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Abstract

Sulfate-reducing bacterial (SRB) biofilms were grown in a flowcell in which the biofilm was grown on a fixed
area of support which was supplied with recirculating medium of defined composition, volume and circulation
rate. Utilization rates for substrates, production rates for products and material mass-balances for substrates and
Cd were determined and a mathematical model constructed based on theoretical considerations and experimental
data. The rate of sulfate reduction was zero-order with respect to sulfate concentration and unaffected by the
presence of 250 µM Cd. However, Cd reacted with the sulfide produced by the SRB to produce solid CdS,
removing sulfide from solution. A significant fraction of colloidal CdS was formed which flocculated relatively
slowly, limiting the overall rate of Cd bioprecipitation. Experiments using chemically-synthesised colloidal CdS
indicated that the biofilm did not influence colloidal Cd flocculation but stimulated sedimentation of the CdS
precipitate once flocculated. A mathematical model of bioprecipitation was developed in which the CdS formation
rate was determined by two steps: sulfide production by the biofilm and colloidal CdS flocculation. This model
accurately predicted the behaviour of further experimental runs which indicated the adequacy of the overall process
description. The model also indicated that the rate of sulfate reduction and the rate of flocculation were the key
variables in optimising the biofilm system for metal removal.

Introduction

Sulfate-reducing bacteria (SRB) have been used to
treat toxic metal pollution in a number of bioreactor
configurations including stirred-tank (White & Gadd
1997, 1998) or fixed-bed reactors (Hammack & Eden-
born 1992) with some operating on a commercial
scale (Barnes et al. 1991, 1994). However, a poten-
tial stumbling block confronting further development
is the comparatively long residence time and large
working volume of such bioreactors. One potential
route to reducing both the residence time and work-
ing volume is the development of optimised biofilm
reactors (White & Gadd 1998, 2000; Smith & Gadd
2000). However, this requires a greater understand-

ing of the processes occurring in biofilm growth and
interactions with toxic metals than is presently avail-
able. SRB biofilms may interact with toxic metals
in solution in a number of ways. Metal sulfide pre-
cipitation occurs in both biofilm and free-living SRB
cultures (White & Gadd 1996a, b, 1997, 1998, 2000;
White et al. 1998) and other significant interactions
with biofilms include metal hydroxide precipitation
due to raised pH (Hartley et al. 1996) and biosorp-
tion by cell surfaces (Gadd 1992a, b, 2000, 2001;
Gadd & White 1993). Extracellular polymeric sub-
stances (EPS) and other biomolecules produced by
free-living or biofilm SRB may bind both soluble toxic
metals (Beech & Cheung 1995; Videla 1994; Bridge
et al. 1999) and particulates (Flemming 1995; Vie-
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ira & Melo 1995). In a previous study, SRB biofilms
grown with 200 µM Cd in a stirred-tank bioreactor
accumulated CdS and their protein and polysacchar-
ide content simultaneously increased indicating that
sulfide precipitation and entrapment by extracellular
polymers occurred (White & Gadd 1998). However,
the stirred-tank bioreactor system only permitted study
of a limited range of variables. The present study was
aimed at quantitative determination of the interactions
between sulfate-reducing bacterial biofilms, metabol-
isable substrates and a toxic metal (Cd) in solution. It
made use of a purpose-designed flowcell constructed
to contain a defined area of biofilm with a prede-
termined volume of medium and flow velocity. A
mathematical process model was developed in parallel
with experimental work which enhanced the quantitat-
ive conclusions of the study and enabled prediction of
the key variables for further optimisation.

Materials and methods

Organisms and culture maintenance

The mixed SRB biofilm culture was isolated in our
laboratory (White & Gadd 1998; White et al. 1998)
and maintained in batch culture in screw-top tubes
of SL10 medium (Widdel & Pfennig 1982). Biofilm
growth was maintained by sequentially subculturing
growth attached to 5x20 mm glass slips (White &
Gadd 1998). To provide larger amounts of inoculum
culture, a sterile 60 × 10 mm polystyrene coupon
(“Plastikard”, Slaters Ltd, Matlock, UK) was placed
in a continuous culture system comprising a 10 ml syr-
inge body closed with a rubber stopper. Medium was
fed into this via the Luer fitting and exited via a syr-
inge needle piercing the stopper. It was inoculated by
adding 2 glass slips from batch culture and incubating
without medium flow for 48 h after which continuous
flow was started at 2 ml h−1 (D = 0.2 h−1). This flow
rate maintained biofilm growth but washed out plank-
tonic growth. SL10 medium, pH 6.5 and 20 ◦C, was
supplied from a 1 l reservoir which was continuously
deaerated with sterile N2 (White & Gadd 1998).

