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Reduction of Cr, Mo, Se and U by Desulfovibrio desulfuricans
immobilized in polyacrylamide gels
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Intact cells of Desulfovibrio desulfuricans , immobilized in polyacrylamide gel, removed Cr, Mo, Se and U from sol-
ution by enzymatic-mediated reduction reactions. Lactate or H 2 served as the electron donor and the oxidized Cr(VI),
Mo(VI), Se(VI) and U(VI) served as electron acceptors. Reduction of the oxidized metal species resulted in the precipi-
tation of solid phases of the metals. Metal removal efficiencies of 86–96% were achieved for initial concentrations
of 1 mM Mo, Se, and U and 0.5 mM Cr. Insoluble metal phases accumulated on both the surface and the interior of
the polyacrylamide gel. In column tests conducted for U removal, effluent concentrations less than 20 mg L −1 were
achieved with initial concentrations of 5 mg L −1 and 20 mg L −1 U and residence times from 25–37 h. The enzymatic
reduction of Cr, Mo, Se, and U by immobilized cells of D. desulfuricans may be a practical method for removing
these metals from solution in a biological reactor.
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Introduction

The solubilities of the metal contaminants Cr, Mo, Se, and
U are strongly dependent on their chemical oxidation state.
Under oxidizing conditions, these contaminants usually
exist as highly soluble oxyanions (CrO2−

4 , MoO2−
4 , SeO2−

4 ,
or SeO2−

3 ) or uranyl-carbonate complexes [UO2COo
3, UO2

(CO3)2−
2 or UO2(CO3)4−

3 ] [2]. However, under reducing con-
ditions these metals may precipitate as insoluble oxides
[Cr2O3(s), MoO2(s), and UO2(s)], sulfides [MoS2(s)], or other
solid phases (Seo) [where (s) designates a solid phase].
Recent investigations have demonstrated thatDesulfovibrio
desulfuricansand other sulfate-reducing bacteria have the
ability to reduce and precipitate these metals by enzymatic
reactions [5,8–10,17–19]. Under anaerobic conditions,
these microorganisms can use metals as terminal-electron
acceptors in a manner analogous to O2 utilization by aero-
bic organisms and NO−3 or SO2−

4 utilization by anaerobic
organisms. This process is known as dissimilatory metal
reduction and occurs when electrons from reduced organic
compounds or H2 are transferred to oxidized forms of the
metals [6]. Precipitation of metals by dissimilatory metal
reduction has been suggested as a potential method for
removing soluble metals from water contaminated as a
result of environmental remediation activities such as soil
washing/chemical extraction or pump and treat operations
[14].

Microbial reduction of soluble U(VI) to insoluble U(IV)
by D. desulfuricanswas recently demonstrated [8]. Lactate
or H2 served equally well as the electron donor and there
was no U(VI) reduction in the absence of an electron donor.
U(IV) was precipitated as the black UO2(s) mineral phase
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which was identified by energy-dispersive X-ray analysis.
It is important to recognize that, although enzymatic metal
reduction occurred, the microoganism may not be able to
incorporate this phenomenon into its electron transport
chain. This was clearly demonstrated forD. desulfuricans
because no cell growth occurred with U(VI) as the sole
electron acceptor.

Enzymatic reduction of highly soluble and toxic (Cr(VI)
(as chromate, CrO2−

4 ) to less soluble and less toxic Cr(III)
by D. vulgarishas also been demonstrated [10]. To identify
the enzyme responsible for Cr(VI) reduction, cells were
broken in a French pressure cell and fractionated into sol-
uble and membrane-bound protein fractions through differ-
ential centrifugation. Hydrogenase was purified from the
soluble protein fraction and, when combined with cyto-
chromec3, Cr(VI) reduction occurred. Neither hydrogenase
alone nor cytochromec3 alone could reduce Cr(VI).

