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Abstract

We have evaluated the effects of selected minerals present in subsoil environment on the efficiency of lead removal
from contaminated groundwaters using biofilms composed of sulfate-reducing microorganisms, and examined the
stability of metal deposits after the biofilms had been temporarily exposed to the air. To quantify the studied effects,
lead was immobilized in biofilms of Desulfovibrio desulfuricans grown anaerobically in two flat-plate flow reactors, one
filled with hematite and the other with quartz. While the biofilms in both reactors were heterogeneous and consisted of
voids and channels, the biofilms grown on hematite were denser, thicker, and more porous than those grown on quartz.
The average H,S concentrations, measured using microelectrodes, were higher in the biofilms grown on quartz than
those measured in the biofilms grown on hematite. During 18 weeks of operation, iron was continuously released from
the hematite. Lead was immobilized more efficiently in the biofilms grown on quartz than it was in the biofilms grown
on hematite. Lead deposits were partially reoxidized, especially in biofilms grown on hematite, and the biofilms in both
reactors responded to the presence of oxygen by lowering their density and increasing the H,S production rate.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Heavy metals in groundwaters can be immobilized by
coprecipitating with hydrogen sulfide produced by
sulfate-reducing bacteria (SRB) [1-4]. This process has
potential for immobilizing contaminant heavy metals,
such as Pb, Cu, Zn, Ni, Cd and U, in metal-
contaminated groundwaters. However, before such a
remediation process can be used with confidence, the
stability of the metal deposits in the subsoil formation
needs to be assessed. The two most obvious factors that
may affect the stability of the metal deposits are: (1) the
rate of H,S production by the SRB biofilms and (2) the
presence or ingress of oxidants. It is well known that the
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rate of H,S production by SRB biofilms depends on the
presence of the right population of microorganisms,
nutrient availability, and a low redox potential [5]. If
these conditions exist, it is expected that some heavy
metals in solution will precipitate as their sulfides and
that this process can be used to remediate groundwaters
contaminated with these heavy metals. However, the
overall metal removal efficiency may depend not only on
the rate of H,S production by SRB and the type of metal
to be removed from the groundwater but also on the
types of minerals present in the subsoil formation [6].
Specifically, if the minerals present in the subsoil
formation release metal ions, other than ions of the
metal to be removed, these released metal ions may
compete with the contaminant metal ions for the metal-
binding capacity of H,S. This effect should be taken into
consideration when attempting to remediate heavy-
metal-contaminated groundwaters using SRB.
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The goal of this study was to investigate the effects of
selected minerals present in the subsoil environment on
the efficiency of the target metal removal. To quantify
how seriously this effect may impair the removal
efficiency of the target metal, we grew sulfate reducing
biofilms on quartz and on hematite, and used lead ions,
Pb>", as the target metal. Lead ions were selected
because lead sulfide, PbS, has one of the lowest
solubility products among metal sulfides (pK = 27.5,
[7]). Therefore, if the iron ions (Fe(Il) or Fe(Ill))
released from the hematite could affect the rate of lead
precipitation by exhausting the binding capacity of the
microbially generated hydrogen sulfide, this effect
should be magnified for other contaminating metals,
those having higher solubility products than Pb has. For
the purpose of this work, we hypothesized that the iron
ions [Fe(Il) or Fe(III)] released from the hematite react
and precipitate with the microbially produced H,S, thus
indirectly affecting the dynamics of lead precipitation.

Quartz and hematite were selected to generate two
types of microbe-mineral interactions: quartz, to repre-
sent biofilms growing on inert minerals that do not
release metals competing with the target metal for the
binding sites; and hematite, to represent biofilms
growing on minerals that can release metals (iron in
this case). It has been demonstrated by others, and was
therefore expected, that the metals released from the
minerals might use part of the overall metal binding
capacity of the biofilms [6,8,9], affecting the removal
efficiency of the target metal(s). While quantifying the
effect of the selected minerals, the following assumptions
were made with respect to the interfering processes. The
effect of biosorption, the binding of lead ions by
extracellular biopolymers was neglected because even if
such binding contributed to the overall lead removal, the
binding capacity of the biopolymers would be quickly
exhausted, making this contribution negligible. It is also
known that Fe(IIl) can be enzymatically reduced by
SRB and remobilized as Fe(II) [6,10]. This effect, if at all
active in our biofilms, was not quantified in our work.
We also assume that the metals present in the solution
are not toxic to the microorganisms, at least not at the
concentrations we have used in our tests.