Biocell culture

Experimental biofilms were cultured in a purpose-
designed flow cell (Figure 1). This comprised four
main components; a top-plate, base plate, spacer and
the support on which the biofilm itself was grown. The
top and base plates both consisted of 10 mm thick

polycarbonate sheets 125 mm wide and either 200 or
600 mm long. The spacer plate comprised a 3 mm
thick polycarbonate sheet, otherwise of the same di-
mensions as the top and base plates. This plate had a
slot 30 mm wide and either 100 or 500 mm long re-
spectively at its centre which acted as a liquid channel
in the assembled flowcell. The top-plate was pierced
by 6 mm stainless steel inlet and outlet pipes for me-
dium supply and egress. The biofilm support was held
between the base plate and spacer and comprised a
300 µm thick “Plastikard” sheet. The assembly was
sealed by butyl rubber O-rings and held together by
stainless steel bolts. The flowcell was inoculated by
aseptically removing two coupons from 21 day con-
tinuous syringe-body cultures and placing each in a
pre-sterilized 30 ml plastic universal bottle contain-
ing 25 ml of SL 10 medium. Approximately 0.5 ml
of 0.5 mm diameter sterile glass beads (Merck UK,
Lutterworth) were added and the head-space was filled
with sterile N2 and sealed. The bottle was then vor-
texed at moderate speed (approximately 200 rpm) for
60 sec to suspend the biofilm. Two 25 ml aliquots
of suspended biofilm were aseptically added to the
sterile, anaerobic, reduced SL10 medium in a reser-
voir bottle which comprised a 1 l “Duran” screw-cap
glass bottle (Merck UK, Lutterworth) equipped with
inlets and outlets for sparging N2 and recirculating
medium and a sterile 25 mm magnetic stirrer follower.
The inoculum suspension was incubated for 12 h at
20 ◦C with stirring (500 rpm) and sparging with sterile
N2 but without recirculation through the biocell. After
this, the suspension was recirculated through the bio-
cell for 24 h to allow colonisation. The inoculated
reservoir was then replaced with one containing fresh
medium which was recirculated to allow batch biofilm
growth for 48 h after which it was replaced with a
stirred, N2-sparged continuous-flow reservoir of 200
ml working volume containing SL10 medium which
was supplied continuously at a dilution rate of 0.2
(40 ml) h−1. This dilution rate washed out suspended
SRB culture minimising suspended growth. Continu-
ous culture was maintained for 14 days to pre-grow
mature biofilm. For experimental purposes, 14 day-
old biofilm was transferred to 200 mm biocells. The
600 mm flowcell was disassembled and the portion of
“Plastikard” membrane carrying biofilm was cut into
140 mm lengths. These were placed in individual 200
mm flowcells which were assembled and filled with
anaerobic medium by passing 50 ml of sterile, an-
aerobic, reduced SL10 medium through the cell. 1 l
of sterile, anaerobic, pre-reduced SL10 medium was
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Figure 1. Diagram showing (a) the construction of the flowcell and
(b) the medium recirculation through the flowcell. Arrows indicate
the direction of liquid flow, P = pump.

then recirculated through the cell for 24 h. Previous
trials had indicated that this transfer procedure did
not adversely affect biofilm activity and allowed the
experimental material to be confined to one surface
of defined area (the “Plastikard” sheet) and allowed
a greater standardisation of biofilm material than was
achieved by growing cultures separately in 200 mm
flowcells.

Recirculated batch experiments

The cell was flushed to remove bulk-phase sulfide
by passing through 50 ml of SL10 medium which
had been deaerated but from which Na2S was omit-
ted. This ensured that all of the sulfide present in the
system originated from sulfate reduction during the
experiment. The recirculating medium was then re-
placed by 200 ml of deaerated SL10 medium, pH 6.0
at 20 ◦C, without Na2S, contained in a 250 ml con-
ical flask. Control runs contained no additional metal
while experimental runs contained 250 µM CdCl2.
Recirculation was then started at 4.0 ml min−1. The
medium flask was sparged with N2 (3-5 ml min−1)
to maintain anaerobic conditions. 1.0 ml samples of
liquor were removed at intervals and analysed for Cd,
sulfate and organic acids. Further 0.5 ml samples were
removed by syringe and immediately analysed for dis-
solved sulfide. Samples of the head-space gases were
removed by syringe and also analysed immediately.

At the end of the experiment, the flowcell was dis-
assembled and the loose precipitated material gently
washed off with 50 ml of distilled water, separated
from the wash water by centrifugation (1200 g, 5 min)
and stored at −20 ◦C. Biofilm samples of known area
(1 cm2) were also harvested at the end of each run.

Colloidal CdS formation

To assay the formation of colloidal CdS, 1.0 ml
samples were removed at suitable intervals and frac-
tionated as follows. The precipitated solid CdS was
separated by centrifugation (1200 g, 2 min) and the
supernatant decanted. 100 µl of 5.0 M NaCl was ad-
ded to the supernatant to raise the ionic strength and
enhance flocculation of colloidal CdS, incubated for
5 min and then separated by further centrifugation at
higher speed (7000 g, 2 min). The supernatant was
decanted and contained any remaining dissolved Cd
salts. In order to determine the role of the biofilm
in filtering or flocculating colloidal Cd, a mixed col-
loidal and precipitated CdS dispersion was prepared
by adding 500 µmol l−1 CdCl2 to a 10 mM Na2S
solution in 200 ml volumes of rapidly stirred SL10
medium in the biocell circuit. The sodium sulfate
in this medium was replaced by an equimolar con-
centration of NaCl so that sulfate reduction was not
supported but a high ionic strength was maintained.
The artificial colloid suspension was then recirculated
through biocells containing biofilms or “Plastikard”
with no biofilm, sampled at intervals and analysed to
determine the fate of the Cd.

