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Abstract The aims of this study were to investigate the
role of sulphate-reducing bacteria in facilitating Pt removal
from aqueous solutions and to investigate the role of a
hydrogenase enzyme in Pt reduction in vitro. To avoid
precipitation of Pt as Pt sulphide, a resting (non-growing)
mixed culture was used. A pH-dependent rate of Pt removal
from aqueous solution was observed, indicating that metal
speciation was the main factor for its removal from
solution. The maximum initial concentration of Pt(IV) that
the cells can effectively remove from solution was 50 mg/I,
while the maximum capacity was only 4 mg of Pt per gram
of resting biomass. Transmission electron microscopy and
energy dispersive X-ray analyses indicated that Pt was
being precipitated in the periplasm, a major area of
hydrogenase activity in the cells. In vitro investigation of
Pt reduction with hydrogen as the electron donor showed
that 49% was removed within 1 h when a relatively pure
hydrogenase extract was used, 31% was removed with a
cell-free soluble extract and 70% removed by live cells.

Keywords Sulphate-reducing bacteria - Hydrogenase -
Bioremediation of platinum

Introduction

Sulphate-reducing bacteria (SRB) are economically, envi-

ronmentally and biotechnologically important organisms.
Their unique ability to couple the oxidation of H, or simple
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organic acids such as lactic acids to metal reduction in lieu
of sulphate as a final electron acceptor has been reportedly
extensively [e.g. Rh(Ill); Ngwenya and Whiteley 2006; Fe
(IID), U(VI); Lovely et al. 1993); Cr(VI); Lovely and Philips
1994; Tc(VID), Pd(IT); Lloyd et al. 1998a, b) and Mo(VI);
Tucker et al. 1998]. SRB reduction of these metals can be
used to develop and design treatment systems employing
SRB for bioremediation.

Several SRB-based technologies have been successfully
developed to treat heavy metal contaminated effluents.
These include the Paques THIOPAQ system (Barnes et al.
1991), the Budel-Dorplein in the Netherlands (Barnes et al.
1991) and the Biomet Mining Corporation biosulphide
process (Rowley et al. 1997) which precipitate metals as
their metal sulphides. In addition, SRB have additional
important roles in facilitating metal reduction by binding
metal ions directly by means of extracellular polymers
within their cell walls (Baldwin and Jalali 2000; Gadd et al.
1999; Gadd and White 2000). Membrane uptake of metal
ions and enzymatic processes for the reduction of metals
has furthermore been reported in SRB (Macaskie et al.
1994, 2001).

During this present study, a mixed SRB culture was
used, as it offers advantages over a pure culture in
environmental biotechnology in that it is less liable to
contamination from other organisms. In addition, because it
comprises a number of populations with varying optima for
culture variables, e.g. nutrient concentrations, temperature,
redox potential and pH (Gadd and White 1996; Song et al.
1998), a mixed culture is able to adapt to minor changes in
conditions.

A review of the role of enzymes in bioremediation
technology has recently appeared (Whiteley and Lee 20006).
The present study was aimed at the enzymatic reduction of
Pt(IV) to its elemental form Pt(0) as an effective method for
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the recovery of Pt from aqueous solutions. Two analytical
techniques were used to aid the understanding of Pt(IV)
reduction by resting cells. First, an X-ray microanalysis
technique with the help of X-ray fluorescence was used for
the identification of Pt within previously exposed cells to a
Pt solution. Second, transmission electron microscopy
(TEM) was used to establish the distribution and local-
isation of precipitates within cells.

Materials and methods

Analytical-grade reagents were used except where stated
otherwise. Gases were purchased from Afrox (South
Africa); membrane disc filters were purchased from
Osmonics (South Africa); potassium hexachloroplatinate,
[K,PtClg] was purchased from Fluka; Pt atomic absorption
spectroscopy standard solution was purchased from Wirsam
Scientific. All glassware used for all experiments performed
were pre-washed in 15% nitric acid to eliminate the
interference from other metal ions and rinsed with
deionized water. For pH adjustment, 1 M HCl and 1 M
NaOH solutions were used as required. Culture shaking
was performed on a Labcon orbital shaker. Centrifugation
was in a Beckman J2-21 centrifuge with a JA-20 rotor or an
Eppendorf 5810R centrifuge. Absorbances were measured
using a Shimadzu UV visible 160A recording spectropho-
tometer or PowerWave X (Bio-Tek, Instrumental, South
Africa). Morpholinepropane sulphonic acid (MOPS), sodi-
um cholate and fluorescein diacetate were obtained from
Sigma-Aldrich (South Africa). Fluorescence determination
was by a Perkin-Elmer fluorescence spectrophotometer 203.