The chemical principles of lead removal using SRB
biofilms are straightforward; SRB gain energy by
coupling oxidation of organic compounds with the
reduction of sulfate ions, and generate H,S as the by-
product [11]. Microbially generated H,S dissolves in
water and, being a diprotic acid, dissociates to bisulfide,
HS™ and sulfides, $*:

H,S=HS +H" (la)
HS =H' +§* (1b)

In the presence of Pb>" ions, bisulfide precipitates lead
ions as lead sulfide, PbS, which can dissolve in the

following reactions ((2a)—Ref. [12], (2b)—Ref. [7]):
PbS(s) + HT ==HS™ + Pb>" pK = 13.97 (2a)

PbS(s)=S>" + Pb** pK =275 (2b)

Assuming that there are no serious kinetic limitations,
if Pb>" ions were the only metal ions available, the
process of lead precipitation would be simple to
quantify. However, there are other metal ions in the
solution, notably some released from the mineral phase
serving as solid support for biofilm growth, such as iron
ions from the hematite, and H,S can precipitate Fe>" in
similar reactions ((3a)—Ref. [12], (3b)—Ref. [7]):

FeS(s) + HF =HS™ + Fe*™ pK =4.2 (3a)

eS(s) =S + Fe K = 18.
FeS(s)=S>" + Fe*™ p 18.1 (3b)

The above data show that the solubility product of
FeS is much higher than that of PbS, which in
homogeneous aqueous solutions would indicate that
Pb>" ions have to precipitate before Fe?" ions can
precipitate. However, biofilms are not homogeneous
solutions, and mass transport effects, and perhaps other
reactions, such as chelation of the metal ions by organics
or by the extracellular polymeric substances excreted by
the biofilm microorganisms, may change the outcome of
the process in an unexpected way. For that reason, in
biofilms, conclusions based on the thermodynamics of
metal ions in aqueous solutions alone are considered as
working hypotheses, and tested as such, rather than
accepted as axioms.

Once the target metal has been immobilized as the
respective metal sulfide, another perturbing factor may
have a negative effect on the efficiency of metal
immobilization, the presence or ingress of oxidants.
For example, it is expected that if oxygen becomes
available, the precipitated metal sulfide deposits may be
remobilized as metal hydroxides, oxides, and sulfates
[8,13]. One possible reaction in our model is the effect of
exposing lead sulfide to oxygen:

PbS(s) + 20, — PbSO4(s) )

However, the danger that PbSO,4 can dissolve and lead
can be released to the bulk solution is probably
negligible because lead sulfate does not dissolve easily:

PbSO4(s) ==Pb*" + SO}~ pK =178 %)

Solubility product of PbSO, is very low, Ky, = 10778
[14]. Consequently, if the reaction of lead sulfides with
oxygen produced lead sulfates, lead would not be
released.

In addition, oxygen will react with hydrogen sulfide,
therefore preventing lead sulfide formation:

H,S + 20, =H,S0, (6)

Fig. 1 summarizes the model we are considering as
representative of the expected reactions in a biofilm
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Fig. 1. Expected reactions among H,S, lead and Fe in SRB
biofilms grown on hematite. Note that these are simplified
primary reactions.

composed of SRB growing on hematite. Even though
the model is simplistic, and the processes we have shown
in the model are straightforward, it is difficult to predict
the dynamics of metal immobilization and remobiliza-
tion in SRB biofilms grown in the subsoil environment;
there are various interfering factors that may affect the
outcome of these processes, and these factors are
difficult to evaluate. Among the factors we consider
most important are: (1) the effects of mass transport
resistance in biofilms on metal availability, particularly
in deeper layers of the biofilm, and (2) the dynamics of
metal remobilization when oxidants are introduced into
the milieu. In conclusion, comparing the solubility
products of the depositing metals can serve only as a
starting point for formulating hypotheses, not as a basis
for modeling the stability of metal deposits in biofilms,
particularly in biofilms deposited on redox-sensitive
minerals.