Analytical methods

Cd was assayed by atomic absorption spectrophoto-
metry (AAS) following digestion of solid fractions in
6 M HNO3 at 90 ◦C for 1 h (White & Gadd 1995,
1998). Protein was extracted by vortexing the coupon
in 1.0 or 2.0 ml of 0.5 M NaOH with the addition
of approximately 0.5 cm3 of 0.5 mm diameter glass
beads to resuspend the biofilm followed by incubating
the biofilm suspension for 30 min to extract protein
which was assayed by the Bradford method (White
& Gadd 1998). Carbohydrate was assayed using the
anthrone method (Herbert et al. 1971) after vortex-
ing in distilled water with glass beads to suspend the
biofilm material. Sulfide was assayed polarographic-
ally (White & Gadd 1996b). Head space gases were
analysed by gas chromatography (GC) using a Varian
90-P GC with a Porapak Q 80/100 1320 mm column
at 25 ◦C.
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Results

Substrate utilisation, sulfate reduction and sulfide
production

Lactate utilisation was continuous and all of the lactate
supplied (4.0 mmol) was used during the course of the
experiment. There was no difference between the rate
of lactate utilisation in the presence or absence of Cd.
Acetate was not utilised by the SRB biofilm cultures to
any significant extent and the build-up of acetate in the
liquor approximately matched the amount of lactate
used (Figure 2a). Sulfate utilisation apparently pro-
ceeded at a constant rate over the experimental period
and was also unaffected by the presence of Cd (Figure
2a). As a result, the stoichiometry of sulfate and lactate
utilisation did not differ significantly between cultures
with and without Cd, being (mol lactate:mol sulfate)
1.89 ± 0.29:1 and 1.73 ± 0.20:1 respectively (de-
termined by linear regression, which was significant
at probabilities of 0.0004 and 0.00006 respectively).
This was only marginally lower than the theoretical
value of 2:1 for lactate oxidation to acetate (Postgate
1984) and was further evidence of the minor contribu-
tion of acetate-utilising organisms to sulfate reduction
by the biofilm. Methanogenesis by this mixed culture
was also negligible as methane was not detected in
the head-space gases. While the presence of Cd in the
medium did not affect the rate of sulfate reduction, it
resulted in a lower concentration of dissolved sulfide
in the circulating medium. The initial sulfide concen-
tration following flushing with sulfide-free medium
was close to zero in both the presence and absence of
Cd (Figure 2b). In the absence of Cd, the sulfide con-
centration rose rapidly reaching a final concentration
of 5.0 ± 0.7 mM. With Cd present, the final sulfide
concentration was similar (4.6 ± 0.5 mM) but was
delayed due to an initial period of 45–60 min when it
remained close to zero. The subsequent rates of sulfide
production appeared to be comparable in the presence
and absence of Cd (Figure 2a, b). The difference in
sulfide concentration between the Cd-containing and
control cultures at the end of this lag period was ap-
proximately the same as the initial Cd concentration
which is consistent with the “missing” sulfide having
reacted stoichiometrically with the Cd to form CdS.

pH and Eh

The pH of the medium increased progressively over
the course of the experiment (Figure 3) as a result
of sulfate reduction (Postgate 1984; White & Gadd

Figure 2. Changes in concentration of (a) (�) lactate, (�) acetate
and (�) sulfate and (b) net sulfide production in flowcell circuits
with (�) 250 µM Cd or (�) no Cd (control) during batch incubation
in the flowcell. 200 ml of medium was recirculated at 4.0 ml min−1.
All points are the mean of 4 replicates and the bars indicate the
standard error of the mean (SEM).

1996b). However, the pH remained too low for sig-
nificant precipitation of Cd(OH)2 to occur (Figure 3)
(Svehla 1996). The medium Eh also became more neg-
ative as sulfate reduction progressed and sulfate was
converted to sulfide (Figure 3).

Cd removal

Cd was removed from the liquid phase (comprised of
dissolved and colloidal Cd compounds) in two phases,
a rapid phase lasting approximately 40 min in which
approximately 98% was removed and a subsequent
slower phase, lasting a further 120 min in which the re-
mainder was removed (Figure 4a). It became clear that
this was not a simple process. A visible yellow color-
ation, typical of CdS (Svehla 1996), appeared in the
liquor within 1–2 min after starting recirculation of the
Cd-amended medium. It was found that some yellow
coloration persisted after centrifugation (2 min, 1200
g) of samples taken during Cd precipitation. Further
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Figure 3. Changes in (�) pH and (�) Eh during the course of batch
incubation of the flowcell cultures. 200 ml of medium was recircu-
lated at 4.0 ml min−1 . There was no added sulfide in this medium.
Each point is the mean of 4 experimental determinations and the
bars indicate the SEM.

