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Factors limiting hydrogen sulfide production were identified in a two-species biofilm
containing sulfate-reducing bacteria (Desulfovibrio desulfuricans) and nonsulfate-
reducing bacteria (Pseudomonas fluorescens). Profiles of hydrogen sulfide (H,S) con-
centration, pH, local mass-transport coefficient, local flow velocity, and local relative
effective diffusivity in the biofilm were measured using microelectrodes. Biofilms had a
heterogeneous structure consisting of cell clusters separated by voids. Typically, the H,S
concentration was lower in the voids than in the adjacent cell clusters, demonstrating
that the voids acted as transport channels for removing H,S from cell clusters. The
extent of biofilm heterogeneity was directly corvelated with the flux of H,S from cell
clusters. At flow velocities below 2 cm/s, the flux of H, S from cell clusters depended on
the flow velocity. We concluded that at these flow velocities the H,S production rate
was limited by the delivery rate of sulfate ions to the biofilm. At flow velocities above 2
em/s, the H,S production rate was nearly constant and did not depend on the flow
velocity. At high flow velocities ( > 2 em/s) the H,S production rate was limited by
metabolic reactions in the biofilm. Local intrabiofilm flow velocity profiles were influ-
enced strongly by biofilm heterogeneity without significant pH variation within biofilms.
Surprisingly, profiles of local relative effective diffusivity indicated that the biofilm was
made up of two layers, which could be related to the specimen with a two-species
biofilm.

Introduction

Hydrogen sulfide (H,S) produced by sulfate-reducing bac-
teria (SRB) can be used to precipitate contaminant metals in
water as metal sulfides. For example, Castro et al. (1999) used
SRBs to remove arsenic and iron from a pit lake; Shokes and
Moller (1999) and Elliot et al. (1998) used SRBs to remove
metals from an acid mine drainage; Lloyd et al. (1998) used
them to precipitate technetium; and Coleman et al. (1993)
used them to reduce ferric iron [Fe (II)] to ferrous iron
[Fe(ID)].

There is considerable interest in using biofilms containing
SRB to immobilize metals in subsurface environments (Lov-
ley and Phillips, 1992, 1994; Coleman et al., 1993; Bidoglio et
al., 1993). To optimize the performance of such systems it is

Correspondence concerning this article should be addressed to Z. Lewandowski.

AIChE Journal

important to maximize the production of H,S. The rate of
H,S production in biofilms containing SRBs may be limited
by the availability of sulfate (limited by mass transport) or
limited by the SRBs’ metabolic activity in the biofilm (limited
by the reaction rate). To find out which process limits H,S
production in a specific case, it is useful to quantify both
mass-transport dynamics and SRB activity in the biofilms.
Biofilm activity can be evaluated at the macroscale, using mass
balances around the reactor, or at the microscale, from fluxes
of H,S calculated from concentration profiles measured by
microelectrodes (Kiihl et al., 1998; Kithl and Jorgensen, 1992).
Mass-transfer dynamics can be quantified at the microscale
using local mass transport, local flow velocity, and local effec-
tive diffusivity microelectrodes (Yang and Lewandowski, 1995;
Xia et al., 1998; Beyenal and Lewandowski, 2000).
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The goal of this study was to identify factors limiting H,S
production in mixed culture biofilms, consisting of an SRB,
Desulfovibrio desulfuricans, and a non-SRB, Pseudomonas flu-
orescens, grown in flat-plate reactors. Using microscope im-
ages we quantified the structural heterogeneity of the
biofilms. The H,S concentration, local mass-transfer cocffi-
cient, local flow velocity, local effective diffusivity, and pH
profiles were measured using microelectrodes. The major
factor influencing mass-transport rates in biofilms is hydrody-
namics. By varying the bulk flow velocity during measure-
ments, we quantified the influence of mass transport on H,S
production.

Experimental Methods
Organisms

We used mixed culture biofilms of D. desulfuricans (G20)
and P. fluorescens (ATCC 700830). The D. desulfuricans (G20)
were developed from G100A donated by J. D. Wall (Wall et
al., 1993), and the P. fluorescens (ATCC 700830) was an envi-
ronmental isolate from our laboratories. A fresh inoculum
for each cxperiment was prepared by growing a one-day-old
batch culture of P. fluorescens and a 3-day-old batch culture
of D. desulfuricans. The reactors were inoculated with 20 mL
of each culture.