To assess the efficiency of metal precipitation in
natural biofilms, and the effects of the selected interfer-
ing factors, we studied biofilms of Desulfovibrio desul-
Sfuricans grown anaerobically on hematite and on quartz
in two identical, and identically operated, flat-plate open
channel flow reactors. Biofilm activity was defined as the
H,S production rate, and evaluated from the H,S
profiles measured using microelectrodes. Confocal
scanning laser microscopy (CSLM) and image analysis
were used to quantify biofilm structure. Concentrations
of iron and lead were monitored in the bulk solution and
in the biofilms. The possibility of metal remobilization
through reoxidation of the precipitated deposits was
evaluated by examining the stability of the metal
deposits after the biofilms temporarily exposed to the
air.

2. Experimental methods

2.1. Organisms

To grow the SRB biofilms we used a pure culture of
D. desulfuricans (G20) developed from GI100A and

donated by J.D. Wall [15]. Fresh inoculums were
prepared for each run by growing batch cultures of D.
desulfuricans in 100-mL serum bottles for three days.
The reactors were inoculated with 20mL of these
cultures.

2.2. Nutrient solution

To grow the biofilms, we used the “metal toxicity
medium” (MTM) developed by Sani et al. [16], which
minimized abiotic lead complexation and precipitation
while still providing a suitable growth medium for D.
desulfuricans. MTM 1is a Postgate medium C [17]
modified by removing FeSO, and adding sodium lactate.
MTM composition and the procedure of its preparation
are described by Sani et al. [16].

The pH of the MTM solution was adjusted to 7.2
using 1N HCIL 0.1g ascorbic acid and 0.1g sodium
thioglycollate were added per liter of the growth medium
to decrease the redox potential and to stimulate the
growth of SRBs. However, these substances also acted
as reductants and a small amount of lead precipitated
after 24 h [16]. Therefore, they were removed from the
growth medium after the biofilm started to accumulate
(after approximately three days). Once a vigorous
sulfate reducing biofilm was established, the redox
potential was established at the desired low level by
microbial metabolism, and the reductants were no
longer needed [16,17]. In separate experiments,
Sani et al. [16] showed that sodium citrate did not affect
the growth of D. desulfuricans (G20) and that it could be
used as a chelating agent to prevent metal precipitation.
The concentration of yeast extract in the original
Postgate C medium was decreased (20 times) because in
the original medium unknown precipitates formed in the
presence of Pb>", as described by Sani et al. [16]. The
Pb>" concentration in the feed solution was 30 mg/L.

2.3. The reactor

The biofilms were grown at room temperature on
quartz and on hematite chips placed on the bottom of an
open-channel flow reactor made of polycarbonate. The
reactors were 3.5cm deep, 2.5cm wide, and 34 cm long,
with a total working volume of 120 mL, as described
elsewhere [18]. The quartz chips were 2.5 x 7.5 x 0.1 cm?,
and the hematite chips were 0.5x0.5x0.5cm’. The
minerals were placed at the bottoms of the reactors,
covering an area of 56.25cm? Before deposition in the
reactor, the hematite chips were cleaned with acetone,
rinsed with distilled water, polished with sandpaper, and
washed again with distilled water. The X-ray diffraction
(XRD) data (results not shown) determined that the
hematite chips were 90% hematite and 10% magnetite,
and contained traces of cristobalite (Beta-SiO5).
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To prevent microbial contamination and air access,
the lids of the reactors were sealed with silicon ru-
bber and the reactors were sterilized with 70% alcohol
before each experiment. The reactors were then rin-
sed with sterile water (autoclaved), for approximately
three days using a total of 20-40L of sterile water
to remove alcohol residues. Tubings, connectors, air
filters, and the growth medium were autoclaved at
121°C. During operation, the reactors were continu-
ously purged with nitrogen gas to create positive
pressure and to prevent air penetration into the system.
To remove traces of oxygen from the nitrogen gas, the
gas was passed through a tube furnace (Lindberg/
Blue).

2.4. Analytical methods

The concentrations of lead and iron in the influent
and effluent of the reactor were measured using indu-
ced coupled plasma (ICP) emission spectroscopy
(ARL, model #ARL-Accuris). Liquid samples collected
for metal analysis were centrifuged for 20min at
6000 rpm. The pellet was discarded and the supernatant
was analyzed. To determine the total lead and iron
concentrations in the biofilms, the mineral chips with
attached biofilm were removed from the reactor, and
the biofilm was mechanically removed from the mi-
neral surface. The biomass removed from the chips
was suspended in distilled water, sonicated for 2min,
and then treated with 3 N nitric acid, HNOj; to dissolve
the precipitated metals [9]. Then the samples were
centrifuged for 20min at 6000 rpm, the pellet was
discarded, and the supernatant was used for iron and
lead analysis.