Transformation of selenate (SeO2−
4 ) and selenite (SeO2−

3 )
to elemental selenium byD. desulfuricanshas also been
demonstrated [17]. The appearance of red, elemental sel-
enium (confirmed by energy-dispersive X-ray analysis) was
attributed to cytoplasmic activities and not to chemical
reaction in the growth media. Growth did not occur with
either selenate [Se(VI)] or selenite [Se(IV)] as the sole elec-
tron acceptor.

Enzymatic reduction of Mo(VI) (as molybdate, MoO2−
4 )

to Mo(IV) by D. desulfuricanswith both lactate and H2
as electron donors has also been investigated [19]. Mo(VI)
reduction in the presence of sulfide resulted in the extra-
cellular precipitation of the black mineral phase, molybden-
ite [MoS2(s)], which was identified by electron diffraction
analysis. Attempts to growD. desulfuricanswith Mo(VI)
as the sole electron acceptor were unsuccessful.

In the research cited above, freely suspended bacteria
cells were used to reduce and precipitate metals from sol-
ution in laboratory-scale batch reactors. However, sus-
pended cells will be impractical in full-scale reactors
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because firstly, they must be removed from the effluent sol-
ution by filtration, settling, or some other process and sec-
ondly, reuse of the cells will be difficult since precipitated
metals will be interspersed with the cells. This report inves-
tigates what we believe is a more practical method for dissi-
milatory metal reduction of metals in full-scale reactors.
Intact cells ofD. desulfuricanswere immobilized in poly-
acrylamide gel and used to reduce and precipitate Cr, Mo,
Se, and U from solution in batch tests. Column tests were
also conducted for U removal. The results suggest that use
of immobilized cells ofD. desulfuricansmay be a feasible
method for removing soluble metals from contaminated
water in a biological reactor.

Materials and methods

Cell culturing
Pure cultures ofD. desulfuricans(DSM 642) were used
throughout this research. The medium used for bacterial
growth contained the following: Na-lactate, 2.4 g L−1; yeast
extract, 1 g L−1; NH4Cl, 2 g L−1; K2HPO4, 0.5 g L−1;
Na2SO4, 4 g L−1; MgSO4·7H2O, 2 g L−1; and FeSO4·7H2O,
5 mg L−1, adjusted to pH 7.4 with 20% KOH. Cells were
grown for 4 days before immobilization.

Immobilization in polyacrylamide gel
Cells were harvested by centrifugation at 5800× g for
30 min, washed with sterile, anaerobic bicarbonate buffer
(2.5 g L−1 NaHCO3) and centrifuged again. The biomass
was resuspended in 20 ml sterile, deionized water sup-
plemented with 2.5 g acrylamide monomer and 0.25 gN,N′-
methylenebisacrylamide as a cross-linking agent. A small
aliquot of this solution was collected for protein determi-
nation. The polymerizing reaction was initiated by adding
2.5 ml of a 2.5% (w/v) solution of potassium persulfate and
accelerated by adding 2.5 ml of a 5% (w/v) solution of 3-
dimethylaminopropionitrile. The suspension was stirred
gently until the gel began to set and was then refrigerated
at 4°C for 1 h. After the gel had set, it was cut into approxi-
mately 4-mm cubes and washed with sterile, anaerobic
bicarbonate buffer before being placed in a batch or column
reactor [15].

Batch tests using immobilized cells
Immobilized cells ofD. desulfuricanswere placed in 10-
ml anaerobic serum vials to provide 550–750 mg L−1 cell
protein in each vial. Anaerobic solutions containing Cr(VI),
Mo(VI), Se(VI), or U(VI), with lactate as an electron donor
(Table 1) were added to the vials. The vials were capped
with rubber septums and aluminum seals and incubated at
37°C in the dark during the test period. For tests that used
H2 as the electron donor instead of lactate, 15-ml serum
vials were used. Immobilized cells and anaerobic solutions
containing oxidized metals (Table 1) were added to the
vials leaving 5 ml of headspace. The vials were capped and
the headspace was flushed with purified H2 for 15 min.