Nutrient solution

We used Postgate medium C without FeSO,, including
sodium lactate (Sigma) (Postgate, 1984); we removed FeSO,
from the solution to prevent FeS precipitation in the biofilm.
The pH of the solution was adjusted to 7.2 using NaOH. Re-
suzirin (0.5 mg/L) was added to the growth medium to test
for anacrobic conditions.

Experimental setup and procedure

The biofilms were grown at room temperature on micro-
scope slides (2.5X 7.5 em) placed on the bottom of an open-
channel flow reactor made of polycarbonate (3.5 cm deep, 2.5
cm wide, and 34 cm long, with a total working volume of 120
mL). A view of the experimental setup is presented in Fig-
urcs 1A and 1B. The lid of the reactor was scaled with silicon
rubber to prevent contamination, and the entire system was
sterilized with 70% alcohol before each experiment. The re-
actor was then rinsed with sterile water (autoclaved) until all
the alcohol was removed. Tubings, connectors, air filters and
the growth medium were also autoclaved at 121°C. Before
the addition of the growth medium and during biofilm growth,
the system was continuously purged with nitrogen gas to cre-
ate positive pressure and prevent oxygen penetration into the
system.

For microelectrode measurements, the microscope slides
from the growth reactor were transferred to another reactor,
positioned on an inverted microscope, and operated at the
same experimental conditions. Microscopic examinations, be-
fore and after the slide was moved to the other reactor,
showed that the biofilm structure remained the same. The
microscope slides holding the biofilm were allowed to re-
equilibrate in the nutrient solution for 6 h before microelec-
trode measurements were taken. For the measurements at
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Figure 1a. Experimental setup.

(1) Growth medium: (2) reference electrode™; (3) peri-
staltic pump;: (4) inverted microscope: (5) microelectrode™;
(6) micromanipulator™; (7) flat-plate flow cell; (8) com-
puter®; (9) outlet: (10) fresh feed: (11) vent; (12) nitrogen
gas; (13) cell cluster: (14) interstitial void; (15) picoamme-
ter.® (*) These instruments were used only during mea-
sUrcmernts,

different flow velocities, we waited for 2-3 h to give the
biofilm time to adapt to each new flow velocity. Anaerobic
conditions were tested in each case.
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Figure 1b. Flat-plate flow cell constructed of polycar-
bonate (1/4-in., 6.4-mm, thick).

All fittings are 3/8-in. (9.5-mm) opening width with 1/8-in.
(3.2-mm) plastic pipc thread (ACE Hardware Corp.. Oak
Brook. 11.). All fittings are centered and placed close to
the edge except the output line, which is positioned above
the recycle line. All dimensions are in em and the figure is
sketched without scale.
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Sodium sulfate and magnesium sulfate were used as a
source of sulfate, and the concentration of sulfate ions was
measured by the barium-sulfate turbodimetric method
(APHA 1995). Based on these measurements, the sulfate
loading rate was calculated as mM sulfate fed to the reactor
per unit of time. We calculated the load per unit of time
because the actual biofilm surface area was unknown in the
reactor. Before each analysis liquid samples were filtered us-
ing 0.2 pm Nuclepore filters.

Microelectrodes and measurement techniques

We used three types of microelectrodes in this study: H,S,
pH, and limiting current microelectrodes for measuring
mass-transport coefficient, local effective diffusivity, and lo-
cal flow velocity. The microelectrodes had tip diameters less
than 10 um to prevent damaging the biofilm structure during
measurements.

