Oxygen
conc.

[mg/L]

0.15357
10.08214

0.08214
0.07143
0.06786
0.02143
0.01429
0.06786
0.06429
0.03571
0.05714
0.08214
0




Raw data of Fig, 13

Vertical
position
[microns]
1500
1490
1480
1470
1460
1450
1440
1430
1420
1410
1400
1390
1380
1370
1360
1350
1340
1330
1320
1310
1300
1290
1280
1270
1260
1250
1240
1230
1220
1210
1200
1190
1180

Limiting
current
[A]
1.9356E-08
1.9376E-08
1.9366E-08
1.9336E-08
1.9336E-08
1.9346E-08
1.9384E-08
1.9346E-08
1.9336E-08
1.9306E-08
1.9326E-08
1.9336E-08
1.9336E-08

'1.?336E-08
1.9296E-08

1.9336E-08
1.9336E-08
1.9296E-08
1.9336E-08
1.9336E-08
1.9296E-08
1.9336E-08
1.9336E-08
1.9336E-08
1.914E-08
1.915E-08

'1.9326E-08

1.9336E-08
1.9278E-08
1.916E-08
1.915E-08
1.9112E-08
1.915E-08

k [m/sec]

0.0002086
0.0002088
0.0002087
0.0002084
0.0002084
0.0002085
0.0002089
0.0002085
0.0002084
0.000208
0.0002083
0.0002084
0.0002084
0.0002084
0.0002079
0.0002084
0.0002084
0.0002079
0.0002084
0.0002084
0.0002079
0.0002084
0.0002084
0.0002084
0.0002063
0.0002064
0.0002083
0.0002084
0.0002077
0.0002065

+0.0002064

0.000206
0.0002064

90

0.99801
0.99904
0.99853
0.99698
0.99698
0.9975
0.99946
0.9975
0.99698
0.99544
0.99647
0.99698
0.99698
0.99698
0.99492
0.99698
0.99698
0.99492
0.99698
0.99698
0.99492
0.99698
0.99698
0.99698
0.98688 .
0.98739
0.99647
0.99698
0.99399
0.98791
0.98739
0.98543
0.98739

Diameter of the microelectrode: 7 microns
Ferricyanide concentration: 25 mM




'Raw data of Fig. 13 CONT'D

Vertical
position
[microns]

1170
1160
1150

1140 .

1130
1120
1110
1100
1090
1080
1070
1060
1050
1040
1030
1020
1010
1000
990
980
970
960
950
940
930
920
910
900
890
880
870
860
850
840
830

' Limiting
current
[Al
1.918E-08 .

- 1.9112E-08

1.915E-08
1.918E-08
1.915E-08
1.919E-08
1.914E-08

- 1.914E-08

1.916E-08
1.914E-08
1.915E-08
1.916E-08
1.914E-08
1.9112E-08
1.917E-08
1.917E-08
1.915E-08
1.914E-08
1.914E-08
1.914E-08
1.914E-08
1.914E-08
1.914E-08
1.914E-08
1.914E-08
1.9112E-08
1.9122E-08

. 1.914E-08
.1.8956E-08
1.8964E-08 -

1.914E-08
1.8956E-08

'1.8956E-08

1.8964E-08
1.8916E-08

k [m/sec}

0.0002067
0.000206
0.0002064
0.0002067

- 0.0002064

0.0002068
0.0002063
0.0002063
0.0002065
0.0002063
0.0002064
0.0002065
0.0002063
0.000206
0.0002066
0.0002066

0.0002064

0.0002063
0.0002063
0.0002063
0.0002063
0.0002063
0.0002063
0.0002063
0.0002063
0.000206

0.0002061
0.0002063
0.0002043
0.0002044
0.0002063
0.0002043
0.0002043
0.0002044
0.0002038

91

0.98894
0.98543
0.98739
0.98894
0.98739
0.98945

‘0.98688

0.98688
0.98791
0.98688
0.98739
0.98791
0.98688
0.98543
0.98842
0.98842
0.98739
0.98688
0.98688
0.98688
0.98688
0.98688
0.98688
0.98688
0.98688

10.98543

0.98595
0.98688
0.97739
0.9778
0.98688
0.97739
0.97739
0.9778
0.97533




Raw data of Fig. 13 CONT'D

Vertical

. position

[microns]
820

810
800
790
780
770
760
750
740
730
720
710
700
- 690
680
670
660
650
640
630
620
610
600
590
580
570
560
550

540

530
520
510
500
490
480

Limiting
current
[A]
1.8984E-08
1.8946E-08
1.8946E-08
1.8964E-08
1.8946E-08
1.8946E-08
1.8946E-08
1.8956E-08
1.8946E-08
1.8936E-08
1.877E-08
1.875E-08
1.8936E-08
1.876E-08
1.875E-08
1.876E-08
1.878E-08
1.875E-08
1.875E-08
1.872E-08
1.874E-08
1.875E-08

1.875E-08

1.8662E-~08
1.875E-08
1.8692E-08
1.8574E-~08
1.8536E-08
1.8536E-08
1.8544E-08
1.8544E-08
1.8378E-08
1.836E-08
1.836E-08
1.836E-08

k [m/sec]

0.0002046

0.0002042
0.0002042
0.0002044
0.0002042
0.0002042
0.0002042
0.0002043
0.0002042
0.0002041
0.0002023
0.0002021

0.0002041

0.0002022
0.0002021
0.0002022
0.0002024
0.0002021
0.0002021
0.0002017
0.0002019
0.0002021
0.0002021
0.0002011
0.0002021
0.0002014
0.0002002
0.0001997
0.0001997
0.0001998
0.0001998
0.000198
0.0001979
0.0001979
0.0001979

92

- k/kmax

0.97883
0.97687

0.97687

0.9778
0.97687
0.97687
0.97687
0.97739
0.97687
0.97636

0.9678

10.96677

0.97636
0.96728
0.96677
0.96728
0.96831
0.96677 |
0.96677
0.96522
0.96625
0.96677
0.96677
0.96223
0.96677
0.96378
0.95769
0.95573
0.95573.
0.95615
0.95615
0.94759
0.94666
0.94666
0.94666




Raw data of Fig. 13 CONT'D

Vertical
position
[microns]
470
460
450
440
430
420
410
400
390
380
370
360 .
350
340
330
320
310
300
290
280
270
260
250
240
230
220
210
200
190
180
170
160
150
140
130

Limiting
current
[Al
1.836E-08
1.831E-08
1.815E-08
1.817E-08

1.813E-08

1.816E-08
1.798E-08
1.8E-08
1.796E-08
1.777E-08
1.777E-08
1.777E-08
1.777E-08
1.755E-08
1.758E-08
1.777E-08
1.761E-08
1.758E-08

" 1.758E-08

1.759E-08
1.757E-08
1.752E-08
1.756E~08
1.758E-08
1.758E-08
1.758E-08

1.757E-08

1.758E-~08
1.735E-~08
1.737E-08
1.737E-08
1.736E-08
1.735E-08
1.738E-08
1.719E-08

k [m/sec]

0.0001979
0.0001973
0.0001956
0.0001958
0.0001954
0.0001957
0.0001937
0.000194
0.0001935
0.0001915
0.0001915
0.0001915
0.0001915
0.0001891
0.0001894
0.0001915
0.0001897
0.0001894
0.0001894
0.0001895

0.0001893

0.0001888
0.0001892
0.00018%94

0.0001894 -

0.0001894
0.0001893
0.0001894

10.000187

0.0001872
0.0001872
0.0001871
0.000187
0.0001873
0.0001852

93

k/kmax_

0.94666
0.94408
0.93604
0.93707
0.93501
0.93655
0.92696
0.92799
0.92593
0.91644
0.91644

'0.91644

0.91644
0.90479
0.90634

0.91644

0.90788
0.90634
0.90634
0.90685
0.90582
0.90335
0.90531
0.90634
0.90634
0.90634
0.90582
0.90634
0.89479
0.89582

0.89582

0.8953
0.89479

0.89623 -

0.88623

Oxygen
conc.