Cd was precipitated from these samples following the
thawing of frozen stored supernatants. This suggested
that some of the CdS was present in a colloidal form.
Dark-field microscopy supported this by showing the
presence of light-scattering particles. Experimental
samples of recirculating Cd-containing medium were
fractionated into soluble, colloidal and precipitated Cd
using the centrifugation procedure described. Soluble
Cd disappeared over a period of approximately 30–40
min incubation in the biofilm cell. Most or all of the
CdS was initially formed as colloidal particles but over
a period of approximately 60–70 min this colloidal
material was almost completely flocculated (Figure
4b). At the end of the experiment (29 h incubation)
negligible amounts of Cd (0.3 µmol total) remained
in solution or as colloid and most of the Cd was pre-
cipitated. The precipitated CdS was in two parts; a
smaller fraction (4.4 µmol) was within the biofilm
itself and a larger fraction (42.6 µmol) was present
as precipitated material in the biocell or in circula-
tion. Protein and carbohydrate were also present in the
precipitated material, which suggested that it was at
least in part derived from sloughed, biofilm-associated
CdS. The total Cd recovered in all of the fractions
was 47.3 µmol or 94.6% of the 50 µmol initially
present in 200 ml of medium. To investigate the role
of the biofilm in colloid flocculation and precipitate
removal, a mixed dispersion of colloidal and precipit-
ated CdS was prepared by adding 500 µmol l−1 of Cd
to an excess (10 mM) of sodium sulfide (Svehla 1996).

Table 1. Cd distribution in biocell following recirculation of
Cd-containing medium

Fraction Cd (µmol)

+ Biofilm Control (no biofilm)

Dissolved CdCl2 0.05 0.04

Suspended colloidal CdS 6.62 11.40

Suspended CdS precipitate 22.60 47.80

Settled CdS precipitate 55.83 49.82

Coupon/biofilm Cd content 10.19 0.32

Total 95.27 108.54

The total Cd added was 100 µmol (200 ml at 500 µM concentration)
in a recirculating volume of 200 ml and the total contact time was 29
h. The control runs contained a “Plastikard” support but no biofilm.
All values are the mean of 4 determinations and the errors were less
than 5% throughout.

This suspension was circulated through biocell circuits
containing either blank “Plastikard” or “Plastikard”
supporting inactive biofilms. Flocculation of colloidal
Cd was not affected by the presence of the biofilm,
as seen in the comparison of Figures 5a and 5b. To
extend this result, Figure 5c shows the rate of removal
of colloidal material when a growing biofilm is present
and is generating sulfide in order to precipitate the
cadmium which had a starting concentration equal to
that in Figures 5a and 5b. However, the sedimenta-
tion of flocculated CdS precipitates from suspension
was enhanced by the presence of a biofilm (Figure
5a, b). The final mass-balance showed clearly that the
biofilm trapped significant amounts of Cd and that the
presence of the biofilm also led to a greater accumula-
tion of both biofilm-bound and unattached sedimented
CdS in the biocell (Table 1). Much of the precipit-
ated CdS was sedimented in the flow cell rather than
other sections of the system as it was unstirred and
its larger cross-sectional area compared to the tubing
carrying recirculating material resulted in relaxed flow
conditions and enhanced the sedimentation of suspen-
ded solids. Finally, Figures 6a and b show the rate
of generation of sulfide by biofilms of thicknesses
200 and 550 µm, respectively. It is noteworthy that
the presence of cadmium, at the concentrations used
(250–500 µM), did not appear to inhibit growth.

Theoretical analysis of sulfate utilization and sulfide
production

It was assumed that the biofilm could be approxim-
ated as a uniform slab of material and the standard
expressions governing diffusion and reaction in such
a geometry were utilised, as described in Appendix
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Figure 4. (a) Cd removal by an SRB biofilm, initial Cd concentra-
tion 250 µM. (b) Speciation of Cd during removal from solution by
SRB biofilms, showing (�) soluble Cd2+ (�) colloidal CdS and
(�) suspended CdS precipitate to show their interconversion over
time. 200 ml of medium was recirculated at 4.0 ml min−1 . There
was no added sulfide in this medium. Each point is the mean of 3
determinations and the bars indicate the SEM.

1. Figure 6a shows how the sulfate concentration de-
creased with time in a batch biofilm experiment in the
absence of Cd. The experiment was conducted on a 14
day old biofilm which, from experimental determin-
ations involving sectioning and staining, was shown
to have an active thickness of about 200 µm (data
not shown). By inspection of Figure 6a, the following
conclusions were drawn:

(a) Over the range of sulfate concentrations between
5 mM and 0.5 mM the observed sulfate utilisation,
and hence production of sulfide, was zero order, as
seen by the linear decrease with time.

(b) In the experimental system shown in Figure 6a,
the total volume of liquid was 200 cm3, and the
area of biofilm was 30 cm2. Accordingly, the rate
of sulfide production per unit area of biofilm, as-
suming well-stirred conditions, R, is 0.91 µmol
cm−2 h−1. Let it be assumed that there is complete
penetration of the biofilm. For zero-order kinetics
with complete penetration of the biofilm, calcu-

Figure 5. Speciation of Cd following mixing 500 µM CdCl2 and
10 mM Na2S at pH 6.5 in a flowcell circuit with recirculation at 4
ml min−1 (a) with the flowcell containing a “Plastikard” sheet but
no biofilm (control) and (b) with a “Plastikard” sheet with biofilm
growth. The Na2S was added to the medium in the reservoir flask at
assembly and Cd was added to the stirred medium at time = 0 min.
(�), soluble Cd2+ (�), colloidal CdS and (�) precipitated CdS. All
points are the mean of 4 determinations and the bars indicate SEM.
(c) A comparison of (�) model and (�) experimental time-course
data for metal removal by an SRB biofilm. Experimental points
are the mean of 4 determinations and errors are less than ±3%
throughout.
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Figure 6. (a) Sulfate utilisation by SRB biofilms in the absence of
Cd at an initial sulfate concentration of 5 mM. (b) Sulfate utilisation
by SRB biofilms with (�) no Cd (control) and (�) 250 µM Cd.
Each point is the mean of 4 determinations and the bars indicate the
SEM. Regression was calculated using MS Origin software.