2.5. H>S microelectrodes

The H,>S microelectrodes were constructed and used
according to the procedure described by Jeroschewski
et al. [19]. Their tip diameters were less than 10 um to
prevent damaging the biofilm structure during mea-
surements. Operating principles of the H,S microelec-
trodes are described in Beyenal and Lewandowski
[18] and in Lewandowski and Beyenal [20]. The
electrode was calibrated in water solutions with different
H,S concentrations, prepared by dissolving sodium
sulfide, Na,S, in oxygen-free 100-mM phosphate buffer
at pH 7. The response time of the microelectrodes
was less then 3s and the response remained linear over
a large H,S concentration range, from 0 to 300 pM
H,S. Typically, the microelectrodes had the same
calibration curves before and after the measurements,
within the range of acceptable experimental error
(£2uM). We used a new microelectrode for each
measurement.

2.6. Microelectrode measurements

To measure the H,S concentration profiles in the
biofilms, the microelectrodes were inserted into the
reactor through a small opening in the lid while the
system was continuously purged with nitrogen gas,
creating a positive pressure in the reactor and preventing
the ingress of air from the outside. The microelectrodes
were mounted on a micromanipulator (Model M3301L,
World Precision Instruments, New Haven, CT)
equipped with a stepper motor (Model 18503, Oriel,
Stratford, CT), and controlled by the Oriel Model 20010
interface. Microelectrodes were introduced from the top
of the reactor, perpendicular to the biofilm. The position
of the microelectrode within the biofilm was observed
using an Olympus® CK2 inverted microscope (for
biofilms grown on quartz) or a Leica™ Stereo Zoom 7
stereo microscope (for biofilms grown on hematite).
Different systems had to be used because the hematite
chips were not transparent. The motorized microposi-
tioner was interfaced with a computer, and the micro-
electrode movement was handled by a controller (CTC-
283-3, Micro Kinetics) with 0.1-um positioning preci-
sion. Custom software was used to control microelec-
trode movement and to coordinate it with the data
acquisition (for more details, see [21]). The diffusive
fluxes of H,S into 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,s = 1.7 x 107° cm?/s) [22].

2.7. Quantifying biofilm structure

To visualize biofilm structure hematite and quartz
chips with attached biofilm were removed from the
reactor and immersed in a separate vessel filled with
1%v/v acridine orange (from Sigma), as described by
Xia et al. [23]. The mineral chips remained immersed,
and the staining solution was recycled for 30min to
complete the staining before acquiring the images. The
mineral chips were removed from the vessel, and the
excess of the staining solution was removed by washing
the mineral chips with the sterile growth medium. The
mineral chips with the stained biofilm were placed on the
stage of the upright confocal scanning laser microscope
(LEICA, TCS NT). Biofilm images were collected at
different distances from the bottom, and were used to
quantify biofilm structure: biofilm porosity and fractal
dimension, as described by Yang et al. [24]. These two
parameters were selected from among many we measure
in biofilms [24] because their meaning for biofilm
processes is intuitively clear. Biofilm porosity affects
the depth of substrate penetration (larger voids permit
substrate transport to deeper layers of the biofilm), and
biofilm fractal dimension is related to biofilm activity
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(more rugged biofilms have larger surface areas per unit
of volume).

2.7.1. Areal porosity

Areal porosity is defined as the ratio of the total areas
of the interstitial voids to the total area of the bio-
film image. It is quantified from individual images of
the biofilm taken at various distances from the bo-
ttom. Numerically, biofilm areal porosity reflects the
relative coverage of the surface by the biofilm: high
porosity indicates low coverage, and low porosity
indicates high coverage. As biofilms mature, their
areal porosity decreases near the bottom, some-
times approaching a steady state [25]. A set of areal
porosities determined at different distances from the
bottom is used to quantify the volumetric porosity of
the biofilm.