[mg/L]

6.21833
624722
6.28694
6.28694
6.28694
6.3375
6.21833
6.21833
6.11
6.09194
6.04861
5.9475
5.92944
5.6225
5.655
5.70194
5.08444
5.0375
4.82806
4.93639
436222




Raw data of Fig. 13 CONT'D

Vertical
position
“[microns]
120
110
100
90
80
70
60
50
40
30
20
10
0

Limiting
current
[A]
1.698E-08
1.702E-08
1.719E-08
1.719E-08
1.719E-08
1.722E-08
1.719E-08
1.717E-08
1.719E-08
1.705E-08
1.285E-08
1.163E-08
1.094E-08

k [m/sec]

0.000183
0.00018343

0.00018522

0.00018522
0.00018522
0.00018552
0.00018522
0.00018501
0.00018522
0.00018373
0.0001385

0.00012533
0.00011787

94

k/kmax

0.87561
0.87767
0.88623
0.88623
0.88623
0.88767
0.88623
0.8852
0.88623
0.87911
0.66266
0.59965
0.56397

Oxygen
conce.
[mg/L]

4.07694

400111
3.52083
2.80222
231472
1.64306
0.87028
0.50556
0.2925
0.21667
0.22389
0.14444
0.14806




Raw data of Fig. 14

Vertical
position
[microns]
1500
1490
1480
1470
1460
1450
1440
1430
1420
1410
1400
1390
1380
1370
1360
1350
1340
1330
1320
1310
1300
1290
1280
1270
1260.
1250
1240
1230
1220
1210
1200
1190
1180

Limiting
current
[A]
ND
ND

2.362E-08

2.367E-08
2.366E-08
2.359E-08
2.373E-08
2.392E-08
2.378E-08
2.355E-08
2.349E-08
2.37E-08
2.349E-08
2.361E-08
2.34E-08
2.316E-08
2.326E-08
2.344E-08
2.316E-08
2.32E-08
2.322E-08
2.337E-08
2.383E-08
2.346E-08
2.359E-08
2.363E-08
2.35E-08
2.37E-08
2.362E-08
2.348E-08
2.363E-~08
2.362E-08
2.369E-08

k [m/sec]

ND
ND
0.0004989
0.0004999
0.0004997
0.0004983
0.0005012
0.0005052
0.0005023
0.0004974
0.0004961
0.0005006
0.0004961
0.0004987
0.0004942
0.0004892
0.0004913
0.0004951
0.0004892
0.00049
0.0004904
0.0004936
0.0005033
0.0004955
0.0004983
0.0004991
0.0004964
0.0005006
0.0004989
0.0004959
0.0004991
0.0004989
0.0005004

95

. k/kmax.

ND
ND
0.9879
0.98999
0.98957

£ 0.98664

£ 0.9925
1.00044.
0.99459
0.98497
0.98246
0.99124
0.98246
0.98748
0.9787
0.96866
0.97284
0.98037
0.96866
0.97033
0.97117
0.97744
0.99668
0.9812
0.98664
0.98831
0.98288
0.99124
0.9879
0.98204
0.98831
0.9879
0.99082

Diameter of the microelectrode: 5 microns

Ferricyanide concentration: 25 mM

Oxygen
conc.
[mg/L]
6.42543
6.40368
6.39125
6.41922
6.37572
6.14269
6.37572
6.3695
6.39747
6.326
6.326
6.20483
6.02462
5.77294
5.60516
5.98423
6.21415
6.2794
6.20793
6.24211
6.09608
5.90033
5.95937
6.15201
6.26697
6.31358
6.20483
6.13958
6.14269
6.16754
6.20172
6.24833
6.1489




Raw data of Fig, 14 CONT'D

Vertical
position
[microns]
1170
1160
1150
1140
1130
1120
1110
1100
1090
1080
1070
1060
1050
1040
1030
1020
1010
1000
990
980
970
960
950
940
930
920
910
900
890
880
870
860
850
840
‘830

Limiting
current
[A]
2.362E-08
2.383E-08

2.349E-08

2.363E-08
2.363E-08
2.362E-08
2.326E-08
2.327E-08
2.326E-08
2.324E-08
2.322E-08
2.209E-08
2.324E-08
2.321E-08

- 2.331E-08

2.343E-08
2.325E-08

2.318E-08

2.34E-08
2.344E-08

2.31E-08
2.313E-08
2.322E-08
2.306E-08

2.303E-08 .

2.312E-08
2.309E-08
2.304E-08

2.28E-08 .

2.313E-08
2.305E-08
2.304E-08
2.306E-08
2.29E-08
2.289E-08

k [m/sec]

0.0004989
0.0005033

0.0004961

0.0004991
0.0004991
0.0004989
0.0004913
0.0004915
0.0004913
0.0004909
0.0004904
0.0004666
0.0004909
0.0004902
0.0004923
0.0004949
0.0004911
0.0004896
0.0004942
0.0004951
0.0004879
0.0004885
0.0004904
0.0004871
0.0004864
0.0004883
0.0004877
0.0004866
0.0004816
0.0004885
0.0004868
0.0004866
0.0004871
0.0004837
0.0004835

96

k/kmax

0.9879
0.99668
0.98246
0.98831
0.98831

0.9879
0.97284
0.97326

0.97284.

0.972
0.97117
0.92391

0.972
0.97075
0.97493
0.97995
0.97242

0.96949.

0.9787
0.98037
0.96615

0.9674
0.97117
0.96447

0.96322

0.96698
0.96573

10.96364

0.9536
0.9674
0.96406
0.96364
0.96447
0.95778
0.95736

Oxygen
conc.
[me/L]
5.95626
6.05258
6.12715
6.20172
6.13337
6.00908
5.71702
5.7077
5.77916
5.76362
5.7077
5.83819
5.77916
5.63934
5.72945
5.78227
5.94383
5.85684
5.8413
5.67663
5.57098
5.50884
5.59273
5.43738
5.35349
5.22299
5.23853
5.11114
49185
5.22299
5.30378
5.16707
4.98996
4.75072
4.53944




Raw data of Fig. 14 CONT'D -

Vertical
position
[microns]
820
810
800
790
780
770
760
750
740
730
720
710
700
690
680
670
660
650
640
630
620
610
600
590
580
570
560
550
540
530
520
510
500
490
480

. Limiting

current
[A]
2.288E-08
2.284E-08
2.288E-08
2.288E-08
2.272E-08
2.317E-08
2.311E-08
2.283E-08
2.27E-08
2.268E-08

- 2.286E-08

2.262E-08
2.267E-08
2.253E-08
2.241E-08
2.249E-08
2.292E-08
2.265E-08
2.258E-08
2.247E-08
2.247E-08
2.245E-08
2.245E-08
2.227E-~08

- 2.226E-08

2.221E-08

2.245E-08

2.226E-08
2.208E-~08
2.205E-08
2.207E-08
2.187E-08
2.227E-08
2.206E-08
2.191E-08

k [m/sec]

0.0004833
0.0004824
0.0004833
0.0004833
0.0004799
0.0004894
0.0004881
0.0004822

£ 0.0004795

0.000479
0.0004828
0.0004778
0.0004788

0.0004759

0.0004733
0.000475
0.0004841
0.0004784

0.0004769

0.0004746
0.0004746
0.0004742
0.0004742
0.0004704
0.0004702
0.0004691
0.0004742
0.0004702
0.0004664
0.0004657
0.0004661
0.0004619
0.0004704
0.0004659
0.0004628

97

k/kmax

0.95695

0.95527
0.95695
0.95695
0.95025
0.96908
0.96657
0.95486
0.94942
0.94858
0.95611
0.94607

.0.94816
0.94231 -

0.93729
0.94063
0.95862

0.94733

0.9444
0.9398
0.9398
0.93896
0.93896
0.93143
0.93102
0.92892
0.93896
0.93102

0.92349

0.92223
0.92307
0.9147
0.93143
0.92265
0.91638

Oxygen
conc.
[mg/L]
4.49594
4.54876
4.50215
4.44312
4.27223
4.14173
4.35301
437476

1438719

437476
4.24737
421319
4.01123
3.90249
3.65392

3.58867

3.47371
3.68499
3.71917
3.58556
3.47682
3.34011
3.14125
3.1164
2.99833
2.80569
2.56644

2.24952

1.89842
1.78035
1.64986
1.57839
1.41993
1.27701

1.17758




Raw data of Fig. 14 CONT'D

Vertical
position
[microns]
470
460
450
440
430
420
410
400
390
380
370
360
350
340
330
320
310
300
290
280
270
260
250
240
230
220
210
200
190
180
170
160
150
140
130

Limiting
current
[A]
2.2E-08
2.169E-08

+ 2.187E-08
2.166E-08.

2.169E-08
2.166E-08
2.148E-08
2.146E-08
2.131E-08
2.122E-08
2.12E-08
2.111E-08
2.108E-08

2.09E-08

2.088E-08
2.109E-08
2.087E-08
2.069E-08
2.062E-08
2.067E-08
2.068E-08
2.066E-08
2.067E-08

2.102E-08

2.092E-08
2.087E-08
2.009E-08
1.963E-08
2.023E-08
2.012E-08

1.95E-08
1.889E-08
1.911E-08
1.895E-08
1.852E-08

k [m/sec]

0.0004647

0.0004581
0.0004619
0.0004575
0.0004581
0.0004575
0.0004537
0.0004533
0.0004501
0.0004482
0.0004478
0:0004459
0.0004452
0.0004414
0.000441
0.0004455
0.0004408
0.000437
0.0004355
0.0004366
0.0004368
0.0004364
0.0004366

10.000444

0.0004419

-0.0004408

0.0004243
0.0004146
0.0004273

- 0.000425

0.0004119
0.000399
0.0004036
0.0004003
0.0003912

98

k/kmax

0.92014
0.90718
0.9147
0.90592
0.90718

.0.90592

0.89839
0.89756
0.89128
0.88752
0.88668
0.88292
0.88166
0.87413
0.8733
0.88208
0.87288
0.86535

0.86242

0.86451
0.86493
0.8641

1 0.86451

0.87915
0.87497
0.87288
0.84026
0.82102
0.84611
0.84151
0.81558
0.79007
0.79927
0.79258
0.77459

Oxygen
“conc.
[mg/L]
1.17447
1.18069
1.17447
1.15272
1.04398
0.93212
0.74259
0.6152
0.53752
0.49402
0.4381
0.43499
0.37906
0.34799
0.29828
0.32003
0.25789
0.25478
0.19575
0.12739
0.12739
0.07146
0.07457
0.07768
0.06836.
0.06836
0.06525
0.07457
0.04661

0.09632

0.07146
0.04661
0.06525
0.06836
0.09943




Raw data of Fig. 14 CONT'D

Vertical
position
~[microns]
120
110
100
90
80
70
60
50
40
30
20
10
0

Limiting
current
[A]
1.797E-08
1.719E-08
1.775E-08
1.773E-08
1.619E-08
1.484E-08

1.369E-08.