lations presented in Appendix 1 show that R = L
vm, where L is the active biofilm thickness and vm
is the specific rate of sulfide production per unit
volume of biofilm. With L = 200 µm, the value of
vm is calculated as R/L = 45.7 mol m−3 h−1. Again
referring to Appendix 1, for complete penetration,
the value of the parameter γ = (2 Sb D/L2 vm)0.5

must be greater than unity. Taking the bulk sulfate
concentration, Sb = 5 mM and the diffusivity of
sulfide in biofilm as about 80% of that in water, D
= 2.39 × 10−6 m2 h−1, the value of γ is about 3.6
which is greater than unity. This calculation was
repeated assuming that there is incomplete penet-
ration for which γ would have to be less than unity.
The upshot is that this latter assumption gives γ

which is greater than one and is therefore an ab-
surd result. Accordingly, it can be concluded that

the biofilm was completely penetrated and that vm
= 45.7 mol m−3 h−1. This is in very close agree-
ment with the value of 44.3 mol m−3 h−1 estimated
in Appendix 1 from work performed by Nielson
(1987).
Figure 6b shows the results from a similar exper-

iment, except that, in this case, the biofilm was 550
µm thick, the experiment was performed in both the
presence and absence of cadmium and the initial con-
centration of sulfate was higher. It can be seen that
the presence of cadmium has no effect on the rate of
sulfide production by the biofilm, at the concentrations
used and over a time period of 29 hours. It was found
that straight lines could be used to correlate these data
(r2 = 96.3 and 97.4 for the results in the absence and
in the presence of Cd, respectively), despite the pos-
sibility of some curvature. Assuming that the plots are
linear, and the kinetics are therefore zero order, it was
found that vmax for the experiments was 52.6 mol m−3

h−1 and that there was complete penetration of the
biofilm. The value of vmax is in good agreement with
that found from Figure 6a.

The simple form of the kinetic expressions for the
production of sulfide make further analysis of the sys-
tem and its scale-up a tractable proposition. Of course,
at large biofilm thicknesses, or with higher cell con-
centrations within the film, than those used here could
well result in diffusion limitations. However, our ex-
periments do show the order of magnitudes of the key
parameters which would be needed in design.

Capture of cadmium by the biofilm

In the biofilm experiments, described in the previous
section, the rate of production of sulfide was suffi-
cient to react with all of the cadmium ions originally
present in times of 0.75 h or less. However, results
shown in Figures 4 and 5 show that the rate of removal
of colloidal cadmium sulphide from solution occurs
over a time period larger than this. For example, in
Figure 5c, which shows the concentration of colloidal
cadmium sulfide, at 0.75h, the colloidal concentration
still amounts to 40% of the cadmium present. The res-
ults shown in Figure 5 show that the biofilm appears
to have very little impact on the rate of removal of
colloidal material from suspension, as noted earlier.
However, we attempted to model the system to attempt
to understand the circumstances in which filtration of
colloidal material by the film might be important and
which might, therefore improve the rate of removal of
suspended cadmium sulfide.
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In order to model the system, it was assumed that
the rate of cadmium removal consisted of:
(a) precipitation of colloidal metal sulfide by the in-

stantaneous reaction of soluble cadmium ions with
soluble sulfide in the bulk solution, followed by
either

(b) flocculation of the colloidal particles to form pre-
cipitated CdS, or

(c) capture of colloidal CdS by the biofilm acting as a
filter.
It was assumed that both (b) and (c) can proceed

simultaneously, albeit at different rates, depending on
the physical conditions of the experiment. With these
assumptions, the following equations were derived to
describe the system.

Removal of soluble Cd ions

Let R be the rate of sulfide production per unit nominal
area of biofilm, A be the nominal area of biofilm and
C be the concentration of soluble cadmium ions in the
system. If it is assumed that the whole system com-
prising the biofilm cell and its reservoir approximates
to a batch stirred tank, then:

V
dC

dt
= −R A (1)

where V is the total volume of the biocell plus the
reservoir. Hence:

C = C0 − (R A/V)t (2)

where C0 is the starting concentration of cadmium
ions. Equation (1) holds until C has fallen to zero at
time t1 = C0/(R A/V).