Reactor design and operation An experimental sulphido-
genic bioreactor (10,000 ml) containing modified post-
gate medium B (Postgate 1984) was set up as described
(Ngwenya and Whiteley 2006) and was seeded with a
750-ml inoculum of a mixed consortium of sulphate-
reducing bacteria obtained from the Environmental Biotech-
nological Research Unit BioSure process in Grahamstown,
South Africa. The bioreactor was covered with aluminium
foil to minimise exposure to light and was kept anaerobic by
purging with N,/CO, (80:20%) for 15 min followed by H,
(99%) for 5 min at room temperature. A 750-ml inoculum
was taken from this stock bioreactor and used as a starter for
a smaller 5,000-ml bioreactor which was used for all
experiments carried out during the research. This was
connected to a reservoir containing a solution of sulphate
(2,000 mg/1) as the final electron acceptor. The carbon source
for the reactor was fresh raw primary sewage sludge
obtained from the primary clarifiers of the Grahamstown
sewage plant. In order that the sulphate was not limiting
within the reactor, the influent sulphate and chemical oxygen
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demand (COD) concentrations were both 1,000 mg/l,
resulting in a COD/SOy ratio of 1:1. The mean pH of the
reactor was 6.31, and it was operated at ambient temper-
atures (20-22°C). A gas trap containing a solution of zinc
acetate was installed to dissolve any released hydrogen
sulphide.

Analytical procedures

All analyses were carried out in duplicate and values
reported as the means with standard deviations. Sam-
ples used for sulphate, sulphide and CODggppe Were
filtered through 0.45-pum cellulose acetate plus. CODroal,
CODsopuble and CODp,yticulate Were determined using the
Merck Spectroquant reagent kit as per manufacturer’s
instructions. Before COD determination, all samples were
acidified with concentrated HCI to pH 2 to remove any
dissolved sulphide. Sulphide was determined with a
Merck Spectroquant reagent kit, and absorbance read at
665 nm. Pt stock solution (1,000 mg/l) was prepared by
dissolving 1 g potassium hexachloroplatinate in 1,000 ml
milli-Q water, and a standard calibration curve for Pt at
266 nm was prepared by making appropriate dilutions of
the stock solution. The concentrations of Pt ions in the
solution were analysed on a GBC 909 atomic absorption
spectrophotometer (GBC Scientific Equipment, Dande-
nong, Australia), with air-acetylene flame using Pt
10 mA hollow cathode lamp at 266 nm.

Pt reduction by cells

During mid-stationary phase, cells were harvested by
centrifugation (5,000xg, 10 min, 25°C), washed in H,O
then resuspended anaerobically in MOPS-NaOH buffer
(20 mM, pH 7.0, 100 ml) pre-equilibrated under oxygen-
free nitrogen at a biomass density of 5 g/l (wet weight) in a
flask sealed with butyl rubber stopper.

Initial Pt concentration Cells [5 g/l (wet weight)] in
MOPS—NaOH buffer (20 mM, pH 7.0, 1.0 ml) were
challenged with Pt(IV)Cly; (1.0 ml) at different initial
concentrations of 10, 25, 50, 75 and 100 mg/l with
hydrogen as the electron donor. Duplicate samples
(300 pl) were taken at timed intervals and analysed
for Pt.

Heat-killed cells Cells [5 g/l (wet weight)] in MOPS—
NaOH buffer (20 mM, pH 7.0, 1.0 ml) were heated at 80°C
in a water bath for 30 min followed by purging with
oxygen-free nitrogen (5 min) before Pt(IV)Cl; (50 mg/l,
1.0 ml) was introduced in the presence of hydrogen as the
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electron donor. Duplicate samples (300 pl) were withdrawn
at timed intervals and analysed for Pt.