The effect of the absence of an electron donor on metal
removal was investigated by adding metal-bearing solutions
with no electron donor (Test Solutions 5–8) and immobil-
ized cells to 10-ml serum vials. To determine if viable cells
are necessary for metal removal, heat-killed cells were

Table 1 Solutions for enzymatic reduction of Cr(VI), Mo(VI), Se(VI),
or U(VI) by immobilized cells ofD. desulfuricansin batch tests

Test solution Constitutentsa

1 2.4 g L−1 Na-lactate; 0.5 mM K2CrO4

2 2.4 g L−1 Na-lactate; 1 mM Na2MoO4

3 2.4 g L−1 Na-lactate; 1 mM Na2SeO4

4 2.4 g L−1 Na-lactate; 1 mM UO2(CH3COO)2
5 5 ml H2; 0.5 mM K2CrO4

6 5 ml H2; 1 mM Na2MoO4

7 5 ml H2; 1 mM Na2SeO4

8 5 ml H2; 1 mM UO2(CH3COO)2

aAll solutions also contained 1.25 g L−1 NaHCO3 and were adjusted to
pH 7.0 with 1 N HCl.

immobilized and added to solutions containing the oxidized
metal species and an electron donor (Test Solutions 1–4).
Cells were heat-killed by heating the growth medium and
cells to boiling for 5 min prior to harvesting. To determine
if metal removal occurred as a result of adsorption of the
metals to the polyacrylamide gel, metal-bearing solutions
(Test Solutions 1–4) were added to 10-ml serum vials
which contained only polyacrylamide gel (no cells).

The effect of temperature on metal removal was tested
by adding metal-bearing solutions and polyacrylamide-
immobilized cells to a series of 10-ml serum vials and stor-
ing those vials at 10°C, 25°C, 37°C, and 57°C for 24 h (for
Cr, Se, and U) and 96 h (for Mo). To test for pH effects,
metal-bearing solutions as described above were adjusted
to pH values of 4, 5, 6, 7, 8, 9, and 10 with 1 N HCl or
20% KOH. The solutions were added to a series of 10-ml
serum vials containing polyacrylamide-immobilized cells
and stored for 24 h (for Cr, Se, and U) or 96 h (for Mo)
at 37°C.

Three replicates of each test were performed during this
research. Data points on all plots represent the mean value
of the three replicates. Error bars on plots represent the
standard deviation of the replicate values from the mean.

Batch tests using suspended cells
Cells of D. desulfuricanswere harvested and resuspended
in anaerobic, metal-bearing solutions to provide 500–
700 mg L−1 cell protein. The solutions were added to 10-
ml serum vials, capped with rubber septum and aluminum
seal, and incubated at 37°C in the dark through the test
period.

Column tests
Column tests for uranium removal were conducted. All col-
umns, tubing, and flasks were sterilized with a 5% NaOCl
solution and rinsed with sterile, distilled water before the
start of the tests.D. desulfuricans immobilized in
polyacrylamide gel were packed into two 2.5-cm× 20-cm
liquid chromatography columns (Sigma Chemical Co, St
Louis, MO, USA) which were connected in series to give
a total fluid volume of approximately 100 ml. All tubing
was 1/80 I.D. × 1/160 wall thickness (Tygon R-3603, Nor-
ton Inc, Akron, OH, USA). Fluid was pumped to the col-
umns by a peristaltic pump. The pump was cycled on and
off with an automatic timer to achieve an average flow rate
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of approximately 3–4 ml h−1. All vessels consisted of 1-L
Erlenmeyer flasks. The head space in each of these flasks
and the influent solution were flushed with purified N2 for
30 min before the start of a test. Vacuum relief and iso-
lation flasks prevented air from entering the column and
prevented the creation of a vacuum in the influent flask as
media were pumped from the flask. A pressure relief flask
prevented a pressure increase in the effluent flask as it
received discharge from the columns. The feed solution to
the columns contained: uranyl acetate, 0.02 mM or
0.08 mM (5 mg L−1 or 20 mg L−1 U); Na-lactate,
350 mg L−1 or 500 mg L−1 (300 mg L−1 or 430 mg L−1

COD); NaHCO3, 1.25 g L−1; MgSO4·7H2O, 200 mg L−1;
NH4Cl, 50 mg L−1; and KH2PO4, 50 mg L−1. The influent
solution was sterilized by autoclaving prior to the start of
the tests. Tests were run at room temperature
(approximately 25°C). The columns were operated for 3
days to achieve steady state conditions before data collec-
tion began.