Formation and removal of suspended colloidal CdS

As noted above, it is assumed that the colloidal ma-
terial can either be captured by the biofilm acting as a
filter or flocculates in free solution to form precipitated
CdS which drops out of suspension. The flocculation
of colloids is a complex process. In the simple treat-
ment given here, it is assumed that the flocculation rate
is driven by the particle-particle collision frequency
which is, in turn, dependent on the mean rate of fluid
shear, G, in the system. Such shear-driven or orthokin-
etic flocculation is described by the following equation
for equal-sized spheres:

dn

dt
= −(2/3)αd3 Gn2 (3)

where α is the fraction of collisions which lead to
a permanent aggregate and d is the diameter of the
colliding particles with a number concentration n.
Clearly, a flocculating system contains particles of
different sizes with the particle size distribution chan-
ging as the flocculation proceeds. In the crude analysis
presented here, it was assumed that the colloidal CdS
can be characterised by one mean particle size, d,
and that the result of a fruitful collision between two
particles of size d leads to a new particle which is not a
colloid and is therefore precipitated from the system.
Accordingly, if the molar concentration of colloidal
material is N, N = n ρ π d3/6, where ρ is the molar
density of a particle of diameter d. Thus, equation (3)
becomes:

dN

dt
= −(4α/ρπ)G N2 = kc N2. (4)

In addition to flocculation, it was assumed that col-
loidal CdS can be captured by the biofilm acting as a
filter, with filtration coefficient, λ. A theoretical ap-
proach for the estimation of λ is given in Appendix 2
which shows that:

λ = [1.5 b D (9ξ )−1/3] [6 (1 − ε)L/dp]2/3/�(4/3)
(5)

where b is the channel width, D is the Stokes-Einstein
diffusion coefficient for particles of colloidal CdS, ξ

= D a/2 U1, where 2a is the free height of the chan-
nel (width between plates less the height occupied by
the biofilm) and U1 is the maximum stream velocity
(equal to 1.5 times the average flow velocity) and �

is the gamma function. To account for the total area
of biofilm actually exposed, the biofilm has been sup-
posed to be of nominal height L′ and to consist of
spherical elements of diameter dp and with a voidage
of ε in the film between spherical elements. It should
be noted that L′ might be greater than the active height
L.

From the foregoing arguments, the equation de-
scribing the formation and removal of colloidal ma-
terial is:

dN

dt
= R A/V − kc N2 − (λ/V)N (6)

with N = 0 at t = 0. Clearly, beyond a time t1, the term
R A/V must be removed as then no further formation
of colloidal material can occur. Although the analyt-
ical integration of Equation (6) is straightforward, the
resulting expressions are rather cumbersome, and so it
was integrated numerically.
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Comparison of theory with experimental observations

Figures 5a and b show the progress of colloid removal
for the case in which there is no colloid generation and
in the absence and presence of biofilm, respectively.
For this case, the governing equation is Equation (6)
with R A/V = 0 for all t and with N = N0 at t = 0
as the starting condition. This was fitted to the results
in Figure 5a with N0 = 500 µM, V = 0.21 l and with
the filtration coefficient, λ, calculated from eq. (5) by
using rough estimates of the parameters contained in
that expression, estimated as follows:

CdS particle diameter 0.01 µm

Brownian diffusivity, D 1.62 × 10−7 m2 h−1

(estimated from the Stokes-Einstein
equation)

Flow width, b 3 cm

Active biofilm height, L 550 µm (with L′ taken equal to L)

Free flow height, 2a 2 mm (allowing for biofilm plus sub-
strate)

Mean flow velocity 0.111 cm s−1

Max. flow velocity, U1 0.167 cm s−1

ξ 1.35 × 10−11 m2

Biofilm element dia., dp 100 µm

Biofilm voidage, ε 0.4

�(4/3) (from tables) 0.894

Hence:

λ/V 0.124 h−1.

Of course, the values of ε and dp are hypothetical at
this stage and the size of a Cd particle has been used
as a fitting parameter.

Figure 5c shows the theoretical curve fitted to the
experimental results of colloid removal against time
for a growing biofilm, using kc – related to the ef-
fectiveness of collisions between colloids, α, through
Equation (4), above – as a fitting parameter. Although
not shown in Figure 5c, it was found that there was
no significant difference between the experimental res-
ults for the cases with and without the biofilm. Figure
5c shows reasonable agreement between theory and
experiment using a value of kc of 3.5 × 10−3 (µM
h)−1. Other results also showed that the theoretical
curves do not alter very much when the value of λ/V
varies between the estimated value of 0.124 h−1 and
zero. This reinforces the fact that particle capture by
filtration appears to be very much a secondary process
when compared with flocculation in free solution in
this experimental system.

Discussion

From the theoretical analysis and experimental results
the rate at which sulfate was reduced at the levels of
sulfate considered in this study (0–35 mM) was zero
order with regard to sulfate concentration and, for
fresh biofilms, did not appear to be hindered by the
build-up of insoluble CdS over short time periods (the
duration of experimental runs was 30 h). Calculations
also indicated that the biofilm was completely penet-
rated by substrates throughout these experiments. For
times in excess of this (as would occur in operational
reactors) it is not possible to say at present how insol-
uble metal sulfide accumulation would affect sulfide
production.