H,S Microelectrode.  We constructed H,S microelectrodes
according to Jeroschewski et al. (1996). The construction was
similar to that of Clark-type dissolved-oxygen microelec-
trodes. The H,S diffuses through the silicone membrane at
the tip to the shaft of the microelectrode, which is filled with
an alkaline solution of potassium ferricyanide (K;Fe(CN),).
In this solution, part of the H,S was deprotonated to HS™ ,
which was then oxidized to S by the ferricyanide. The re-
duced form of ferricyanide, ferrocyanide (K,Fe(CN)), was
then reoxidized to ferricyanide at the internal platinum an-
ode polarized to (+)100 mV against a counterelectrode
placed 10 pm behind the silicone membrane. The electrode
was calibrated in solutions of different H,S concentration;
and the current generated by oxidizing ferro- to ferricyanide
was proportional to the H,S concentration near the tip of
the microelectrode. The response time of the microelec-
trodes was less than 0.3 s and was linear over a large concen-
tration range, from 0 to 2000 uM H,S. The microelectrodes
had the samec calibration before and after the measurements,
within the range of acceptable experimental error.

pH Microclectrode.  The pH microelectrodes were con-
structed according to Thomas (1978), using pH-sensitive glass
(Corning (150) for the tip of the microelectrode. We could
not use liquid-ion exchanger-tip membranes because of possi-
ble interactions between the membrane material and the mi-
crobially generated H,S. Glass-membrane pH microelec-
trodes had stable and reproducible calibration curves with a
typical slope of 58 mV/pH.

Limiting-Current-Type Microelectrodes to Measure Local
Mass-Transfer Coefficient, Local Effective Diffusivity, and Local
Flow Velocity. Limiting-current microelectrodes were con-
structed with tip diameters less than 10 um, using an electro-
chemically tapered platinum wire, without membrane. All
microelectrodes used in this project were previously con-
structed, tested in our laboratory, and described elsewhere.
The construction of the local mass-transfer coefficient micro-
electrodes was described by Yang and Lewandowski (1995);
local effective-diffusivity microelectrodes by Beyenal and
Lewandowski (2000); and local flow-velocity microelectrodes
by Xia et al. (1998). Here we provide only a brief description
of the technique.

Limiting-current-type sensors belong to a large group of
amperometric sensors in which their principal use is measur-
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ing the current generated by reducing (or oxidizing) electro-
active materials at surfaces of electrically polarized elec-
trodes [see Mizushina (1971) and Selman and Tobias (1978)
for details]. The current measured by these devices is equiva-
lent to the rate of the electrode reaction, which is deter-
mined by the applied potential and the rate at which the re-
actant arrives at the electrode (mass-transport rate).

To apply the limiting-current-type microelectrodes to mea-
sure mass-transport coefficients in biofilm systems, two con-
ditions need to be satisfied: (1) the only sink for the elec-
troactive substance in the system must be the microelectrode
tip, and (2) there can be only one electroactive substance
available for the electrode to process at a time. We use mo-
bile microelectrodes and expose their tips at various locations
in biofilms. As the electroactive reactant we use a 25-mM
solution of potassium ferricyanide, K;Fe(CN),, in 0.2 M KCl.
With proper experimental control, the ferricyanide is re-
duced to ferrocyanide, Fe(CN)64', at the surface of cathodi-
cally polarized microelectrodes. At limiting current, the con-
centration of ferricyanide at the electrode surface is zero (C,
= (), while in the bulk solution it remains (C,). The concen-
tration gradient is said to be confined entirely within the
mass-transfer boundary layer. For these assumptions the
mass-transfer coefficient is related to the measurable param-
eters and constants by the following equation

k = I/nAFC, . (1)

Here F is Faraday’s constant, n is the number of electrons
transferred in the balanced reaction, A is the sensing area of
the electrode, and [ is the limiting current.

Microelectrode measurements

The microelectrodes were inserted into the reactor through
a small opening in the lid while nitrogen gas continuously
purged the system, creating a positive pressure in the reactor
and preventing ingress of air from the outside. The micro-
electrodes were mounted on a micromanipulator (Model
M3301L, World Precision Instruments, New Haven, CT)
equipped with a stepper motor (Model 18503, Oriel, Strat-
ford, CT) controtled by the Oriel Model 20010 interface. Mi-
croelectrodes were introduced from the top of the reactor at
an angle perpendicular to the biofilm. The micropositioner
was interfaced with a computer, and the microelectrode
movement was handled by a controller (CTC-283-3, Micro
Kinetics) with a positioning precision of 0.1 pum. Custom
software was used to control and coordinate microelectrode
movement and data acquisition. Details of the measurement
procedure have been described by Beyenal and Lewandowski
(2000). The diffusive fluxes of H,S to the bulk liquid were
calculated by multiplying the slope of the profiles evaluated
at the biofilm surface by the diffusion coefficient of H,S in
water (Dy, ¢ =1.7x107° cm?/s) (Kiihl et al., 1998).