Analytical techniques
Soluble chromium concentration was measured by flame
absorption at 357.8 nm using a Perkin-Elmer Model 460
Atomic Absorption Spectrophotometer (Perkin-Elmer
Corp, Norwalk, CT, USA). Soluble selenium concentration
was measured at 196.0 nm also by flame absorption. Sol-
uble molybdenum concentration was measured by the thio-
cyanate method [4]. In batch tests, soluble uranium concen-
tration was measured by the hexanol extraction procedure
[12]. In column tests, soluble uranium concentration was
measured by laser-induced fluorometry (Scintrex UA-3,
Scintrex Analytical, Concord, Canada). All test samples
were filtered with 0.2-mm syringe filters (Gelman Nylon
Acrodisc, Gelman Sciences Inc, Ann Arbor, MI, USA)
before analysis for soluble metals. Cell protein was meas-
ured using the method of Lowryet al [11]. Chemical oxi-
dation demand (COD) was measured by Standard Method
5220 D [1]. Lactate was measured by the acetaldehyde col-
orimetric method of Neish [13].

Results

Batch tests using immobilized cells
When intact cells ofD. desulfuricanswere immobilized in
polyacrylamide gel with either H2 or lactate as an electron
donor and Cr(VI), Mo(VI), Se(VI), and U(VI) as potential
electron acceptors, there was a marked decrease in the con-
centrations of the metals in solution over time (Figure 1).
Significant metal removal did not occur in the absence of
an electron donor, in the absence of cells (polyacrylamide
gel only), or with heat-killed cells indicating that metal
removal was by enzymatic reduction of the oxidized
metal species.

Metal removal was dependent on temperature with the
highest metal removal in all cases occurring at 37°C
(Figure 2a). Metal removal was also dependent on pH with
the highest removal occurring at pH 7 (Figure 2b).

Effect of cell immobilization on metal removal rates
Removal of Cr, Se, and U occurred at a slower rate with
immobilized cells than with freely suspended cells

(Figure 1a, 1c, and 1d). Mo removal occurred at a slightly
faster rate with immobilized cells as compared to removal
with freely suspended cells (Figure 1b).

Observations of the precipitated metal compounds
Cubes of polyacrylamide gel (with immobilized cells) from
selenium reduction batch tests were cut open with a sharp
knife and observed with the aid of a magnifying glass
(10×). Bands of red elemental selenium occurred on both
the surface and in the interior of the gel.

Column tests
Three column tests were conducted for uranium removal.
Each test was run for a period of 30 days. Test parameters
are summarized in Table 2. Uranium removal efficiencies
greater than 99% occurred in all columns (Figure 3). Efflu-
ent COD and lactate concentrations (both shown as mg L−1

COD) are plotted in Figure 4. Approximately 20% of the
influent COD was removed in the columns. In most cases,
over half of the effluent COD was due to lactate. No loss
of efficiency in the columns (as measured by increased U
or COD concentrations) was observed over the 30-day
period of each test.

Discussion

The results demonstrate that intact, immobilized cells ofD.
desulfuricanscan remove the metals Cr, Mo, Se and U from
solution. Results from the batch tests are consistent with
previous research and indicate that the likely mechanism
for metal removal is dissimilatory metal reduction where
soluble Cr(VI), Mo(VI), Se(VI), U(VI) compounds are
reduced to insoluble Cr(III), Mo(IV), Se(0), U(IV) by enzy-
matic reactions. Significant metal removal did not occur
in the absence of an electron donor or in the presence of
polyacrylamide gel with no cells. Significant metal removal
also did not occur with heat-killed cells. The temperature
optimum of 37°C for metal removal also suggests enzy-
matic reduction of the metals (ie, dissimilatory metal
reduction). If adsorption of the metals toD. desulfuricans
cells or to the polyacrylamide gel was the primary removal
mechanism, the highest removal rates would be expected
to occur at low temperatures. Alternatively, if chemical
reduction of the metals (ie, not enzymatic reduction) was
the primary removal mechanism, the greatest removal rates
would be expected to occur at the higher temperatures. The
optimum pH for metal removal (pH 7) is also consistent
with enzymatic reduction of the metals where loss of enzy-
matic activity occurs at low and high pH values.