The capture of cadmium from solution involved
formation of colloidal CdS in suspension, a phe-
nomenon which has not been previously reported in
SRB systems. This was followed by flocculation of
the colloid in free solution to form precipitated ma-
terial and/or capture of the colloid by direct filtration
through the biofilm. In the system under investigation,
free solution flocculation appeared to dominate as a
mechanism for CdS removal. Most or all of the CdS
occurred initially as colloidal material which floccu-
lated to form a solid CdS precipitate. The formation of
colloidal CdS was rapid and mainly controlled by sulf-
ide production resulting from SRB metabolism while
flocculation proceeded more slowly and was the ef-
fective rate-determining step in the overall process
of bioprecipitation. Inclusion of this slow step in the
mathematical process model resulted in a good fit
to experimental data while ignoring the flocculation
step resulted in a model which predicted more rapid
bioprecipitation than actually occurred. This indicated
that the two-step model was a complete description
of the processes occurring in bioprecipitation. Unex-
pectedly, the presence of the biofilm did not have any
observable effect on the rate at which the colloidal
CdS was flocculated. This implies that flocculation
occurred primarily in the circulating bulk phase and
that filtration by the biofilm was only a minor process
with no soluble polymers produced capable of acting
as flocculants. However, once flocculated, precipitated
CdS settled out of the circulating liquor faster in the
presence of a biofilm which suggests that precipitated
solid CdS was entrapped by the biofilm EPS at this
stage rather than as colloidal material. This is consist-
ent with previous studies where biofilms cultured on
coupons suspended in a stirred-tank system accumu-
lated CdS via a similar deposition mechanism (White
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& Gadd 1998) as was kaolinite (Vieira & Melo 1995).
Formation of colloidal metal sulfide requires the pres-
ence of excess sulfide (Svehla 1996) and significant
amounts of colloidal CdS were formed in the flow-
cell during bioprecipitation by an SRB biofilm despite
the very low bulk phase sulfide concentrations (Figure
4). This implies that the reaction between Cd2+ and
H2S took place in a hydrodynamic boundary layer at
the surface of the biofilm where diffusion from the
biofilm resulted in a higher concentration of H2S than
in the bulk phase. However, the experimental system
used did not permit the fine-scale investigation of the
biofilm/liquid boundary needed to confirm this.

The bioreactor model was developed using a pro-
cess outline from the experimental data presented here
and parameters obtained from both our experimental
data and that in the literature. The model predictions
were in good agreement with experimental data so
that it would appear that colloidal sulfide formation,
colloid flocculation and precipitate entrapment were
the significant processes occurring in the system and
were described adequately in the model. The biocell
allowed measurement of metal, sulfate, sulfide and or-
ganic substrate (lactate) utilisation by a defined area of
biofilm under defined conditions which was essential
to develop mass-balances for these materials and to
provide parameters for the mathematical model. We
conclude that the key parameters that determined the
overall rate of bioprecipitation were the rate of sulfide
production and the rate of colloid flocculation both
of which would be candidates for optimisation in a
working bioreactor.
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Appendix 1. Derivation of kinetic expressions

Rate equations

Various workers (Atkinson & Davies 1974; Bailey &
Ollis 1986) have considered the problem of diffusion
and reaction in a pellet of biocatalyst when Michaelis
Menten kinetics obtains. Here, the rate of reaction, v,
is given by:

v = vmS/(Km + S) (1.1)

with vm being the maximum rate of reaction when the
substrate concentration, S, is much larger than Km. It
is possible to define parameters φ and β, such that, for
a slab-type geometry:

φ = L[vm/(KmD)]0.5

β = Sb/Km

where Sb is the bulk concentration of substrate (as-
suming there to be no external mass transfer resistance
in the liquid film at this stage) and D is the effective
diffusivity of the substrate in the biofilm. Clearly, φ

is a form of Thiele modulus but related only to the
first order part of the Michaelis Menten equation. It is
possible (Atkinson & Davies, 1974) to define another
parameter, ψ , such that:

ψ = [φβ/(1 + β)][β − ln(1 + β)]−0.5/
√

2,

whence the effectiveness factor for slab geometry, η,
is given by:

η = 1 −
[

tanh φ

φ
{(ψ/ tanh ψ) − 1}

]
for ψ ≤ 1

(1.2)
or

η = (1/ψ) −
[

tanh φ

φ
{(1/ tanh ψ) − 1}

]
for ψ ≥ 1

(1.3)
To proceed, it is necessary to estimate typical values
of these parameters. Previous experiments reported on
films of Desulfovibrio in sulfate limitation (Nielsen
1987) suggest that Km ≈ 1.4 µM, vm = X.Vmax,
where X is the biomass density and Vmax is the
maximum rate based on unit mass of biomass, with
Vmax ≈ 0.75 mmol/g cells/h and X ≈ 59 kg/m3, and D
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≈ 2.39 × 10−6 m2/h. In Nielsen’s (1987) work, vm is
therefore 44.3 mol/m3 biofilm/h. Also, φ = 11.5 for L
= 100 µm and β = 714, for Sb = 1 mM. Accordingly,
ψ = 0.306 and the effectiveness factor, η = 0.997.

The practical interpretation of this result is that the
observed rate of reaction for a biofilm, R, is given by:

R = ηvmSb/(Km + Sb) = ηvmβ/(1 + β) ≈ ηvm

given that β is so large. That is, it is reasonable to
model the sulfate reduction as a zero order process.

For zero order kinetics, it is very easy to show
that, in the absence of external film mass transfer, the
relevant equation is:

d2W

dx2 = 2/γ 2 (1.4)

where γ 2 = (2SbD)/L2vm, W = S/Sb and x = z/L,
where z is the distance into the film from the interface
between and liquid and the biomass. The solution de-
pends on whether or not there is complete penetration
of the film by the substrate. Thus:

Complete penetration of the biofilm

Here, the boundary conditions are W = 1 at x = 0
and dW/dx = 0 at x = 1. The resulting solution is,
therefore:

W = 1 − 2x/γ 2 + x2/γ 2. (1.5)

This solution holds until the point at which W = 0
at x = 1. That is, when γ ≥ 1. The rate of re-
action is given by −(D dS/dz)z=0 = −(D Sb/L)
dW/dx)z=0 =Lvm. The effectiveness factor is clearly
unity for this condition.