For limiting-current-type microelectrode appli-
cations—mass transfer, flow velocity, and effective diffusivity
—the reactor was opened to the atmosphere because these
measurement systems did not require anaerobic conditions.
Technically, the microelectrodes to measure local mass-trans-
fer coefficient, local flow velocity, and local effective diffusiv-
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ity all worked on the same principle: a cathodically polarized
microelectrode measures the limiting current at different lo-
cations in a biofilm. The differences in experimental condi-
tions and microelectrode calibration procedures define what
is actually measured. The local mass-transport coefficients
and local flow velocities are measured in solutions of flowing
electrolytes because the convective mass-transport compo-
nent must be included in the final result. To measure the
local effective diffusivity we use the same system, but the flow
is stopped and the measured limiting current reflects only the
diffusional component of the mass transport.

Before taking the measurements, the growth medium in
the reactor was replaced with 25 mM K;Fe (CN), in 0.2 M
KCl. This electrolyte solution was recycled for 2 h before the
measurements to equilibrate the biofilm with the ferri-
cyanide. The system was flushed with enough ferricyanide to
remove all H,S and other reactive chemicals from the biofilm.
We previously demonstrated that this procedure did not
change the biofilm structure (Beyenal and Lewandowski,
2000; Yang and Lewandowski, 1995).

Microscopy, biofilm imaging, and structure quantification

The flat-plate reactor was placed on the Nikon Diaphot
300 inverted microscope, and the biofilm was viewed using
UV light projected through the bottom. Images were cap-
tured by a COHU camera (Closed Circuit, CA, model No.
2222-1040/0000) and a Flashpoint frame grabber (Intcgral
Technologies Inc., Indianapolis, IN) connected to a com-
puter. The images were taken in 8-bit gray-scale TIFF for-
mat, consisting of 640x480 pixels using Image Pro custom
software (Media Cybernetics, MD). From the biofilm images
we determined the values of areal porosity, fractal dimen-
sion, and total length of cell cluster perimeters. The structure
parameters were calculated using the Image Structure Ana-
lyzer (ISA), a software package developed for the purpose of
quantifying biofilm structure (Yang et al., 2000). This imaging
system was also used to move the microelectrode to the same
position for different type of measurements.

Results and Discussion
Biofilm structure

A gray-scale image of a 5-week-old mixed-culture biofilm is
shown in Figure 2 along with measurement points. This
biofilm structure was heterogeneous, consisting of voids and
cell clusters. For the measurements we selected five locations
in voids and in clusters. Measurement point 1 is a big, open
void (around 80 pm wide) parallel to the flow direction. Point
2 is located very close to the end of the channel (100 pwm in
diameter), which is also parallel to flow direction. Point 3 is
in the middle of a small closed void (40 um in diameter).
Point 4 is the center of a big cluster (250 pm in diameter),
and point 5 is the edge of the cell cluster and very close to
point 1. The average biofilm thickness was around 800 pm,
areal porosity was 0.34, and fractal dimension was 1.1952.

The mixed-culture biofilms of D. desulfuricans and P. fluo-
rescens developed a heterogeneous structure, similar to that
observed by Power ct al. (1999) and Santegoeds et al. (1998).
A sample image marked at points where profiles were mea-
sured is presented in Figure 2. We also took images at other
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Figure 2. Five-week-old biofilm consisting of D. desul-
furicans and P. fluorescens.