1.309E-08
1.191E-08
1.134E-08

-1.051E-08

9.56E-09
4 9E-09

k [m/sec]

0.0003796

0.0003631
0.0003749
0.0003745
0.000342
0.0003134
0.0002892
0.0002765
0.0002516
0.0002395
0.000222
0.0002019
0.0001035

99

k/kmax

0.75159
0.71896
0.74239
0.74155
0.67714
0.62068
0.57258
0.54748

'0.49813

0.47429
0.43958
0.39984
0.20494

Oxygen
conc.
[mg/L]
0.05593
0.04971
0.04971
0.01554
0.00932
-0.0435
0.03418
0.04971
0.02175
0.01864
0
0.07146
0.00621




Raw data of Fig. 15

Vertical
position
[microns]
1500
1490
1480
1470
1460
1450
1440
1430
1420
1410
1400
1390
1380
1370

. 1360
1350
1340
1330
1320
1310
1300
1290
1280
1270
1260
1250
1240
1230
1220
1210
1200
1190
1180

Limiting
current
[A]
2.511E-08
2.458E-08
2.496E-08
2.423E-08
2.438E-08
2.422E-08
2.422E-08
2.418E-08
2.411E-08
2.421E-08
2.438E-08
2.42E-08
2.422E-08
2.422E-08
2.431E-08
2.413E-08
2.403E-08
2.417E-08
2.421E-08
2.402E-08

2.402E-08

2.4E-08

-2.405E-08

2.396E-08

2.396E-08

2.418E-08
2.396E-08
2.389E-08
2.392E-08
2.403E-08

2.387E-08

2.384E-08
2.385E-08

k [m/sec]

0.0005304
0.0005192
0.0005272
0.0005118
0.0005149
0.0005116
0.0005116
0.0005107
0.0005092
0.0005113
0.0005149
0.0005111
0.0005116
0.0005116
0.0005135
0.0005097
0.0005075
0.0005105
0.0005113
0.0005073
0.0005073
0.0005069
0.000508
0,0005061
0.0005061
0.0005107
0.0005061

-0.0005046

0.0005052
0.0005075
0.0005042
0.0005035
0.0005037

100

k/kmax

1.00068
0.97956
0.9947
0.96561
0.97159
0.96521
0.96521
0.96361
0.96083
0.96481
0.97159
0.96441

10.96521

0.96521
0.9688

0.96162

0.95764
0.96322
0.96481
0.95724
0.95724
0.95644
0.95843

0.95485

0.95485
0.96361
0.95485
0.95206
0.95325
0.95764
0.95126
0.95007
0.95046

Diameter of the microelectrode: 5 microns
- Ferricyanide concentration: 25 mM

Oxygen
conc.
[mg/L]
7.20789
7.21418

7.25194

7.22362
7.24564
7.22677

7.17328

6.98766
6.33011
6.9971
7.08833
6.99395

7.12294

7.12294
7.2425
7.23621
7.1198
7.2425
7.24564
7.17014
6.88069
6.63843
6.67933
6.76742
6.79259
7.03485
6.81462
6.90271
6.44966
5.64739
5.47749
6.20426
6.74226




Raw data of Fig. 15 CONT'D

Vertical
position
[microns]
1170
1160
1150
1140
1130
1120
1110
1100
1090
1080
1070
1060
1050
1040
1030
1020
1010
1000
990
980
970
960
950
940
930
920.
910
900
890
880
870
860
- 850
840
830

Limiting
current
[A]

2.38E-08  0.00050269

2.399E-08
2.397E-08
2.361E-08
2.383E-08
2.364E-08
2.332E-08
2.334E-08
2.358E-08
2.363E-08
2.36E-08
2.354E-08
2.351E-08
2.362E-08
2.356E-08
2.344E-08
2.363E-08
2.343E-08
2.344E-08
2.326E-08
2.344E-08
2.349E-08
2.327E-08
2.344E-08

2.337E-08.

2.338B-08
2.322B-08
2.326E-08
2.313E-08
2.319B-08
2.314B-08
2.304E-08
2.321B-08
2.341B-08
2.322E-08

k [m/sec]

0.0005067

0.00050628
0.00049868
0.00050332
0.00049931
0.00049255
0.00049297
. 0.00049804

0.0004991

0.00049847

0.0004972

0.00049656
0.00049889
0.00049762
0.00049509

0.0004991

0.00049487
0.00049509
0.00049128
0.00049509
0.00049614

0.0004915

0.00049509
0.00049361
0.00049382
0.00049044
0.00049128
0.00048854
0.00048981
0.00048875
0.00048664
0.00049023
0.00049445
0.00049044

101

k/kmax -

0.94847
0.95604
0.95525
0.9409
0.94967
0.94209
0.92934
0.93014
0.9397
0.9417
0.9405
0.93811
0.93691
0.9413
0.93891
0.93412
0.9417
0.93373
0.93412
0.92695
0.93412
0.93612
0.92735.

0.93412

0.93133
0.93173
0.92536
0.92695

0.92177

0.92416
0.92217
0.91818
0.92496
0.93293
0.92536

Oxygen
‘conc.
[mg/L]

6.49371

6.01234

6.02807

6.22943

5.64739 .

6.20111
6.63529
6.51573
5.81728
5.73548
6.14448
6.55978
6.49056
6.26404
6.96878
7.12294
5.78582
6.12561
6.39932
6.20426
5.35165
5.40513
5.61907
5.31389
5.15973
6.13819
6.12246
5.64424
5.45232

.5.57502
.5.21321

5.02759
5.71346
4.76331
5.66626




Raw data of Fig. 15 CONT'D

Vertical

" position

[microns]
820
810
800
790
780
770
760
750
740
730
720
710
700
690
680
670
660
650
640
630
620
610
600
590
580
570
560
550
540
530
520
510
500
490
480

Limiting
current
[A]
2.36E-08
2.306E-08
2.323E-08
2.305E-08
2.301E-08
2.307E-08
2.307E-08
2.304E-08
2.339E-08
2.305E-08
2.297E-08
2.283E-08
2.288E-08
2.285E-08

2.285E-08

2.279E-08
2.268E-08
2.269E-08
2.243E-08
2.26E-08
2.264E-08
2.26E-08
2.26E-08
2.263E-08

-2.229E-08

2.228E-08

2.241E-08 .

2.226E-08
2.231E-08
2.223E-08

2.214E-08 -

2.204E-08

2.212E-08
2.19E-08

2.191E-08

k [m/sec]

0.00049847
0.00048706
0.00049065
0.00048685
0.000486

0.00048727
0.00048727

0.00048664
0.00049403
0.00048685
0.00048516
0.0004822
0.00048326
0.00048262
0.00048262
0.00048136
0.00047903
0.00047924
0.00047375
0.00047734
0.00047819
0.00047734
0.00047734
0.00047798
0.0004708
0.00047059
0.00047333
0.00047016
0.00047122
0.00046953
0.00046763
0.00046552

0.00046721

0.00046256
0.00046277

102
k/kmax

0.9405
0.91898
- 0.92576
0.91858
0.91699
0.91938
0.91938
0.91818
'0.93213
0.91858
0.91539
0.90981
0.91181
0.91061
0.91061
0.90822
0.90384
-0.90424
0.89387
0.90065
0.90224
0.90065
0.90065
0.90184
0.88829
0.8879
0.89308
0.8871
0.88909
0.8859
0.88232
0.87833
0.88152
0.87275
0.87315

Oxygen
conc.

[mg/L]

- 5.46491

5.48379
5.15973
5.58446
4.40465
3.80687
3.77856
5.83301
5.20063
5.2667
5.09051
4.9741
4.5651
4.70353
4.96781
5.144
4.59027
4.16239
4.03025
4.16239
3.7471
3.68103
3.49855
3.43562
4.04284
4.04913
3.93587

- 3.60866

3.22168
2.88504
2.61762
2.43829
2.44458
2.57043

2.82212 .