2.7.2. Volumetric porosity

Volumetric porosity was calculated using the proce-
dure described in Lewandowski [26]. Briefly, to compute
the volumetric porosity of the biofilms, areal porosities
measured at different distances from the bottom of the
biofilm were integrated, and the result of the integration
was multiplied by the area of the image (field of view).
The result of this procedure gives the volume of voids
for the field of view. If we divide this result by the
volume of the sample (field of view times average biofilm
thickness) the result is the volumetric biofilm porosity,
which is the ratio of the volume of the voids to the
volume of the biofilm.

2.7.3. Fractal dimension

Fractal dimension is a measure of the “raggedness” of
the microcolony boundaries: the higher the fractal
dimension, the more irregular the boundaries. The
fractal dimension of a biofilm can be, at least
quantitatively, related to biofilm activity. The higher
the fractal dimension, the more irregular the boun-
daries of biofilm microcolonies and the larger the
surface area of the microcolonies exposed to the nu-
trient solution. However, although fractal dimension
is used as a tool for quantifying biofilm structure, it
does not characterize objects uniquely: two objects
may have distinctly different geometries and still
have the same fractal dimension [27]. Therefore, fra-
ctal dimension of biofilm microcolonies can be used
as a measure of the convolution of boundaries of
the microcolonies, rather than as a parameter uni-
quely quantifying biofilm structure. We expect that
biofilms having more convoluted microcolony bound-
aries are more active than those with less con-
voluted boundaries, but this relation has not been
quantified.

3. Results and discussion
3.1. Biofilm structure

3.1.1. Areal porosities and fractal dimensions

The biofilms in both reactors were heterogeneous,
consisting of voids and cell clusters as shown in Fig. 2.
To quantify the structure of each biofilm, we computed
its areal porosity and fractal dimension at various
distances from the bottom. The results are in Fig. 3 (for
the 7-week-old biofilms) and Fig. 4 (for the 16-week-old
biofilms).

Structure of the 7-week-old biofilms: The areal
porosities measured across the biofilms grown on quartz
were generally lower than those of the biofilms grown on
hematite, showing that, on average, more biomass had
accumulated in the biofilms grown on hematite. How-
ever, the distribution of the biomass near the bottom in

Fig. 2. Digitized confocal scanning laser microscopy images of
thel6-week-old biofilms grown on quartz (A) and hematite (B).
The images were taken 200 pm above the substratum. The white
areas are cell clusters, and the black areas are voids in the
biofilms. The areal porosity of the biofilm grown on quartz was
0.63, and that of the biofilm grown on hematite was 0.77. The
fractal dimension of the biofilm grown on quartz was 1.12 and
that of the biofilm on hematite was 1.3.

12 15
Week 7

Areal porosity
Fractal dimension

1

1
0 100 200 300
Distance from the bottom (micrometer)

Fig. 3. The variation in areal porosity (A) and fractal
dimension (B) in the 7-week-old biofilms. (The structure was
analyzed before exposing the biofilms to the air.) Areal
porosities; (4) hematite and (A) quartz. Fractal dimensions;
(M) hematite and (O) quartz.
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1.2 1
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Areal porosity
Fractal dimension
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Distance from the bottom (micrometer)

Fig. 4. The variation in biofilm areal porosity (A) and fractal
dimension (B) in thel6-week-old biofilms. (The structure was
analyzed before exposing the biofilm to the air). Areal
porosities; (4) hematite and (A) quartz. Fractal dimensions;
(M) hematite and (O) quartz.

these biofilms was reversed. The areal porosity near the
bottom of the biofilm was 0.1 for biofilms grown on
hematite, and zero for those grown on quartz. This
shows that somewhat more biomass accumulated near
the bottom in the biofilms grown on quartz. The
differences in porosity near the bottom are not dramatic,
just 10%, and it is not clear whether they are significant
and meaningful to the biofilm processes.

Fractal dimensions at the bottom of the biofilm were:
1.42 in the biofilm grown on hematite and 1.3 in the
biofilm grown on quartz, showing that the surface of the
cell clusters in the biofilms grown on hematite was
somewhat more developed than that of the cell clusters
grown on quartz. Again, the differences are not
dramatic, and it is not clear how significant they are
for the biofilm processes.