Light areas are voids and dark areas are cell clusters. The
numbers indicate locations of the measurements: (1) big
void; (2) midsize void; (3) small void: (4) cluster center; ()
cluster edge. The biofilm was grown at a flow velocity of 2
cm/s using Postage C growth medium under anaerobic con-
ditions.

locations in the biofilms, and they all looked similar to that in
Figure 2. The values of the structure parameters (areal
porosity and fractal dimension) oscillated within +5% of the
average value. The areal porosity and fractal dimension
showed lower heterogeneity of this biofilm compared to aero-
bic biofilms (Lewandowski et al., 1999; Gibbs and Bishop,
1995). Possible extension of this study to biofilms with vary-
ing heterogeneity may help future biofilm modeling, as de-
scribed at the end of this article.

H, S concentration profiles and fluxes

H,S profiles measured at selected locations are presented
in Figures 3 and 4 at two flow velocities: 0.8 cm/s and 2 cm /5.
The H,S fluxes calculated from these profiles are shown in
Table 1.

For a flow velocity of 0.8 cm/s, the H,S concentration in
the bulk solution was found to be around 80 uM. The H,S
concentrations near the bottom of the voids were 120, 115,
and 85 uM for small, medium, and big voids, respectively
(Figure 3A). For a flow velocity of 2 cm/s, the H,S concen-
tration in the bulk solution was around 86 uM. The H,S
concentrations near the bottom of the voids were 137, 122
and 96 uM for small, medium, and big voids, respectively
(Figure 3B).

For a flow velocity of 0.8 c¢cm/s, the H,S concentrations
near the bottom at the center of the cell cluster (point 4 in
Figure 2), and at the edge of the cell cluster (point S in Fig-
ure 2), were 170 and 153 uM, respectively. For a flow veloc-
ity of 2 em /s, the H,S concentrations measured near the bot-
tom and at the center of the cell cluster (point 4 in Figure 2),
and at the edge of the cluster (point 5 in Figure 2), were 174
and 159 uM, respectively.
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Figure 3. H,S concentration profiles measured in voids
at the bulk flow velocity (A) 0.8 cm/s and (B) 2
cm/s.

The diffusive fluxes were determined by multiplying the
slopes of the profiles measured at the approximate position
of the surfaces of the adjacent microcolonies, between 500
and 700 pm, by the molecular diffusivity of H,S in water.
Although the average biofilm thickness was 800 pm, this
thickness was decreasing near the voids, because of the het-
crogencous structure of the biofilm.

The increasing bulk flow velocity, from 0.8 cm/s to 2 cm /s,
increased the H,S flux from the voids (see Table 1), and these
effects were more noticeable with increased void size. The
percentage increase of the fluxes for the increasing flow ve-
locity from 0.8 cm/s to 2 cm/s for the voids 1, 2, and 3 were
23, 16, and 7, respectively. The H,S concentrations were
lower in voids than in adjacent cell clusters, showing that voids
acted as transport channels for removing H,S from the cell
clusters (Figures 3 and 4).

Fluxes of H,S out of the cell clusters were strongly af-
fected by the bulk flow velocity. For example, when the flow
velocity increased from 0.8 cm/s to 2 cm/s, the H,S fluxes
out of the cell clusters increased by 47% (from 2.28x107¢
umoles/cm®/s to 2.70 X 10™° pmoles/cm’/s) near the cluster
edge and by 92% (from 2.22% 10™% pmoles/cm?/s to 4.18 X
1077 wmoles/cm?/s) near the cluster center. The increase of
the bulk flow velocity increased H,S concentrations at the
center and the cdge of the cell cluster (Figure 4); however,
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Figure 4. H,S concentration profiles measured at the
edge and center of the cell cluster presented
in Figure 2 at a bulk flow velocity of (A) 0.8
cm/s and (B) 2 cm/s; the continuous line
shows the location of the biofilm surface.

the flux of H,S increased more at the center of the cluster
than at the edge.

Sulfate loading and H, S production rates

Figure 5 shows the variations of the H,S flux as a result of
the sulfate loading rate, measured at the center of the cluster
(point 4 in Figure 2), at a bulk flow velocity of 2 cm/s. The
H,S production rate increased to a maximum value of 2.7 %

Table 1. H,S Fluxes Calculated from Local Profiles

H,S Flux ( wmoles/cm?/s)
Bulk Flow Vel.