Raw data of Fig. 15 CONT'D

Vertical
" position
[microns]

470
460
450
440
430
420
410
400
390
380
370
360
350
340
330
320
310
300
290
280
270
260
250 -
240
230
220
210
200
190
180
170
160
150
140°
130

Limiting

current

[A] .
2.18E-08
2.171E-08
2.163E-08
2.166E-08
2.15E-08
2.146E-08
2.129E-08
2.105E-08
2.109E-08
2.105E-08
2.099E-08
2.094E-08
2.072E-08
2.053E-08

- 2.07E-08

2.069E-08
2.033E-08
2.037E-08
2.026E-08
2.024E-08
2.043E-08
2.009E-08
2.002E-08
2.011E-08
1.994E-08
1.945E-08
1.937E-08
1.896E~-08
1.866E-08
1.699E-08
1.637E-08
1.67E-08
1.596E-08
1.718E-08
1.791E-08

k [m/sec]

0.0004604

0.0004585

0.0004569
0.0004575
0.0004541
0.0004533
0.0004497
0.0004446
0.0004455
0.0004446
0.0004433
0.0004423
0.0004376
0.0004336
0.0004372

0.000437
0.0004294
0.0004302
0.0004279
0.0004275

0.0004315

0.0004243
0.0004229

0.0004248°

0.0004212

. 0.0004108

0.0004091
0.0004005
0.0003941

0.0003589

0.0003458
0.0003527
0.0003371
0.0003629
0.0003783

103

0.86877
0.86518
0.86199
0.86319
0.85681
0.85522
0.84844
0.83888
0.84047
0.83888
0.83649
0.8345
0.82573
0.81816
0.82493
0.82453

0.81019

0.81178
0.8074
0.8066

0.81417

£ 0.80062

0.79783
0.80142
0.79464
0.77512
0.77193
0.75559
0.74363
0.67708
0.65237
0.66552

.0.63603

0.68465
0.71374

Oxygen
conc.
[mg/L]
2.69627
2.51379
2.25581
2.02928
1.78388
1.59197
1.39061
1.40634
1.29622
1.25218
1.34656

1.48814

1.6077
1.52275
1.59197
1.52904
1.46926
1.42522
1.26476

.1.03824

0.92812
0.85891
0.84318

0.72362

0.59148
0.48451
0.54429
0.56317
0.53485
0.48136
0.4153
0.33979
0.29574
0.24226
0.12585




Raw data of Fig. 15 CONT'D

Vertical
position
[microns]
120
110
100
90
80
70
60
50
40
30
20
10
0

Limiting

current

Al
1.754E-08
1.719E-08
1.659E-08
1.531E-08
1.505E-08
1.497E-08
1.537E-08
1.523E-08
1.641E-08
1.58E-08

'1.56E-08

1.501E-08
8.03E-09.

k [m/sec]

0.0003705
0.0003631
0.0003504
0.0003234
0.0003179
0.0003162
0.0003246
0.0003217

0.0003466

0.0003337
0.0003295
0.000317
0.0001696

104

k/kmax

0.699
0.68505
0.66114
0.61013
0.59977
0.59658
0.61252
0.60694
0.65397
0.62966
0.62169
0.59817
0.32001

Oxygen
conc.
[mg/L] .
0.10068
0.11641
-0.00629
0.11955
0.15416
0.10068
0.05348
0.13843
0.00944
-0.04719
-0.00315
-0.06292
-0.11326




Raw data of Fig. 16

Vertical
position
[microns]
1500

1490
1480
1470
1460
1450
1440
- 1430
1420
1410
1400
1390
1380
1370
1360
1350
1340
1330
1320
1310
1300
1290
1280
1270
1260
1250
1240
1230
- 1220
- 1210
1200
1190
1180

Limiting
current
[A]
1.884E-08
1.905E-08
1.926E-08
1.897E-08
1.911E-08
1.903E-08
1.912E-08
1.953E-08
1.906E-08
1.906E-08
1.895E-08
1.856E-08

1.872E-08

1.857E-08
1.854E-08
1.855E-08
1.873E-08
1.861E-08
1.835E-08
1.846E-08
1.854E-08
1.854E-08

'1.84E-~08

1.858E-08
1.882E-08
1.838E-08

'1.842E-08
1.846E-08

1.872E-08
1.84E-08

1.833E-08

1.842E-08
1.836E-08

k [m/sec]

0.0003979
0.0004024
0.0004068
0.0004007
0.0004036
0.0004019
0.0004038
0.0004125
0.0004026
0.0004026
0.0004003
0.000392
0.0003954
0.0003922
0.0003916

0.0003918

0.0003956
0.0003931
0.0003876

0.0003899

0.0003916
0.0003916
0.0003886
0.0003924
0.0003975
0.0003882
0.0003891
0.0003899
0.0003954
0.0003886
0.0003872
0.0003891
0.0003878

105
k/kmax

0.9635
0.97424
0.98498
0.97015
0.97731
0.97322
0.97782
0.99879
0.97476
0.97476
0.96913
0.94919
0.95737
0.9497
0.94816
0.94867
0.95788
0.95174
0.93845
0.94407

10.94816

0.94816
0.941
0.95021
0.96248
0.93998
0.94203
0.94407
0.95737
0.941
0.93742
0.94203
0.93896

~ Diameter of the microelectrode: 5 microns
Ferricyanide concentration: 25 mM

Oxygen
conc. .
[mg/L]
7.11036
6.83349
7.10092
7.18587
7.18587
7.30857
7.27396
7.30542
7.32115
731171
7.22677
7.23621
7.28969
7.21418
7.34947
7.17328
7.06002
7.18272
6.92788
6.9971

©7.29913

7.26452
6.89327
7.24564

7.1607

7.2834
7.29913
7.22677
7.29913
7.24879
7.35891
7.09777
7.32115




Raw data of Fig. 16 CONT'D

Vertical
position
[microns]

1170.
1160
1150
1140
1130
1120
1110
1100
1090
1080
1070
1060
1050
1040
1030
1020
1010
1000
990
980
970
960
950
940
930
920
910
900
890
880
870
860
850
840
830

Limiting

current -

[A]
1.841E-08
1.817E-08
1.836E-08
1.859E-08
1.834E-~08
1.844E-~08
1.839E-08
'1.87E-08
1.833E-08
1.835E-08
1.838E-08

1.84E-08
1.827E-08
1.816E-08
1.832E-08
1.835E-08
1.846E-08
1.814E-08
1.816E-08
1.813E-08

1.852E-08.

1.83E-08
1.825E-08
1.813E-08
1.812E-08
1.817E-08
1.795E-08
1.803E-08

1.81E-08

1.79E-08
1.795E-08
1.796E-08
1.805E-08
1.779E-08
1.797E-08

k [m/sec]

0.0003888
0.0003838
0.0003878
0.0003926
0.0003874
0.0003895
0.0003884
0.000395

0.0003872
0.0003876
0.0003882
0.0003886
0.0003859
0.0003836
0.0003869
0.0003876
0.0003899
0.0003831

10.0003836

0.0003829
0.0003912
0.0003865
0.0003855
0.0003829
0.0003827
0.0003838
0.0003791
0.0003808
0.0003823
0.0003781
0.0003791
0.0003793
0.0003812
0.0003757
0.0003796

106

k/kmax

0.94151
0.92924
0.93896
0.95072
0.93793
0.94305
0.94049
0.95634
0.93742
0.93845
0.93998
0.941
0.93435
0.92873
0.93691
0.93845
0.94407
0.92771
0.92873
0.92719
0.94714
0.93589
0.93333
0.92719
0.92668
0.92924

0.91799

0.92208
0.92566
0.91543
0.91799
0.9185
0.9231
0.90981
0.91901

Oxygen
conc.
[mg/L]
6.81147
6.8681
7.1544
7.36205
7.23935
7.2834
7.10721
6.85866
7.16699
6.96563
7.06317
6.92788
7.25508
7.33688
7.18272
7.23621
6.32696 -
6.71709
6.88069
6.70765
6.87439
6.63214
6.23572
.6.45595
6.73911
6.64472
6.36157
6.87125
6.68877
6.0847
6.52517
6.45281
6.6227
5.93054
- 6.14134




Raw data of Fig, 16 CONT'D

Vertical
position
[microns]
820
810
800
790
780
770
760
. 750
740
730
720
710
700
690
680
670
660
650
640
630
620
610
600
590
580
570
560
550
540
530
520
510
500
490
480

Limiting
current
[A]
1.808E-08
1.796E-08
1.815E-08
1.795E-08
1.795E-08
1.797E-08

1.793E-08

1.816E-08
1.796E-08
1.796E-08
1.777E-08
1.777E-08
1.777E-08
1.775E-08
1.799E-08
1.777E-08
1.761E-08
1.771E-08
1.758E-08
1.76E-08

1.771E-08
1.758E-08
1.751E-08
1.758E-08

1.758E-~08 "

1.758E-08
1.758E-08
1.745E-08
1.734E-08
1.756E-08
1.758E-08
1.736E-08
1.736E-08
1.737E-08
1.725E-08

k [m/sec]