Cell-free soluble extract Cells [5 g/l (wet weight)] in
MOPS-NaOH buffer (20 mM, pH 7.0, 25 ml) were lysed
by sonication (30-s cycle, 4 min, 4°C) followed by
centrifugation (15,000%g, 20 min, 4°C). The supernatant
was set aside, and the cell debris was resuspended in
sodium cholate (3%) in MOPS—NaOH buffer (20 mM,
pH 7.0, 25 ml) to release any membrane-bound enzyme.
After stirring at 4°C overnight, the suspension was
centrifuged (15,000xg, 20 min, 4°C), dialysed against
H,O and the supernatants combined.

This soluble cell-free extract containing hydrogenase
activity (2.0 ml; specific activity=30 U/mg; Rashamuse
2003) was added to a flask containing Pt(IV)Cl, (50 mg/l,
2.0 ml) with hydrogen, as the electron donor, used
throughout the incubation period (1 h). Duplicate samples
(100 ul) were removed at timed intervals, and residual Pt
concentration was monitored by atomic absorption.

Purified hydrogenase Purified hydrogenase (2.5 ml; spe-
cific activity=109.5 U/mg; Rashamuse 2003) was added to
a flask containing Pt(IV)Cly; (50 mg/l, 2.0 ml) with
hydrogen, as the electron donor, used throughout the
incubation period (1 h). Duplicate samples (100 pl) were
removed at timed intervals, and residual Pt concentration
was monitored by atomic absorption.

pH The effect of pH on the reduction of Pt from solution
by a resting consortium was studied between pH 2 and 7 by
adjusting the pH of a Pt control solution (16 mg/l; pH 4)
with either HCl or NaOH. The solutions were then filtered
through a Millipore filtering system (25 mm diameter,
0.45 pum cellulose-acetate plus disc filter) and analysed for
Pt. Washed cells (5 g/l) in MOPS-NaOH buffer (20 mM,
pH 7.0, 1.0 ml) were then added into each of the different
Pt solutions using hydrogen as the electron donor. The
removal of unprecipitated Pt was monitored at timed
intervals using an atomic absorption spectrophotometer.

Electron donors To determine the optimal electron donors
for Pt reduction, washed cells (5 g/1) in MOPS—NaOH buffer
(20 mM, pH 7.0, 200 ml) were treated separately with
different electron donors (lactate, ethanol and hydrogen) at a
final concentration of 10 mM. A flask with no electron donor
was used as a reference control. To each flask was added Pt
IV)Cly (50 mg/l), and duplicate samples (3 ml) were
withdrawn at regular intervals and analysed for Pt.

Equilibrium sorption isotherm Washed cells (5 g/l) in
MOPS-NaOH buffer (20 mM, pH 7.0, 100 ml) were
challenged with Pt(IV)Cl; solutions in concentrations

ranging from 10-70 mg/l and incubated at room tempera-
ture (3 h), with hydrogen as the electron donor. Duplicate
samples (3 ml) were removed and analysed for Pt. The
maximum amount of Pt removal (¢.x) from solution by
biomass was calculated according to the Langmuir model
(Ngwenya and Whiteley 2006).

Analysis of Pt-loaded cells

Transmission electron microscopy Samples (100 ul) of
cells challenged with Pt(IV)Cl, (50 mg/l) in Eppendorf
tubes were harvested (13,000xg, 10 min, 25°C) and the
supernatant discarded. Bacterial pellets were then pre-
pared for TEM as previously described (Ngwenya and
Whiteley 2006).

Energy dispersive X-ray microanalysis The concentration
ratios of the metals in the cells were obtained using energy
dispersive X-ray (EDX) microanalysis in a 120 kV Philips
EM420 coupled to an EDAX-DX-4 energy dispersive X-
ray system. Quantification was achieved using the thin foil
model, which includes the absorption correction and with
a theoretical k& factor calculated according to Zaluzec
(Williams and Carter 1996). Only the metallic elements
present in the spectrum were used in the quantification,
and the atomic percentages obtained were then used to
calculate the concentration ratios of the various metals
present in the cells. Due to the higher acceleration
voltage used for EDX microanalysis, 250 nm thick
sections were cut and collected onto copper grids. The
presence of intracellular elements was confirmed through
examining the carbon-coated section using a Philips EM
420 TEM at an acceleration voltage of 120 kV. The
sites of the metal ion deposition, localisation and
evidence of ion exchange were confirmed from EDX
spectra obtained from the EDAX-DX-4 energy disper-
sive X-ray system.