. Bulk Flow Vel.
Location of 0.8 cm/s of 2cm/s
1. Big void 8.35x107° LIX107?
2. Midsize void 7.06x107° 845x10°°
3. Small void 7.23x1077 7.22x1077
4. Cluster center 2.22x10°° 4.18x1073
5. Cluster edge 228x107° 2.70x107°
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Figure 5. (A) H,S fiux to the bulk water at the center of
the cluster (point 4 in Figure 2) at different
sulfate loading rates; flow velocity was 2 cm/s;
(B) the H,S fiuxes at different flow velocities
at 0.02 mmoles/s sulfate loading rate.

107" pmoles/cm?/s at 2.5x 107 mmoles/s sulfate loading
rate and then remained constant for higher loading rates.

The H,S fluxes measured at different flow velocities and
at a constant, 0.02 mmoles/s sulfate loading rate, are pre-
sented in Figure 5B. The H,S flux reached a maximum of
2.7%107° wmoles/cm*/s at 2 cm/s flow velocity. Further in-
creases in bulk flow velocity did not influence the activity of
the biofilm. From mass balances, input minus output, for sul-
fate, SO,>”, and H,S, we estimated that 75% of the sulfate
was converted to sulfide. The calculated conversion ratio of
sulfate to sulfide, 0.75, was lower than the 0.98 observed by
Kiihl et al. (1998).

Figure 5 shows that at low flow velocities ( <2 cm/s) H,S
production is limited by external mass transfer. Increasing the
flow rate above 2 cm/s did not change the H,S production
rate, possibly because the production rate was already at the
maximum and was reaction rate limited. Another possible ex-
planation is that the H,S concentration became inhibitory;
however, the H,S concentrations in our biofilms were at least
three times lower than the inhibitory concentration observed
by Okabe et al. (1995) for pure culture D. desulfuricans, and
this explanation is rather unlikely.

The flux of H,S was not affected by a sulfate loading rate
higher than 2.5% 107* mmoles/s (Figure SA). In our experi-
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ments, the sulfate loading rate was higher than 0.02 mM/s,
which is eight times higher than the limiting loading rate, and
we can safely conclude that sulfate delivery rate was not a
limiting factor.

Local mass-transfer coefficient

Microelectrode measurements ot H,S concentrations and
experiments at different sulfate loading rates showed that the
H,S concentration and sulfate availability were not limiting
H,S production. The remaining two factors that could limit
H,S production were internal mass-transport rates and activ-
ity of the microorganisms. Consequently, we decided to quan-
tify the internal mass-transport dynamics by measuring the
local mass-transport cocfficient.

Local mass-transfer coefficients measurcd at the center of
the cell cluster (point 4 in Figure 2) at flow velocities of 0.8,
2, 3.2 and 4 cm/s are presented in Figure 6. The local mass-
transfer coefficients, normalized with respect to the maxi-
mum value measured at a 4-cm/s flow velocity, were high in
the bulk liquid and lower in the biofilm, with the lowest val-
ues occurring near the bottom of the biofilm (Figure 6). For a
flow velocity of 0.8 cm/s the normalized local mass-transfer
coefficient near the bottom of the biofiim was 0.32, and for
the flow velocity 4 cm/s it was 0.68. The local mass-transfer
coefficicnt was within the range of previously observed values
(Yang and Lewandowski, 1995; Stoodley et al., 1997).

For flow velocities lower than 2 ecm/s the H,S flux from
the microcolonies dropped significantly, illustrating the exist-
ence of external mass-transport limitation (Figurc 5b). How-
ever, increasing flow velocities above 2 ecm/s did not change
the H,S production rate (Figure 5b). The local mass-trans-
port coefficient increased with increasing bulk flow velocity
(Figure 6), showing that more substrate diffused into the
biofilm. From the combined measurements of H,S fluxes
(Figure 5) and the local mass-transport coefficient (Figure 6),
we concluded that H,S production is limited by the activity
of the microorganisms in the biofilm.