0.0003819
0.0003793
0.0003834

-0.0003791

0.0003791
0.0003796
0.0003787
0.0003836
0.0003793
0.0003793

.10.0003753

0.0003753
0.0003753
0.0003749

0.00038 -
0.0003753
.0.0003719

0.0003741

- 0.0003713

0.0003717
0.0003741
0.0003713
0.0003698
0.0003713
0.0003713
0.0003713
0.0003713
0.0003686
0.0003662
0.0003709
0.0003713
0.0003667
0.0003667
0.0003669
0.0003643

107

0.92464
0.9185
0.92822
0.91799
0.91799
0.91901
0.91697
0.92873
0.9185
0.9185
0.90878
0.90878
0.90878
0.90776
0.92003
0.90878

0.9006 -

0.90571
0.89907
0.90009
0.90571

10.89907

0.89549
0.89907
0.89907
0.89907
0.89907
0.89242
0.88679
0.89804
0.89907
0.88782
0.88782
0.88833
0.88219

Oxygen
conc.
[mg/L]
6.24516
6.29864
6.07527
6.10987
5.61592
6.08785
6.48112
5.65682
6.34584
5.96515
5.93683
5.67885
5.77638
6.34898
6.29864
5.50895

-6.22943

5.84245
5.56873
5.37996
5.60019
5.76694
5.14714
4.92062
5.45862

'5.26041

4.9395
4.47386
4.14037
3.99879

-4.20958

4.54937

4.46757 -

3.97677
4.11205




Raw data of Fig. 16 CONT'D

Vertical -

position

[microns]

470
460
450
440
430
420
410
400
390
380
370
360
350
340
330
320
310
300
290
280
270
260
250
240

230
220
210
200
190
180
170
160
. 150
140
130

Limiting
“current
[A]

1.728E-08

1.71E-08
1.716E-08
1.698E-08
1.697E-08
1.701E-08

- 1.682E-08

1.684E-08
1.68E-08
1.673E-08

1.667E-08 .

1.66E-08
1.656E-08
1.642E-08
1.64E-08
1.649E-08
1.642E-08
1.62E-08
1.64E-08
1.621E-08
1.616E-08
1.63E-08
1.618E-08
1.619E-08
1.603E-08
1.621E-08
1.621E-08
1.593E-08
1.573E-08
1.58E-08
1.543E-08
1.521E-08
1.492E-08
1.484E-08
1.494E-08

k [m/sec]

0.00036498
0.00036118
0.00036244
0.00035864
0.00035843
0.00035928
0.00035526
0.00035568
0.00035484
0.00035336
0.00035209
0.00035062
0.00034977
0.00034681
0.00034639
0.00034829
0.00034681
0.00034217

- 0.00034639

0.00034238

0.00034132

0.00034428
0.00034174
0.00034196
0.00033858
0.00034238
0.00034238
0.00033646
0.00033224
0.00033372
0.0003259
0.00032126
0.00031513
0.00031344
0.00031555

108

0.88372
0.87452
0.87759
0.86838
0.86787
0.86992
0.8602
0.86122
0.85918
0.8556
0.85253
0.84895
0.8469
0.83974
0.83872
0.84332
0.83974
0.82849
0.83872
10.829
0.82645

0.83361

0.82747
0.82798
0.8198
0.829

. 0.829

0.81468
0.80445
0.80803
0.78911
0.77786
0.76303
0.75894
0.76405

Oxygen
conc.
[mg/L]
3.95789
3.36955
3.80373
3.69046
4.05857
3.99879
3.788
3.4954
2.99201
2.66796
2.94167
3.12101
3.00774
2.76234
2.82212
2.69942
2.69313
2.51379
2.45087
2.43829
2.3848
2.20232
2.17715
2.07333
1.96321
2.0167
1.99468
1.96007
1.93175
1.89714
1.81534
1.65489
1.69264
1.6486
1.57938




Raw data of Fig. 16 CONT'D

Vertical
position
[microns]
120
110
100
90
80
70
60
50
40
30
20
10
0

Limiting
current
[A]
1.523E-08
1.386E-08
1.329E-08

1.363E-08 -

1.405E-08
1.42E-08
1.556E-08
1.493E-08
1.481E-08
1.487E-08
1.432E-08
1.153E-08
8.05E-09

k [m/éec]

0.0003217
0.0002927

0.0002807

0.0002879
0.0002968
0.0002999
0.0003286
0.0003153
0.0003128
0.0003141
0.0003025
0.0002435
0.00017

0.71854
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Oxygen
conc.
[mg/L]
1.47556
1.46926
1.46926
1.46926
1.47556
1.46612
1.46297
1.46926
1.40319
1.37173
1.33712
1.14521
1.2742

k/kmax

0.77888
0.70882
0.67967
0.69706

0.72621
0.79576
0.76354
0.7574
0.76047
0.73235
0.58966
0.41169




Raw data of Fig. 17

Vertical Limiting

position
[microns]

1500
1490
1480
1470
1460
1450
1440
1430
1420
1410
1400
1390
1380
1370
1360
1350
1340
1330

1320 -

1310
1300
1290
1280
1270
1260

1250
1240
1230
1220
1210
1200
1190
1180

current
(Al
9.57E-09
9.51E-09

9.57E-09°

9.57E-09

9.57E-09

9.57E-09
9.66E-09

.9.96E-09

9.96E-09
9.96E-09
9.42E-09
9.77E-09
9.96E-09
9.87E-09
9.95E-09

"~ 9.46E-09

9.38E-09
9.57E-09
9.38E-09
9.63E-09
9.52E-09
9.47E-09
9.96E-09
9.78E-09
9.96E-09
9.5E-09

9.77E-09

9.93E-09
9.76E-09
9.4E-09
9.89E-09
9.79E-09
9.79E-09

k [m/sec]

0.0002021
0.0002009
0.0002021
0.0002021
0.0002021
0.0002021
0.000204
0.0002104
0.0002104
0.0002104
0.000199
0.0002064
0.0002104

0.0002085

0.0002102
0.0001998
0.0001981
0.0002021
0.0001981
0.0002034
0.0002011
0.0002
0.0002104
0.0002066
0.0002104
0.0002007
0.0002064
0.0002097
0.0002061
0.0001985
0.0002089
0.0002068
0.0002068

0.99084

0.98567

110

k/kmax Oxygen

conc.
[mg/L]
6.03069
6.11868
6.00722
6.00722
6.00722
6.03069
6.23601
6.12455
6.10695
6.00722
6.00135
6.07175
6.11868
6.23601
6.21841
6.12455
6.23601
6.13628
6.11282
6.01309
6.11868
6.08935
6.10695
6.23601
6.00722
6.23601
6.11282
6.00722
6.00722
6.07175
6.17148
6.13628
6.23601

0.98463
0.99084
0.99084
0.99084
0.99084
1.00016
1.03122
1.03122
1.03122
0.97531
1.01155
1.03122
1.0219
1.03019
0.97945
0.97117
0.99084
097117
0.99706

0.98049
1.03122
1.01259
1.03122
0.9836
1.01155
1.02812
1.01051
0.97324
1.02397
1.01362
1.01362

Diameter of the microelectrode: 5 microns

Ferricyanide concentration: 25 mM




Raw data of Fig. 17 CONT'D

Vertical
position
[microns]
1170
1160
1150
1140
1130
1120
1110
1100
1090
1080
1070
1060
1050
1040
1030
1020
1010
1000
990
980
970
960
950
940
930
920
910
900
890
880
870
860
850
840
830

Limiting
current
[A]
9.78E-09
9.57E-09
9.79E-09
9.83E-09
9.77E-09

~ 9.74B-09

9.53E-09
9.79E-09
9.8E-09
9.75E-09
9.48E-09
9.57E-09
9.49E-09
9.38E-09
9.38E-09

" 9.38E-09

9.68E-09
9.38E-09
9.38E-09
9.38E-09
9.36E-09
9.68E-09
9.77E-09
9.77E-09
9.61E-09
9.25E-09
9.77E-09
9.58E-09
9.32E-09
9.17E-09
9.22E-09
9.37E-09
9.19E-09
9.17E-09
9.19E-09

k [m/sec]

0.0002066"

0.0002021

0.0002068

0.0002076
0.0002064
0.0002057
0.0002013
0.0002068
0.000207
0.0002059
0.0002002
0.0002021
0.0002004
0.0001981
0.0001981
0.0001981
0.0002045
0.0001981
0.0001981
0.0001981

0.0001977

0.0002045
0.0002064
0.0002064
0.000203

0.0001954

0.0002064 -

0.0002023
0.0001969
0.0001937
0.0001947
0.0001979
0.0001941
0.0001937
0.0001941

'1.01155

111

k/kmax Oxygen

conc.
[mg/L]
6.14215
6.06002
6.12455
6.11868
6.22428
6.12455
6.11868
6.14215
6.23601
6.13042
6.23601
'6.24188
6.23014
6.25361
6.23601
6.34161
6.23601
6.21255
6.10695
6.26534
6.21841
6.10108
5.99549
6.03069
6.00135
5.88989
6.10695
6.00722
6.00135
5.84883
6.11868
6.10695
5.94269
5.32085
5.88403

1.01259
0.99084
1.01362
1.01776
1.01155
1.00844
0.9867
1.01362
1.01466
1.00948
0.98152
0.99084
0.98256
0.97117
0.97117
0.97117
1.00223
0.97117
0.97117
0.97117
0.9691
1.00223

1.01155
0.99498
0.95771
1.01155
0.99188
0.96496
0.94943
0.95461
0.97014
0.9515
0.94943
0.9515.