Influence of Pt(IV) on cell membrane integrity Membrane
permeability of the cells was determined by the fluorescence
techniques based on Slavik (1982). Washed cells (5 g/l) in
MOPS—-NaOH buffer (20 mM, pH 7.0, 100 ml) were treated
with fluorescein diacetate (2% in acetone w/v, 0.2 ml) under
an atmosphere of oxygen-free nitrogen. Solutions of Pt(IV)
Cly in concentrations of 10, 25 and 50 mg/l were injected
through the rubber stopper into each respective tube. The
suspensions were incubated (room temperature, 1 h) while
being purged with hydrogen and then centrifuged (4,000% g,
15 min, 25°C) and the fluorescence of the supernatant
recorded at an emission wavelength of 520 nm after
excitation at 435 nm.
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Results
Pt reduction by cells

Reduction of different initial Pt concentrations by the cells
was carried out to determine the concentration at which
cells could remove the metal effectively. Where the initial
Pt concentration was less than or equal to 50 mg/l, the Pt
remaining in the solution had dropped to 5 mg/l or less
(90% decrease) after 60 min (data not shown). In the flasks
with initial Pt concentrations of 75 and 100 mg/l, the Pt in
the solution reached a steady state after 40 min at 40 and
80 mg/l (47% and 20% decrease), respectively. As a result,
50 mg/l was used as the initial Pt concentration in all
subsequent experiments. This concentration was considered
to be the maximum sublethal concentration for which the
cells can effectively remove Pt, and any concentration
above this was likely to stimulate loss of bacterial viability.

Pt reduction by live cells in comparison with heat-killed
cells, cell-free soluble extract and purified hydrogenase
over time is shown (Fig. 1). Considerably more Pt was
removed from solution in the flask with live cells compared
to the heat-killed cells and cell-free extracts. After 10 min,
52% of the initial Pt concentration (50 mg/l) was removed
in the flask with live cells, while an equilibrium reduction
of 70% was reached after 60 min. In addition, heat-killed
cells also showed low percentage reduction of Pt, reaching
equilibrium at 22% reduction after 1 h. A reasonably
moderate Pt(IV) reduction of 31% was observed by the
soluble cell-free extract within 60 min, while with a pure
hydrogenase extract (Rashamuse 2003), in the presence of
hydrogen, a fairly significant Pt(IV) reduction of 49% was
seen after the same incubation period (Fig. 1). These results
strongly indicate that viable cells facilitates high percentage
Pt reduction from solution.

Pt(IV) reduction by the cells was evaluated at a range of
pH values (2.0, 3.0, 4.0, 5.0, 6.0 and 7.0), with the initial
pH of the Pt solution acting as a control at pH 4. The pH
studies showed no substantial pH sensitivity in Pt(IV)
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Fig. 1 Pt reduction from aqueous Pt(IV)Cl, (50 mg/l) by cells (5 g/l)
(live and heat-killed), soluble extract and purified hydrogenase, with
hydrogen as the electron donor. Data points are the mean of duplicate
values with standard deviations
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reduction by cells at below pH 4, with only 22% reduction
taking place after 30 min and 38% after 2 h; at pH 4 the
reduction was between 30 and 42% over the same time
span (data not shown). On the other hand, a significantly
high percentage Pt reduction of 60% after 30 min and 83%
after 2 h occurred at pH 7.0 (data not shown).

Hydrogen, lactate and ethanol were chosen as the electron
donors for Pt reduction because they have previously been
shown as suitable electron donors for rhodium reduction
(Ngwenya and Whiteley 2006). Equilibrium percentage Pt
reductions for different electron donors, after 3 h incubation,
were 75, 65 and 53% for H,, lactate, and ethanol,
respectively (Fig. 2). The control flask with no electron
donor gave results with the lowest Pt reduction of 23%.

The maximum Pt capacity (gm.x) Was evaluated by
plotting the equilibrium sorption isotherm (Langmuir model)
into the obtained data (Fig. 3). The initial Pt concentration
utilised in this experiment ranged from 10-70 mg/l at a pH
value of 7.0. The ¢na of the mixed culture for Pt was
determined to be 4 mg/g Pt (wet weight biomass).