Local flow-velocity profiles

The local flow velocity profiles measured in the voids
(points 1, 2, and 3 in Figure 2) at two average flow velocities,
0.8 cm/s and 2 cm /s, are presented in Figure 7.

The results in Figure 7 reflect how the biofilm structures
affect the local flow-velocity distribution in voids. The pro-
files of local flow-velocity were different at cach location,
demonstrating how the flow-velocity profiles in biofilms are
affected by the orientation of voids with respect to the direc-
tion of flow. The profiles in Figure 7 show that the highest
flow velocity was at point 1 (big void). This observation may
be a result of point | being located in a channel, which was
parallel to the flow direction. The flow velocity at point 2
(midsize void) was lower than that at point 1 because it was
close to the end of the channel. The flow velocity at point 3
was lowest in comparison to the other two points because it
was a closed channel. Local flow-velocity profiles within the
biofilm at each of the three locations marked in Figure 2 are
different; however, they all converge to the bulk flow veloci-
ties (0.8 ecm/s, Figure 7A or 2 cm/s, Figure 7B) at different
rates.
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profiles measured at flow velocities of 0.8, 1.6,
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Increasing the bulk flow velocity increased the local mass-
transfer coefficient in the biofilm, showing that more sub-
strate diffused into the biofilm. The continuous line shows
the location of the biofilm surface.

Local relative effective diffusivity profiles

An example of a profile of local relative effective diffusiv-
ity measured at the center of the cluster (point 5 in Figure 2)
is presented in Figure 8. Similar profiles were measured at
different locations in the biofilm. We also repeated these
measurements in different experiments and consistently ob-
served profiles similar to that in Figure 8. Effective diffusivity
seemed to level off at two levels within the biofilm: once just
above the bottom and again halfway between the bottom and
the surface. The local relative effective diffusivities were con-
sistently around 0.6 near the surface and 0.45 near the bot-
tom.

Consistently, two layers of effective diffusivity were ob-
served during repeated experiments of the SRB biofilms up
to 9 weeks old. Fan et al. (1990) showed that biofilm density
correlated exponentially with effective diffusivity. Because the
major factor influencing effective diffusivity is biofilm den-
sity, thesc two lavers of effective diffusivity can be considered
as two layers of biofilm density, showing two layers of growth
in SRB biofilms, as observed by Power et al. (1999). Similarly,
Beech et al. (1991) studied the growth of these microorgan-
isms on metal surfaces and demonstrated that the size of D.
desulfuricans (2-3 pm) is smaller than that of P. fluorescens
(3—5 pm). If we assume that smaller microorganisms produce
denser biofilms, our results should show D. desulfuricans lo-
cated near the bottom of the biofilm. In a separate experi-
ment, we grew pure-culture biofilms of D. desulfuricans at
the same conditions and measured diffusivity profiles. The
local relative ctfective diffusivities varied between (.35 and
0.55, which is consistent with the previous conclusion and in-
dicates the possibility that SRB are located near the bottom
in the mixed-culture biofilm. However, further investigations,
possibly using fluorescent in situ hybridization (FISH probes),
are necessary to investigate exact locations of SRB in mixed-
culture biofilms (Okabe et al. 1999).

PH profiles

pH profiles. measured at locations specified in Figure 2,
did not show any significant pH variation in the biofilms. Fig-
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Increased bulk flow velocity increased local flow velocities
in voids showing morc convectional mass transport in
biofilms. Although the average biofilm thickness was 800
um, this thickness was decreasing near the voids, because of
the heterogeneous structure of the biofilm. The continuous
line shows the location of the biofilm surface.

Biofilm
Bulk solution
08

06

04

Local relative effective
diffusivity

0'2 1 A ’ ! X 'l
0 250 500 750 1000 1250 1500

Distance from the bottom (im)

Figure 8. Variation of local relative effective diffusivity
with respect to depth in the biofilm.

The continuous line shows the location of the biofilm sur-
face.
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Figure 9. pH as a function of distance from the bottom,
measured at the center of the cluster (point 4
in Figure 2).