Structure of the 16-week-old biofilms: The areal
porosity measured near the bottom of the biofilms
grown on hematite was 0.2, which is four times higher
than that measured in the biofilms grown on quartz,
0.05. It is worth noting that this relation is the opposite
of what was observed in the 7-week-old biofilms, which
only reinforces our doubts about whether these varia-
tions are meaningful for the underlying biofilm pro-
cesses. It is well known that the structure of mature
biofilms is dynamic, affected by attachment and detach-
ment processes, and that biofilm porosity may fluctuate
because of the interplay between these processes. We do
not know how different the porosities should be to be
considered significantly different from the point of view
of the underlying biofilm processes.

The fractal dimension near the bottom of the 16-week
old biofilm was 1.45 for the biofilm grown on hematite
and only 1.1 for the biofilm grown on quartz. We
hypothesize that the higher fractal dimension of the

biofilm grown on hematite was caused by the interaction
between the biofilm and hematite: the iron ions dissolved
from the hematite may have precipitated within the
biofilm as iron sulfides, which may have affected the
biofilm structure.

3.1.2. Volumetric porosities

From the results in Figs. 3 and 4 we calculated the
volumetric porosities. The porosity of the 7-week-old
biofilm grown on quartz was 0.33, and that of the one
grown on hematite was 0.40. The porosity of the 16-
week-old biofilm grown on quartz was 0.44, and that of
the one grown on hematite was 0.59. Thus, the biofilms
grown on hematite had consistently higher porosities
than the biofilms grown on quartz. Since the only
difference between the reactors were the minerals at
which the biofilms accumulated, it is possible that iron
ions released from hematite may have played a role in
increasing volumetric porosities.

3.2. Biofilm activity

For the purpose of this study, biofilm activity was
identified with the rate of H,S production, which is
equivalent to the flux of H,S determined from the H,S
concentration profiles measured by microelectrodes. The
H,S concentration profiles that we used to determine
biofilm activity are shown in Figs. 5A and B. The H,S
fluxes calculated from these profiles are in Table 1, and
those from other measurements (results not shown) are
in Fig. 6.

3.2.1. Comparing activities of biofilms grown on quartz
with the activity of biofilms grown on hematite

The concentration of H,S in biofilms grown on
hematite was consistently lower than that in biofilms
grown on quartz (Table 1, Fig. 5). This difference may
have been related to the higher porosity of the biofilms
grown on hematite compared to those grown on quartz
(see Figs. 3 and 4), as more porous biofilms may have
stimulate removal of hydrogen sulfide. However, it
should be also noticed that the less porous biofilms had
more biomass per unit of volume, which may have
contributed to their higher activity.

It is worth noting that when both biofilms were
exposed to atmospheric oxygen for the first time (weeks
8-10), the H,S flux almost doubled. However, when the
biofilms were exposed to oxygen for the second time
(weeks 16-18), the H,S flux remained almost constant,
showing that at that time the biofilm activities were not
affected by the presence of oxygen. This somewhat
unexpected observation demonstrates that mature bio-
films may respond differently to environmental chal-
lenges than young biofilms.

The H,S fluxes calculated from Fig. 5 and other
measurements are in Fig. 6. The H,S flux was maximal
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Fig. 5. H,S profiles of the biofilms grown on quartz (A) and the
biofilms grown on hematite (B). The data points marked as
“open to air” were collected when the reactor was being
continuously purged with filtered air for two weeks. Note that
the numbers on the figures show the measurement time in
weeks.

in both reactors when the biofilms were 10 weeks old.
The subsequent decrease in the H,S flux was likely
caused by the changes in the internal biofilm structure,
such as the decreased volumetric porosity (Figs. 3 and
4). The H,S fluxes in both biofilms were stable between
the 16th and 18th weeks. However, the H,S flux was
slightly higher (approximately 17%) in the biofilm
grown on quartz than in that grown on hematite. This
difference may have been caused by the fact that the H,S
concentration in the biofilm microcolonies growing on
quartz was consistently higher that that in the biofilm
microcolonies growing on hematite, as part of the H,S
generated in the biofilms growing on hematite was
reacting with iron.