Raw data of Fig. 17 CONT'D
Vertical Limiting

position
[microns]
820

810
800
790
780
770
760
750
740
730

720 .

710
700
690
680
670
660
650
640
630
620
610
600
590
580
570
560
550
540
530
520
510
500
490
- 480

current
[Al

9.21E-09
9.18E-09
9.29E-09
9.29E-09
9.2E-09
9.17E-09
9.36E-09
9.18E-09
9.56E-09
9.27E-09
9.18E-09

9.14E-09

9.16E-09
9.11E-09
8.97E-09
8.98E-09
9.16E-09
8.96E-09
8.98E-09
8.96E-09
8.96E-09
8.98E-~09
8.98E~09
8.79E-09
8.79E-09
8.79E-09
8.8E-09
8.9E-09
8.72E-09
8.91E-09
8.58E-09
8.59E-09

8.9E-09 .

8.55E-09
8.53E-09

k [m/sec]

0.0001945
0.0001939

0.0001962
0.0001962
0.0001943

- 0.0001937

0.0001977
0.0001939
0.0002019
0.0001958
0.0001939
0.0001931
0.0001935
0.0001924
0.0001895
0.0001897
0.0001935
0.0001892
0.0001897
0.0001892
0.0001892
0.0001897
0.0001897
0.0001857
0.0001857
0.0001857
0.0001859
0.000188
0.0001842
0.0001882
0.0001812
0.0001814
0.000188
0.0001806
0.0001802

112

k/kmax

0.95357
0.95046
0.96185
0.96185
0.95253
0.94943
0.9691
0.95046
0.98981
0.95978
0.95046
0.94632
0.94839
0.94322
0.92872
0.92976
0.94839
0.92769
0.92976
0.92769
0.92769
0.92976
0.92976
0.91008
0.91008
0.91008
0.91112
0.92147
0.90284
0.92251
0.88834
0.88938
0.92147
£ 0.88524
0.88317

Oxygen
conc.
[mg/L]
5.88403
'5.88989
5.6611
5.72563
5.88989
5.63764
5.75496
5.77843
5.77843
5.73736
5.31498
5.32085
5.43231
5.31498
1517419
5.43231
5.22699
5.24458
5.11552
5.27392
5.15072
4,96886
488673
4.9454
475181
4.63448
4.52301
4.62274
4,28836
4.05957
4.18276
3.97744
3.80144
. 3.71931

3.68412




Raw data of Fig. 17 CONT'D
Vertical Limiting

position
[microns]

470
460
450
440
430
420

410
400
390
380

370 .

360
350

340

330
320
310
300
290
280
270
260
250
240
230
220
210
200

190 -

180
170
160
150
140
130

current
[A]

8.4E-09

8.4E-09
8.61E-09
8.77E-09
8.77E-09
8.75E-09
8.39E-09
8.23E-09

7.81E-09 .

6.8E-09
8.01E-09

- 8E-09

7.8E-09
7.34E-09
7.23E-09
6.84E-09
6.14E-09
5.66E-09
6.25E-09
5.89E-09
4.86E-09
4.27E-09

- 4.1E-09

4.1E-09

3.72E-09
3.86E-09
3.94E-09
3.33E-09
3.13B-09
3.12B-09
2.93B-09
2.72E-09
2.67E-09
2.53B-09
2.34E-09

k [m/sec]

0.0001774
0.0001774
0.0001819
0.0001852
0.0001852

0.0001848

0.0001772
0.0001738
0.000165
0.0001436
0.0001692
0.000169

0.0001647

0.000155
0.0001527
0.0001445
0.0001297
0.0001195

0.000132
0.0001244
0.0001027
9.019E-05

8.66E-05

8.66E-05
7.857E-05
8.153E-05
8.322E-05

" 7.033E-05

6.611E-05
6.59E~05
6.189E-05
5.745E-05
5.639E-05
5.344E-05
4.942B-05

113

k/kmax

0.86971
0.86971
0.89145
0.90801
0.90801
0.90594
0.86867
0.8521
0.80862
0.70405
0.82933
0.82829

.0.80758

0.75996°
0.74857
0.70819
0.63571
0.58602
0.6471:
0.60983
0.50319
0.4421

- 0.4245

0.4245
0.38516
0.39965
0.40793
0.34478
0.32407
0.32303
0.30336
0.28162
0.27644
0.26195
0.24228

Oxygen
conc.
[mg/L]
3.13854
3.00948
2.94495
2.44043
2.3407
1.87726
1.76579
1.40208
1.38448
1.22608
0.85063
0.8389
0.61597
0.62184
0.50451
0.39305

0.32852 -

0.27572
0.16426
0.14666

0.02933

0.27572
0.27572

0.02347

0.04106
0.0352
0.02347
0.0352 .
0.04106
0.02347
0.04693
0.04106
0.04693
0.0352
0.04693




Raw data of Fig. 17 CONT'D

Vertical
position .
[microns]
120
110
100
90
80
70
60
50
40
30
20
10
0

Limiting
current
[A]
1.94E-09
2.37E-09
1.94E-09
1.97E-09
1.54E-09
1.56E-09
1.56E-09
1.16E-09

. 1.24E-09

1.33E-09
7.8E-10

- 8.3E-10

9.1E-10

k [m/sec]

4.098E-05
5.006E-05
4.098E-05
4.161E-05
3.253E-05
3.295E-05
3.295E-05
2.45E-05
2.619E-05
2.809E-05
1.647E-05
1.753E-05
1.922E-05

114

k/kmax

0.20086
0.24538
0.20086
0.20397
0.15945
0.16152

0.16152

0.1201

0.12839

0.1377
0.08076
0.08594
0.09422

Oxygen
conc.

[mg/L]
0.04693
-0.01173
-0.00587
0.0176
0.04106
0.01173
0.04693
0.04106
0.02933
0
© 0.04693

0.04693
0.04693




Raw data of Fig. 18

Vertical
position
[microns]
1500.
1490
1480 -
1470
1460
1450
1440
1430
1420
1410
1400
1390
1380
1370
1360
1350
1340
1330
1320
1310
1300
1290
1280
1270
1260
1250
1240
1230
1220
1210
1200
1190
1180

Limiting
current
[A]
1.381E-08
1.383E-08
1.387E-08
1.405E-08
1.387E-08
1.366E-08
1.368E-08
1.395E-08
1.378E-08
1.384E-08
1.365E-08
1.367E-08
1.386E-08
1.364E-08
1.386E-08
1.367E-08
1.367E-08
1.368E-08
1.367E-08
1.367E-08
1.362E-08
1.367E-08
1.384E-08
1.348E-08
1.349E-08
1.348E-08

1.365E-08

1.367E-08
1.354E-08
1.347E-08
1.367E-08
1.348E-08
1.348E-08

k [m/sec]

0.0002917
0.0002921
0.000293
0.0002968
0.000293
0.0002885
0.0002889
0.0002946
0.0002911
0.0002923
0.0002883
0.0002887
0.0002927
0.0002881

-0.0002927

0.0002887
0.0002887
0.0002889
0.0002887
0.0002887
0.0002877
0.0002887
0.0002923
0.0002847
0.0002849
0.0002847
0.0002883
0.0002887
0.000286
0.0002845
0.0002887
0.0002847
0.0002847

115

k/kmax

0.98211
0.98353
0.98638
0.99918
0.98638
0.97144
0.97287
0.99207
0.97998
0.98424
0.97073
0.97215
0.98567
0.97002
0.98567

10.97215

0.97215
0.97287
0.97215
0.97215
0.9686
0.97215
0.98424
0.95864
0.95935
0.95864
0.97073
0.97215
0.96291
0.95793
0.97215
0.95864
0.95864

Diameter of the microelectrode: 5 microns

Ferricyanide concentration: 25 mM

Oxygen
conc.
[mg/L]
6.22963
6.35654
6.2517
6.2517
6.2517
6.35654
6.26273
6.2517
6.2517
6.2517

6.30688

6.29032

6.33998
6.2517

6.24618
6.2517
6.2517

'6.23514

6.24618
6.2517
6.24066
6.2517
5.6337
6.24618
6.27377
6.15789
6.2517
6.14134
6.19652

6.16341

6.24066
6.14686
6.25722




Raw data of Fig. 18 CONT'D

Vertical
position
[microns]
1170
1160
1150
1140
1130
1120
1110
1100
1090
1080
1070
1060
1050
1040
1030
1020
1010
1000
990
980
970

960 -

950
940
930
920 -
910
900
890
880
870
860
850
840
830

Limiting
current
[Al
1.348E-08
1.328E-08
1.337E-08
1.348E-08
1.336E-08
1.367E-08
1.309E-08
1.33E-08
1.34E-08