We measured similar pH profiles at other locations in the
biofilm. The continuous line shows the location of the biofilm
surface.

ure 9 shows an example of a pH profile measured at the cen-
ter of the cluster (point 4 in Figure 2). The pH dropped
slightly near the bottom. Similarly, insignificant pH variations
in biofilms have been observed in SRB biofilms by Okabe et
al. (1999 and 1998) and Lee et al. (1994). We measured pH
profiles to be sure that these values did not change signifi-
cantly in the biofilms. The variation in pH influences the ra-
tio of sulfide species present in the biofilm.

Biofilm structure and function

The biofilm in Figure 2 was grown at an average bulk flow
velocity of 2 cm/s. We kept the growth conditions constant,
and after a steady state was reached, we set the bulk flow
velocity at values higher or lower than the 2 cm/s flow veloc-
ity at which the biofilm was grown.

When the biofilms were exposed to flow velocities lower
than 2 cm/s, the H,S production dropped significantly. How-
ever, when the biofilms were exposed to flow velocities higher
than 2 cm/s, the H,S flux did not depend on flow velocity.
We concluded that (1) for flow velocities lower than 2 cm /s,
the H,S production was controlled by mass transport of sul-
fate to microcolonies, and (2) for flow velocities higher than 2
cm/s, the H,S production was limited by reaction rate. It is
quite interesting to notice that the flow velocity that deter-
mined how H,S production was controlled was exactly equal
to the flow velocity at which the biofilm was grown, 2 cm/s.

Hypothetically this result shows that biofilms arrange their
structure during their growth to minimize external mass-
transfer limitations by adjusting pore structure or surface
roughness. We know that the increased surface roughness or
increased pore size increases the mass-transport rate to the
biofilm (Smets et al., 1999; Tanyolag and Beyenal, 1997; Pey-
ton, 1996; Murga et al., 1995). It is possible that biofilms ad-
just the extent of heterogeneity during their growth to mini-
mize external mass-transport limitations and to maximize in-
ternal substrate consumption rates.

Biofilm structure, mass transport, and modeling

Picioreanu et af. (2000) modeled mass transport in hetero-
geneous biofilms. Our experimental results did not verify
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these model predictions. For example, the model predicts that
a 4-fold increase of mass-transfer coefficient requires a 128-
fold increase in bulk flow velocity. According to our experi-
mental observations, the local mass-transfer coefficient dou-
bled with a 5-fold increase in bulk flow velocity (Figure 6), a
value that was much lower than expected based on the model.
Also, the shape of local flow velocity profiles (Figure 7) and
model predictions are different. This difference can be caused
by the fact that the model assumes insignificant convective
transport in voids. In this, and in our previous study (Xia et
al., 1998), we showed significant convective mass transport in
voids (see Figures 3 and 7); however, we believe that the main
reason for the differences between the experimental observa-
tion and the model predictions are related to the fact that it
was a 2-D (not a 3-D} model. The authors mentioned the
necessity of 3-D biofilm modeling for realistic predictions.
Our data can be used to verify such a 3-D biofilm model once
one is constructed.

Conclusions

1. The mixed culture of D. desulfuricans and P. fluorescens
biofilms had a heterogencous structure consisting of voids and
cell clusters.

2. H,S concentration varied among locations in the biofilm
(higher in the cell clusters and lower in the voids), showing
that the voids acted as transport channels to deliver sulfate to
the cell clusters and remove H,S from them.

3. For flow velocities less than 2 em /s, the H,S production
rate was limited by the rate of external mass transfer, and for
flow velocities higher than 2 cm/s, the H,S production rate
was limited by microbial activity. Coincidentally, 2 cm/s was
the flow velocity at which the biofilms were grown, and it was
the optimum flow velocity at which mass-transfer rate and
microbial reaction rate were balanced. Based on this, it can
be speculated that the biofilm adjusted its structure to maxi-
mize the transport of nutrients to the microcolonies.

4. The extent of biofilm heterogeneity strongly influenced
the local flow velocity profiles and rates of the intrabiofilm
mass transport.

5. Surface-averaged relative effective diffusivity profiles in-
dicated the possibility of a two-layered biofilm structure.

6. pH variations across the biofilms were insignificant.
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