Biofilm thickness and density: The variation in biofilm
density and thickness during biofilm growth, immobili-
zation, and remobilization of lead deposits is shown in
Figs. 7A and B. As time progressed, biofilm density in
both biofilms gradually increased, reaching 90 g/L at the

H,S fluxes and concentrations calculated from the data in Fig. 5

Table 1

Biofilm grown on hematite

Biofilm grown on quartz

Biofilm age
(weeks)

H,S concentration in
the bulk (uM)

H,S concentration at the H,S concentration in the The H,S flux (umole/ H,S concentration at the

The H,S flux (umole/

cm?/s)

bottom of the biofilm (uM)

cm?/s)

bulk (uM)

bottom of the biofilm

(M)

Operated anaerobically

93x107°

80

161

9.6x 1072

70

195

The reactors exposed to air from the beginning of week 8 to the end of week 9. The measurements were performed at the beginning of the week 10.

o]

94

~3-5 18.7x 1072

126

16 x 1072
Operated anaerobically

83x107°

10

11-13

14
15
16
17
18

75

151

83x107°

50

145

Operated anaerobically. The measurements were performed at the beginning of week 16 right before exposing the biofilms to the air.

85

182

9.6 x107°

80

194

12x107°
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Fig. 6. H,S fluxes calculated from Fig. 5 and other measure-
ments. The arrows mark the times when the biofilms were
exposed to the atmosphere.
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Fig. 7. Variation in biofilm density (A) and thickness (B)
during biofilm growth, immobilization and remobilization of
lead. The bars marked “air’” mark the times when the biofilms
were exposed to air, weeks 8—10, and weeks 16-18.

end of the 7th week in the biofilms grown on hematite
and 60 g/L in the biofilms grown on quartz (Fig. 7B).
The average biofilm densities decreased as a result of
exposing the biofilms to the air, reaching, at the end of
the 10th week, 60 g/L in the biofilms grown on hematite
and 50 g/L in the biofilms grown on quartz. However,
after resuming anaerobic conditions average biofilm
densities slowly returned to the values they had at the
end of the 7th week. Biofilm densities were similar

during the anaerobic cycles of growth, at the ends of the
6th, 7th, 14th, and 15th weeks. At the end of the 18th
week, after exposure to the air, biofilm densities
decreased to values similar to those observed at the
end of the 10th week: 60 g/L in the biofilms grown on
hematite, and 55g/L in the biofilms grown on quartz.
This cycle, the decreasing and increasing of biofilm
density, appears to be active every time the biofilms are
exposed to air.

Fig. 7B shows that at the beginning of the process,
biofilm thickness was increasing almost linearly, reach-
ing at the end of the 8th week 250 pm in the biofilms
grown on hematite and 220 pm in the biofilms grown on
quartz. However, by the 10th week, biofilm thickness
reached a maximum and was constant for the remaining
time of operation. Introducing air into the reactors
caused only negligible variations in biofilm thickness.

3.3. Iron in biofilms grown on hematite

Fig. 8 shows the amounts of iron found in the biofilms
and in the bulk solution. The concentration of iron ions
in the bulk solution was low, consistently near zero, and
fluctuated within narrow limits. However, as time
progressed, the amount of iron precipitated in the
biofilms increased. In the 8-week-old biofilm, the
amount of precipitated iron was estimated at 3mg/
cm?, and exposing the biofilms to air increased that
amount to 4mg/cm? in two weeks. After the anaerobic
growth conditions were resumed, the amount of iron in
the biofilm did not change; it remained nearly constant
until the biofilm was exposed to air again, which caused
another increase in the amount of precipitated iron.
Since the amount of precipitated iron increased rapidly
after exposing biofilms to air, and the amount of
dissolved iron in the bulk solution was very low during
the anaerobic periods of operation, we conclude that
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Fig. 8. Temporal changes in the amounts of iron immobilized
in the biofilm, and dissolved in the bulk solution. Introducing
air into the system increased the amount of iron released from
the hematite. The data marked as “air” correspond to the time
during which the reactor was continuously purged with filtered
air and the growth medium was exposed to air.
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Fig. 9. The amounts of lead immobilized in the biofilms grown
on hematite and on quartz. The continuous line shows a
hypothetical result consistent with 100% removal of the lead
introduced into the reactors for biofilms grown on quartz.
When the biofilms were exposed to atmospheric oxygen, the
lead immobilization on hematite slowed down. The dotted line
shows the expected 100% removal of lead for biofilms grown on
hematite. Note that due to significant detachment of the biofilm
the lost lead caused a shift in the expected 100% immobilization
line. As can be seen, all the lead in the biofilm grown on quartz
was immobilized, while somewhat less lead was immobilized in
the biofilm grown on hematite.

exposing the biofilms to the air increased the rate of iron
release from the hematite.