1.367E-08

1.341E-08
1.325E-08
1.315E-08
1.319E-08
1.328E-08
1.342E-08
1.309E-08
1.312E-08
1.33E-08
1.346E-08
1.296E-08
1.293E-08
1.308E-08
1.312E-08
1.305E-08
1.289E-08
1.306E-08
1.315E-08
1.31E-08
1.324E-08
1.27E-08
1.3E-08
1.289E-08
1.27E-08
1.27E-08

k [m/sec]

'0.0002847

0.0002805
0.0002824
0.0002847
0.0002822
0.0002887
0.0002765
0.0002809
0.000283
0.0002887
0.0002832
0.0002799
0.0002777
0.0002786
0.0002805
0.0002834
0.0002765
0.0002771
0.0002809
0.0002843
0.0002737
0.0002731
0.0002763
0.0002771
0.0002756

0.0002723

0.0002758
0.0002777
0.0002767
0.0002796
0.0002682
0.0002746
0.0002723
0.0002682
0.0002682
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k/kmax -

0.95864
0.94442
'0.95082
0.95864
0.95011
0.97215
0.93091
0.94584
0.95295
0.97215
0.95366
0.94229
0.93517
0.93802
0.94442
0.95438
0.93091
0.93304
0.94584
0.95722
0.92166
- 0.91953
0.9302
0.93304
0.92806
0.91668
0.92877
0.93517
0.93162
£ 0.94157
0.90317
0.92451
0.91668
0.90317
0.90317

Oxygen
conc.
[mg/L]
6.21859
6.20204
6.2517
6.23514
6.23514
6.2517
6.2517
6.2517
6.2517
6.25722
6.2517
6.2517
6.20756
6.24618
6.14686
6.24618

6.2517
6.24618
6.22963
6.13031
6.21859
6.12479

6.2517
6.24066
6.21859
6.15789

6.2517
6.21859
6.20204
6.15789
6.14134
6.23514
6.18548
6.19652
6.23514




Raw data of Fig. 18 CONT'D

Vertical

position

[microns]
820
810
800
790
780
770
760
750
740
730
720
710
700
690
- 680
670
660
650
640
630
620
610
600
590
580
570
560
550
540
530
520
510
500
490
480

Limiting
current
[A]
1.27E-08
1.27E-08
1.262E-08
1.27E-08
1.281E-08
1.254E-08
1.251E-08
1.265E-08
1.249E-08
1.25E-08
1.245E-08
1.247E-08
1.236E-08
1.246E-08
1.25E-08
1.246E-08
1.23E-08
1.25E-08
1.229E-08
1.231E-08
1.211E-08
1.23E-08
1.208E-08
1.209E-08
1.214E-08
1.211E-08
1.209E-08
1.244E-08
1.229E-08
1.191E-08
1.196E-08
1.191E-08
1.191E-08
1.19E-08
1.191E-08

k [m/sec]

0.0002682
0.0002682

0.0002666

0.0002682
0.0002706
0.0002649
0.0002642

0.0002672°

0.0002638
0.000264

0.000263

0.0002634
0.0002611
0.0002632
0.000264
0.0002632
0.0002598
0.000264
0.0002596
0.00026
0.0002558
0.0002598
0.0002551
0.0002554
0.0002564
0.0002558
0.0002554
0.0002628
0.0002596
0.0002516
0.0002526
0.0002516
0.0002516
0.0002513
0.0002516
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0.90317

0.90317

0.89748

0.90317

0.91099
0.89179
0.88966
0.89962

0.88824 -

0.88895
0.88539
0.88681
0.87899
0.8861
0.88895
0.8861
0.87473
0.88895
0.87401
0.87544
0.86121
0.87473

0.85908 -

0.85979
0.86335
0.86121

0.85979
0.88468

0.87401
0.84699
0.85055

. 0.84699

0.84699
0.84628
0.84699

Oxygen
cong.
[mg/L]
6.2517
6.191
6.15789
6.20756
6.14134
6.13582

16.12479

6.19652
6.04754

6.0365

6.0365
6.11375

6.0365
5.89856
5.92615
5.82131
5.95374
5.76061 -
6.05306
5.87097
5.61715
5.71095

5.5399
5.68888
5.60059
5.67233
5.50127
5.26401
5.21986
5.33022
4.96604
4.92742
4.92742
4.75085
4.62946




Raw data of Fig. 18 CONT'D
Vertical  Limiting

position
[microns]

470
460
450
440
430
420
410
400
390
380
370
360
350
340
330
320
310
300
290
280
270
260
250
240
230
220
210
200
190
180
170
160
150
140
130

cqrrent
[Al

. 1.186E-08

1.186E-08
1.172B-08
1.169E-08
1.149E-08

* 1.156E-08

1.168E-08
1.152E-08
1.146E-08
1.108E-08
1.059E-08
1.061E-08
1.02E-08
1.022E-08
1.05E-08
9.96E-09
9.56E-09
8.98E-09
8.96E-09
7.83E-09
8.01E-09
7.42E-09
6.45E-09

' 5.96E-09

5.8E-09
5.57E-09
5.03E-09
4.46E-09
4.85E-09
4.19E-09
3.51E-09
3.52E-09
2.95E-09
2.73E-09
2.48E-09

. k [m/sec]

0.0002505 .

0.0002505
0.0002475
0.0002469
0.0002427
0.0002442
0.0002467
0.0002433

0.0002421

0.000234
0.0002237
0.0002241
0.0002154
0.0002159

0.0002218.

0.0002104
0.0002019
0.0001897
0.0001892
0.0001654
0.0001692
0.0001567
0.0001362
0.0001259
0.0001225
0.0001176
0.0001062
9.42E-05
0.0001024
8.85E-05
7.414E-05
7.435E-05
6.231E-05
5.766E-05
5.238E-05

118

k/kmax

0.84343
0.84343
0.83348
0.83134
0.81712
0.8221
0.83063
0.81925
0.81499
0.78796
0.75312
0.75454
0.72538
0.7268

0.74672

0.70831
0.67987
0.63862
0.6372
0.55684
0.56964
0.52768
0.4587
0.42385
0.41247
0.39612
0.35771
031718
0.34491
0.29798
0.24962
0.25033
0.20979
0.19415

0.17637

Oxygen
conc.

[mg/L]

4.40874
4.23769
3.73005
3.52589
3.33829
2.90238
2.68718
2.54372

2.25127

1.95883
1.72156
1.50085

1.4843
1.24151

1.1753
1.05942
0.88837
0.77801
0.64007
0.54075
0.43039
0.27037

0.2152

0.0938
0.10484
0.10484

. 0.0938

0.01655
0.04414
0.02207
0.03311
0.04966
0
0
0




Raw data of Fig. 18 CONT'D

Vertical
position
[microns]
120
110
100
90
80
70
60
50

40
30
20
10

0

Limiting
current
[A]
1.98E-09
1.88E-09
1.69E-09
1.37E-~09
1.19E-09
1.37E-09
9.4E-10
7.5E-10
5.9E-10
5.3E-10
2.8E-10
2E-10
-5E-11

k [m/sec]

4.182E-05
3.971E-05
3.57E-05
2.894E-05
2.513E-05
2.894E-05
1.985E-05
1.584E-05
1.246E-05
1.119E-05
5.914E-06
4.224E-06
-1.056E-06

119

0.14081
0.1337
0.12019
0.09743
0.08463
0.09743
0.06685
0.05334
0.04196
0.03769
0.01991
0.01422

0

Oxygen
cong.
[mg/L]
0.10484
0.04966
-0.00552
0.01104

0

0

0
0.03311
0.00552
-0.00552
0
-0.01104
-0.02207




Raw data of Fig. 19

Vertical
position
[microns]
1500
1490
1480
1470
1460
1450

. 1440
1430
1420
1410
1400
1390
1380
1370 .
1360
1350
1340
1330
1320
1310
1300
1290
1280
1270
1260
1250
1240
1230
1220
1210
1200
1190
1180

Limiting
current
[A]
2.749E-08
2.733E-08
2.733E-08
2.457E-08
2.617E-08
2.675E-08
2.647TE-08
2.654E-08
2.655E-08
2.626E-08
2.654E-08
2.597E-08
2.643E-08
2.578E-08
2.642E-08
2.617E-08
2.637E-08
2.606E-08
2.6E-08
2.598E-08
2.598E-08
2.578E-08
2.578E-08
2.559E-08
2.559E-08
2.539E-08
2.578E-08
2.541E-08
2.536E-08
2.546E-08
2.539E-08
2.524E-08
2.5E-08

k [m/sec]

0.0005806
0.0005772
0.0005772

0.000519.

0.0005527
0.000565

0.0005591

0.0005606

10.0005608

0.0005546
0.0005606
0.0005485
0.0005582
0.0005445
0.000558
0.0005527
0.000557
0.0005504
0.0005492
0.0005487
0.0005487
0.0005445
0.0005445
0.0005405
0.0005405
0.0005363
0.0005445
0.0005367
0.0005356
0.0005378
0.0005363
0.0005331
0.000528

120

k/kmax

0.99936
0.99354
0.99354
0.89321
0.95137
0.97246
0.96228
0.96482
0.96519
0.95464
0.96482
0.9441
0.96082
0.93719

£ 0.96046

0.95137
0.95864
0.94737
0.94519

0.94447 .