Incomplete penetration of the biofilm

Here, the concentration falls to zero at some distance
Lf < L. Let xf = Lf/L, so that dW/dx = 0 at x = xf.
The resulting solution to Equation (1.4) is:

W = 1 − 2x/xf + x2/x2
f (1.6)

with xf = γ . The rate of reaction is given
by −(D dS/dz)z=0 = −(D Sb/L) dW/dx)z=0 =
(2vmDSb)

0.5 and so the effectiveness factor, η =
(2vmDSb)

0.5/vmL = γ .
In the case under consideration, γ = 3.3. This

means that there is a uniform rate of substrate util-
isation within the pellet down to z = L and that the

effectiveness factor is unity. The rate of reaction per
unit area of biofilm is therefore Lvm.

Appendix 2. Estimation of the filtration constant
(λ)

In this treatment, it is assumed that colloidal CdS has
a particle size below 0.1 µm so that the primary fil-
tration mechanism is by Brownian diffusion of the
particles to the surface of the biofilm. Once a particle
reaches the biofilm surface, it is assumed to be cap-
tured. That is, the “sticking probability” is unity. It is
also assumed that, over the short period of the batch
experiments, sloughing of biofilm elements is insig-
nificant. This latter aspect cannot be neglected for
continuous experiments over long periods of time and
for subsequent design of practical reactors.

Consider a longitudinal section of the biocell, par-
allel to the direction of flow, and let the gap between
the two plates, after subtraction of the nominal biofilm
height, be 2a. Let y be a coordinate normal to the
biofilm, such that y = 0 marks the outer edge of the
biofilm and y = 2a, the opposite plate (which is not
covered with biofilm). Let z be the coordinate in the
direction of flow. At z = 0, the flow enters from the
reservoir with colloid concentration N0 and flow rate
v. Finally, let u be the velocity at distance y from the
biofilm and U1 be the maximum velocity at y = a,
assuming the flow to be laminar.

From simple laminar flow theory:

u = U1(2ay − y2)/a2. (2.1)

A simple mass balance on a small element of liquid
yields:

u
∂N

∂z
= −D

∂2N

∂y2 , (2.2)

where D is the Stokes–Einstein diffusivity for col-
loidal particles of diameter d. As Equations (2.1) and
(2.2) currently stand, an analytical solution is im-
possible. However, if one assumes that the contact
time is relatively short (about 2.5 minutes compared
with a filtration time constant of the order of several
hours), all of the concentration change occurs near the
surface of the biofilm where y is small. Now, near the
wall, since (y/a)2 → 0, u → 2U1y/a. Accordingly,
Equation (2.2) simplifies to:

y
∂N

∂z
= −ξ

∂2N

∂y2 , (2.3)
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where ξ = D a/2 U1. For these short contact times,
the boundary conditions become:

N = N0 for z = 0 and y > 0

N = N0 for y = ∞ and z finite

N = 0 for y = 0 and z > 0.

The final condition reflects the assumption that the
film acts as a total sink for the CdS and that ad-
sorbed CdS does not exert any adverse effect on this
assumption. By re-writing the above equation us-
ing the reduced variables � = (N0 − N)/N0 and
σ = y/[(9ξz)1/3], it becomes an ordinary differential
equation such that:

d2�

dσ 2
+ 3σ 2 d�

dσ
= 0 (2.4)

which is readily integrated and solved using the
boundary conditions. Further manipulation yields the
average flux, F, of the particles to the biofilm as:

F = [1.5DN0(9ξZ)−1/3]/�(4/3) (2.5)

where � is the gamma function and Z is the nominal
total length of the biofilm in the z direction. Clearly,
then, the filtration coefficient λ, is given by:

λN0 = FZb (2.6)

where b is the nominal width of the film, so:

λ = [1.5bD(9ξ)−1/3]Z2/3/�(4/3). (2.7)

However, the biofilm has an undulating surface
and so to take Z as the nominal length of the biocell
(10 cm) is likely to lead to a significant underestimate
of the filtration capacity. To make a better estimate,
the following assumptions were made; the biofilm
consists of roughly spherical elements of biomass of
diameter, dp; the voidage in the biofilm (between the
spherical elements) is ε, and the distance from the
membrane to the outer edge of the biofilm remains as
L.

Suppose there are n biomass elements per unit
volume of biofilm. Consider a nominal length l of
biofilm in the z direction and unit width (normal to the
y-z plane). Then, considering the volume of biomass
gives:

l.1(1 − ε)L = nπd3
p/6,

whence

n = 6l(1 − ε)L/πd3
p

and so the actual area of biofilm associated with the
length l is nπd2

p = 6l(1 − ε)L/dp. Now, the nominal
area was l × 1 and so the value of Z in Equation (2.7)
ought to be [6l(1 − ε)L/dp]/l = 6(1 − ε)L/dp. Ac-
cordingly, the value of the filtration coefficient is given
by:

λ = [1.5bD(9ξ)−1/3][6(1 − ε)L/dp]2/3/�(4/3).

(2.8)
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