3.4. Lead immobilization

The amounts of lead immobilized during biofilm
growth on hematite and on quartz are shown in Fig. 9.
The continuous line reflects the (hypothetical) response
of the system if all lead were immobilized by the
biofilms. The data show that lead was completely
immobilized only in the biofilms grown on quartz; in
the biofilm grown on hematite not all lead was
immobilized. This difference can be related to the fact
that in the biofilms grown on hematite both lead and
iron were immobilized and, perhaps, the microbially
generated hydrogen sulfide precipitated iron ions that
were released near the substratum, the surface of
hematite, at the location where most hydrogen sulfide
was generated.

3.5. Biofilm—mineral interactions and the effects of
biofilm structure

The hypothetical mechanism of biofilm—iron-lead
interactions given in Fig. 1 appears to reflect the process
of lead immobilization and remobilization quite accu-
rately. According to this model, the microbially pro-
duced sulfide immobilizes both iron and lead in the

biofilms grown on hematite. However, since the total
amount of microbially generated sulfide is limited, iron
and lead compete for the binding capacity of hydrogen
sulfide, and the removal of lead is less efficient than it
would be in biofilms grown on minerals that do not
release iron. This conclusion needs to be reinforced by
additional consideration. Judging from thermodynamics
only, iron should not precipitate until all lead has
precipitated. However, this expectation is based on
thermodynamics only, and on the assumption that the
reaction is occurring in a homogeneous solution. The
biofilm matrix is not homogeneous, and mass transport
resistance, and some effects related to reaction kinetics
other than thermodynamics may be responsible for the
observed deviations from expectations. In particular, we
hypothesize that iron sulfide had precipitated because
iron ions were generated at locations where lead ions
were not accessible, near the surface of the mineral.
Lead ions, being delivered from the surface, had to
penetrate across the biofilm to reach the location where
iron precipitated. In addition, most of the time lead
concentration in the bulk solution was near zero, which
sets the conditions favorably for precipitation iron ions
released from hematite as FeS, according to Eq. (3). We
tried to use XPS to quantify iron chemistry in the
deposits; not very successfully however, because of high
concentration of biomass accumulated on the surface.

The differences in biofilm chemistry are associated
with the differences in biofilm structure, which may have
been responsible for other observed effects. The biofilms
grown on hematite and those grown on quartz had the
same structure at the end of the 6th week, and showed
identical capacity for lead immobilization (Fig. 9).
However, after 16 weeks of operation, which included
periodic exposure of the biofilms to oxygen, their
structures were different: The biofilms grown on
hematite had a higher porosity and a higher fractal
dimension. The higher porosity may have allowed more
oxygen to diffuse into the bottom layer of the biofilm
when the biofilms were exposed to air. It is then
conceivable that when the access of oxygen was
permitted, the iron sulfides precipitated in the biofilm
were reoxidized, and precipitated as iron oxides. That
would explain why the biofilms grown on hematite had
more rugged surfaces than the biofilms grown on quartz,
as reflected by their higher fractal dimension.

Our results show that the maximum efficiency of
metal immobilization in sulfate reducing biofilms can be
accomplished when the minerals in the subsoil environ-
ment are redox-insensitive and do not release metals, e.g.
quartz. Metals released from redox-sensitive minerals
can precipitate with microbially generated H,S and
decrease the overall metal binding capacity of the
system. The processes in which part of the hydrogen
sulfide binds metals released from the minerals are
possible because of kinetic limitations imposed by the
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biofilm heterogeneity and the associated mass transport
resistance, and may not necessarily be expected from
thermodynamic calculations alone.

4. Conclusions

1. As expected, biofilms grown on hematite and on
quartz were heterogeneous, composed of cell clusters
and voids. However, the biofilms grown on hematite
were more porous, and had higher fractal dimensions
showing that they had more ragged surfaces than the
biofilms grown on quartz.

2. The average H,S concentration was higher in the
biofilms grown on quartz than it was in the biofilms
grown on hematite.

3. When the biofilms were exposed to the air, their
porosity and fractal dimension increased and their
density decreased.

4. During 18 weeks of operation, iron was releasing
continuously from the hematite.

5. Lead precipitated more readily in biofilms grown on
quartz.

6. Metals released from redox-sensitive minerals can
precipitate with microbially generated H,S and
decrease the overall metal binding capacity of the
contaminant metal.
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