To establish the site for Pt deposition, thin sections of cells
that had been incubated in the absence (control) and in the
presence of Pt were viewed using TEM (Fig. 4). The control
did not show any precipitates within the periplasmic region or
in the outer membrane surface (Fig. 4a). Whole cells
incubated with Pt exhibited electron dense precipitates
principally within the periplasmic region (Fig. 4b—d). A close
examination of the thin section of a cell challenged with Pt
for 12 h (Fig. 4c) revealed that some Pt precipitates were
being formed on the outer margin of the membrane surface.

To confirm that the electron dense precipitates observed
in the periplasmic region of the cells (Fig. 4) contained Pt,
sections were analysed by EDX (Fig. 5a). Some elements
observed in the spectra originated from external sources,
e.g. Cu was from the copper grid used to coat the cells,
while Cl was provided by metal solution. The close
analysis of the spectra (Fig. Sb—d) showed a varied response
to Pt presumably as a result of different exposure time. While
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Fig. 2 Percentage Pt reduction from solution by a mixed culture
under different electron donor. Cells (5 g/1), room temperature, pH 7.0,
Pt(IV)Cl, (50 mg/l). The points are the means of duplicate values
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Fig. 3 An equilibrium sorption isotherm for Pt(IV) removal from

solution by a mixed culture. Data are means+the standard deviation
for the duplicate values

EDX microanalysis is a useful technique for analysis of
biological samples, it does not provide the oxidation
(valence) state of the precipitated reduction products. As a
result, it is not known at this stage whether the Pt(IV) had
been reduced to Pt(Il) or Pt(0).

The effect of Pt(IV) on plasma membrane integrity of the
cells is shown in (Fig. 6) and, marked by an increase in the
fluorescence intensity in solution, is indicative that expo-
sure to Pt(IV) has resulted in an enhanced membrane
permeability. The effect of Pt(IV) on cell membrane
permeability was measured using a fluorescence technique

(Slavik 1982) based on the hydrolytic conversion of non-
fluorescent, non-polar fluorescein diacetate (which can pass
through a cell membrane) into a highly fluorescent product
called fluorescein. Under normal circumstances, fluorescein
shows very low permeability across the cell plasma
membrane. In the current experiments, the high fluores-
cence in the surrounding medium (Fig. 6), after incubation
of the cells with different Pt(IV) concentrations, is an
indication of the permeability of the membrane.

Discussion

Resting cell conditions with hydrogen as the electron donor
were utilised for Pt reduction throughout the study to
separate any Pt reduction from any growth-related process-
es such as precipitation of Pt as Pt sulphide (via hydrogen
sulphide produced during sulphate reduction).

The rapid Pt reduction by live cells suggests that the Pt-
binding ligands might be on the cell wall surface. This
suggestion is further supported by the observation of
relatively poor Pt reduction by heat-killed cells, which
indicates non-active Pt reduction by the biomass. This type
of mechanism, associated with non-viable biomass in which
metal ions either bind directly to functional groups on the

Fig. 4 TEM of thin sections of
cells before and after challenged
with Pt(IV)Cl, (50 mg/l) at
different time intervals: a con-
trol (no platinum), b 6 h, ¢ 12 h,
d 18 h. Hydrogen was supplied
as the electron donor. Electron
dense precipitates (indicated by
the arrows) at the periphery of
the cells were analysed by ener-
gy dispersive X-ray diffraction
to confirm the presence of the
platinum (Bar=50 nm)

‘grecipitate

Pt precipitate

——

Pt precipitate
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Fig. 5 Energy dispersive X-ray diffraction analysis spectra of the thin
sections of cells after different time intervals showing strong copper
and platinum peaks of the black precipitate formed during Pt

bacterial cell walls or to anionic sites associated with
extracellular polymeric substances in the cell wall, has also
been noted in the studies on biosorption of Zn(II) and Cu
(II) by non-available biomass of D. desulfuricans (Tabak et
al. 2000). In contrast, the diffusion and internalisation of Pt
into the cell is also taking place, as Pt reduction, in the
presence of live cells, was followed by a typical slow
secondary metal reduction between 10 and 40 min before
equilibrium was reached after 60 min. An enzyme-
dependent and hydrogen-dependent Cr(VI) (Lovely and
Philips 1994) and U(VI) (Lovely et al. 1993) reduction by