0.94447
0.93719
0.93719
0.93029
0.93029
0.92302
0.93719
0.92374
0.92193
0.92556
0.92302
0.91756
0.90884

Diameter of the microelectrode: 5 microns
Ferricyanide concentration: 25 mM

Oxygen
conc.
[mg/L]
6.37309
.6.2517
6.2517
6.2517
6.17997
6.21307
6.15238
6.30136
6.2517
6.2517
6.25722
6.24618
6.30688
6.15789
6.2517
6.33447
6.24066
6.21859
6.2517
6.2517
6.27377
6.27377
6.32343
6.2517
6.2517
6.24618
6.24066
6.24066

- 6.24618

6.3455
6.25722
6.13031
6.14134




Raw data of Fig. 19 CONT'D

Vertical
position
[microns]

1170
1160
1150
1140
1130
1120
1110
1100
1090
1080
1070
1060
1050
1040
1030
1020
1010
1000
990
980
970
960
950
940
930 -
920
910
900
890
880
870
860
850
840
830

Limiting
current
[A]
2.523E-08
2.506E-08
2.499E-08
2.52E-08

- 2.519E-08

2.492E-08
2.478E-08
2.489E-08
2.459E-08
2.48E-08
2.46E-08

2.47E-08

2.47E-08
2.423E-08
2.422E-08

2.402E-08

2.439E-08
2.429E-08
2.422E-08
2.351E-08
2.377E-08
2.373E-08

' 2.399E-08

2.373E-08
2.345E-08
2.344E-08
2.341E-08
2.324E-08
2.354E-08
2.305E-08
2.305E-08

- 2.324E-08

2.318E-08
2.305E-08
2.269E-08

k [m/sec]

0.0005329
0.0005293
0.0005278
0.0005323
0.000532
0.0005263
0.0005234
0.0005257
0.0005194
0.0005238
0.0005196
0.0005217
0.0005217
0.0005118
0.0005116
0.0005073
0.0005152
0.000513
0.0005116
0.0004966
0.0005021
0.0005012
0.0005067
0.0005012
0.0004953
0.0004951
0.0004945
0.0004909
0.0004972

©0.0004868

0.0004868
0.0004909
0.0004896
0.0004868
0.0004792

121

k/kmax

0.9172
0.91102
0.90848

091611

0.91575
0.90593
0.90084
0.90484
0.89393
0.90157
0.8943
0.89793
0.89793
0.88085
0.88048
0.87321
0.88666

0.88303.

0:88048
0.85467

0.86412

0.86267
0.87212
0.86267
0.85249
0.85213
0.85104
0.84486
0.85576
0.83795
0.83795
0.84486
0.84268
0.83795
0.82486

Oxygen
conc.
[mg/L]
6.2517
6.15789
6.21859
6.15238
6.2517
6.24066
6.24618
6.17445

£ 6.06409

6.14134
6.14134
6.2517

16.29032

6.33447
6.0365
6.05306
6.14686
6.15789
6.13031
6.24618
6.24066
6.21307
6.24066

-6.15238

5.89856
6.13582
6.0365
6.2517
6.24066
6.11927
6.2517
6.13582
6.09168
6.11375
6.14134




Raw data of Fig. 19 CONT'D

Vertical
position
[microns]
820
810
800
790
780
770
" 760
750
740
730
720
710
700
690
680
670
660
650 .
640
630
620
610
600
590
580
570
560
550
540
530
520
510
500
490
480

Limiting
current
[A]
2.304E-08
2.305E-08
2.285E-08
2.262E-08
2.244E-08
2.249E-08
2.24E-08
2.227E-08
2.227E-08
2.214E-08
2.207E-08
2.207E-08
2.185E-08
2.166E-08
2.153E-08
2.148E-08
2.15E-08
2.141E-08
2.144E-08
2.142E-08
2.129E-08
2.109E-08
2.128E-08
2.092E-08
2.09E-08
2.089E-08
2.086E-08
2.105E-08
2.07E-08
2,07E-08
2.029E-08
2.07E-08
2.03E-08
2.012E-08
1.983E-08

k [m/sec]

0.0004866
0.0004868
0.0004826
0.0004778

0.000474

0.000475
0.0004731
0.0004704
0.0004704
0.0004676
0.0004661
0.0004661
0.0004615
0.0004575

0.0004547

0.0004537
0.0004541
0.0004522
0.0004528
0.0004524

- 0.0004497

0.0004455
0.0004495
0.0004419
0.0004414
0.0004412
0.0004406
0.0004446
0.0004372
0.0004372
0.0004286
0.0004372
0.0004288
0.000425
0.0004188

122

k/kmax

0.83759
0.83795
0.83068
0.82232
0.81577
0.81759
0.81432
0.80959
0.80959
0.80487
0.80232
0.80232
0.79433
0.78742
0.78269
0.78087
0.7816
0.77833
0.77942
0.77869
0.77397
0.7667
0.7736
0.76052
0.75979
0.75943
0.75834
0.76524

. 0.75252

0.75252
0.73761
0.75252
0.73798
0.73143
0.72089

Oxygen
conc.
[mg/L]
6.08065
5.93166
6.14134
6.13031
6.13031
5.99788
5.92615
5.87097
5.76613
5.82131
5.92615
5.82131
5.60059
5.6337
5.49576
5.37436
5.60611
5.7882
5.82131
5.3854
5.3247
4.92742
5.64474
5.6944
5.58956
5.4792
5.09847
5.01019
5.17572
5.39092
5.19779
470671
14,6129
4.29839
4.29839




Raw data of Fig. 19 CONT'D
Vertical Limiting

position
[microns]

470
460
450
440
430
420
410
- 400
390
380
370
360
350
340
330
320
310
300

290.

280
270
260
250

240

230
220
210
200
190
180
170
160
150
140
130

current
[A]
1.972E-08
1.953B-08
1.968E-08
1.953E-08
1.84E-08
1.875E-08
1.855E-08
1.939E-08
1.66E-08
1.643E-08
1.607E-08
1.6E-08
1.751E-08
1.67E-08
1.679E-08

' 1.443E-08

1.365E-08
1.307E-08
1.246E-08

'1.169E-08

1.094E-08
1.013E-08
9.57E-09
8.96E-09
8.16E-09
7.47E-09
7.04E-09
6.45E-09
6.04E-09
5.39E-09
5.06E-09
4.54E-09.
4.07E-09
3.9E-09

3.32E-09

k [m/sec]

0.0004165
0.0004125
0.0004157
0.0004125
0.0003886
0.000396
0.0003918
0.0004095

-0.0003506

0.000347
0.0003394
0.0003379
0.0003698
0.0003527
0.0003546
0.0003048
0.0002883
0.0002761
0.0002632
0.0002469
0.0002311

0.000214
0.0002021
0.0001892
0.0001724
0.0001578

0.0001487 -

0.0001362
0.0001276
0.0001138
0.0001069
9.589E-05
8.596E-05
8.237E-05
7.012E-05

123

k/kmax

0.71689
0.70998
0.71544
0.70998
0.66891
0.68163
0.67436
0.7049
0.60347
0.59729
0.5842
0.58166
0.63655
0.6071
0.61038
0.52458
0.49623
0.47514
0.45297
0.42497
0.39771
0.36826
0.3479
0.32573
0.29665
0.27156
0.25593
0.23448
0.21958
0.19595
0.18395
0.16505
0.14796
0.14178
0.12069

Oxygen
conc.
[mg/L]
3.91766
3.83489
3.559
3.39346
3.01825
2.58786
2.4775
2.24024
2.01952
1.83192
1.49533
1.50637
1.46774
1.28565
1.16978.
0.89389
0.84975
0.75594
0.6511
0.55178
0.50764
0.32555
0.32555
0.2152
0.16002
0.10484
0.11036
0.09932
0.01655
0.09932
0.11036
0.0938

-0.11036

0.09932
0.10484




‘Raw data of Fig. 19 CONT'D

Vertical

position
[microns]
120
110
100
90
80
70
60
50
40
30
20
10
0

Limiting
current
[A]
2.93E-09
2.73E-09
2.29E-09
2.01E-09
1.76E-09
1.56E-09
1.17E-09
9.8E-10
7.8E-10
5.9E-10

3.9E-10.

1.§E-'1o
-1.5E-10

k [m/sec]

6.189E-05
5.766E-05
4.837E-05
4.245E-05
3.717E-05
3.295E-05
2.471E-05
2.07E-05
1.647E-05
1.246E-05
8.237E-06
3.379E-06
-3.168E-06

124

k/kmax

. 0.10652
0.09925
0.08325
0.07307
0.06398
0.05671
0.04253
0.03563
0.02836
0.02145
0.01418
0.00582
-0.00545

Oxygen
conc.
(mg/L]
0.08277
0.11036
0.0938
0
-0.12139
0
-0.00552
0.11036
-0.02207
0.02759
0
-0.00552
0