Fluoresence (au)

Wavelength (nm)

- 0 -0mg/l —=—10 mg/l —a&— 25 mg/l —e—50 mg/|
Fig. 6 Fluorescent intensities, between wavelength 400-600 nm, of
the supernatant after cells had been challenged with fluorescein acetate
and Pt(IV)Cly
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reduction. (a) Control (no Pt), (b) 6 h (¢) 12 h and (d) 18 h. These
spectra were analysed from sections in Fig. 4

Desulfovibrio vulgaris showed that the soluble cell extracts
accounted for a recovery of 86 and 95%, respectively, for
the two metals, suggesting a direct involvement of a
hydrogenase enzyme in the metal reduction.

The present study proposes that pH-dependent Pt
reduction by SRB could be due to both the various
functional groups on the bacterial cell walls as well as the
chemistry of Pt itself. The functional groups capable of
metal sorption are usually basic (e.g. carboxyl, phosphate,
amine groups etc.), which are deprotonated at high pH
values. As the pH increases, more functional groups are
dissociated and become available for ([PtCls]* or [PtCL,]*)
ion reduction due to less competition from protons (Tabak
et al. 2000). In the presence of an alkaline solution, Pt has
been reported to form a range of hydroxide complexes
containing halide, such as [PtXn(OH)(,_n]% where X = CI',
Br orI, thus, facilitating Pt precipitation (Greenwood and
Earnshaw 1989). The increase in pH of the solution from
about pH 4 results in increased Pt(IV) reduction, suggest-
ing that the interaction of Pt(IV) with alkali solution in the
absence of biomass is likely to be covalent.

High percentage Pt reduction by the cells was much
greater when H, was provided as the electron donor,
compared to lactate and ethanol which is consistent with
other findings (Ngwenya and Whiteley 2006; Lovely et al.
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1993; Lloyd et al. 1998a, b; Tucker et al. 1998). The
reasons for this are twofold: First, the relatively small
diffusible H, molecule can readily cross the outer mem-
brane and enter the periplasm region where it can be
oxidised by soluble or membrane-bound hydrogenases. In
contrast, lactate dehydrogenase (and alcohol dehydroge-
nase) are typically located in the cytoplasmic membrane or
cytoplasm, and transport of lactate (or alcohol) to these sites
may be rate limiting. Also, electrons from these processes
feed through reduced nicotinamide adenine dinucleotide
before entering the electron transport chain, adding addi-
tional steps that can slow the overall process. A second
explanation is that electrons liberated during oxidation of H,
enter a separate and perhaps less complex electron transport
chain than when lactate or ethanol is the electron donor
(Wildung et al. 2000). Nevertheless, a H,—Pt-dependent
reduction in this present study provides the first line of
evidence that a hydrogenase enzyme could be involved.

The value of g,,,.x is the measure of the binding capacity of
the biomass to the metal of interest. The maximum removal
capacity of Cd(Il) and Cr(VI) by live cells of Bacillus
laterosporus was found to be 84 and 34 mg/g, respectively
(Zoubolis et al. 2004), while a mixed SRB culture was effec-
tive in removing a maximum of 66 mg rhodium per gram of
biomass (Ngwenya and Whiteley 2006). Equilibrium sorption
isotherm studies indicated that the reduction of Pt by cells
was a result of both the depletion of adsorbable Pt species in
solution and the saturation of cells with Pt (Fig. 3).

The Pt precipitates observed in this study were not
surprising, based on the fact that bacteria are excellent
nucleation sites for mineral formations due to their high
surface-to-volume ratio and the electronegative surface
functional groups (e.g. carboxyl, phosphoryl and hydroxyl
groups). As Pt(IV) is being reduced to either Pt(II) or Pt(0), it
is free to bind stoichiometrically to these sites, and once
bound, the cell wall acts as a template for further heteroge-
neous nucleation precipitates. In addition, the presence of
clearly visible Pt precipitates observed within the periplasmic
region also suggests that a proportion of Pt was reduced as a
Pt complex with organic ligands found on the cell wall.

This study suggests that Pt(IV) reduction by SRB
involves both surface phenomena and diffusion, the latter
most likely as a result of increased membrane permeability
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