Comparison of the batch test data shows that Mo(VI)
reduction by suspended cells ofD. desulfuricansis con-
siderably slower than the reduction of Cr(VI), Se(VI) or
U(VI). Pseudo first-order rate constants and half-lives were
calculated for reduction of the oxidized metal species by
the suspended cells (Table 3). Mo(VI) reduction occurred
approximately 35 times slower than Cr(VI) reduction, 25
times slower than U(VI) reduction, and 15 times slower
than Se(VI) reduction. Thermodynamic calculations (data
from Refs [2] and [16], not shown) show that while the
potentials for the acetate−/lactate− and the H+/H2 redox
couples are below the potentials for each of the
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Figure 1 Metal removal byD. desulfuricanswith (d) immobilized cells and lactate as the electron donor, (j) immobilized cells and H2 as the electron
donor, (R) immobilized cells and no electron donor, (s) immobilized, heat-killed cells and lactate as the electron donor, and (D) freely suspended cells
and lactate as the electron donor. Metal removal in (l) cell-free solution with lactate as the electron donor. Average cell protein concentration, 577–
689 mg L−1. (a) Cr(VI); (b) Mo(VI); (c) Se(VI); (d) U(VI).

Cr(VI)/Cr(III), Mo(VI)/Mo(IV), Se(VI)/Se(0), and
U(VI)/U(IV) redox couples, the Cr(VI), Se(VI), and U(VI)
reduction reactions are considerably more thermodyn-
amically favorable than the Mo(VI) reduction reaction
which may explain the more rapid reduction of the other
three metals.

Pseudo first-order rate constants and half-lives were also
calculated for metal removal in batch tests with immobil-
ized cells (Table 3). Cr(VI), Se(VI), and U(VI) were
removed by immobilized cells at considerably slower rates
than by suspended cells. The slower rates suggest that
transport limitations may be controlling the rate of removal
of these metals in immobilized cell systems. The presence
of solid metal phases [ie Se(0)] in the interior of the gel
confirms that diffusion into the gel did, in fact, occur. How-
ever, the situation for Mo was quite different. Since the rate

of reduction of Mo(VI) by suspended cells was considerably
slower than for the other metals, removal by immobilized
cells is less likely to be limited by diffusion effects (ie, it is
limited by reaction rate). In fact, the removal of Mo(VI)
occurred at a slightly faster rate in immobilized cell systems
as compared to suspended cell systems perhaps due to the
strong reducing conditions which may exist inside of the
polyacrylamide gel due to the high concentration of cells.
More rapid Mo(VI) reduction in immobilized cell systems
vssuspended cell systems also indicates that immobilization
in acrylamide had little or no deleterious effect on the cells.
If the cells had been adversely affected by the immobiliz-
ation procedure, it would be expected that Mo reduction in
the immobilized cell system would have also occurred at a
slower rate than in the suspended cell system as it did with
the other three metals.
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Figure 2 Extent of Cr(VI) (h), Se(VI) (j) and U(VI) ( ) removal after 24 h and Mo(VI) ( ) removal after 96 h at (a) various temperatures and
(b) various pH values by polyacrylamide-immobilized cells ofD. desulfuricanswith lactate as the electron donor. Average cell protein concentration,
705 mg L−1.

Table 2 Test parameters for uranium removal column tests

Test Volume Average flow Hydraulic Influent Influent
No. (ml) rate residence [Na-lactate] [U]

(ml h−1) time (h) (mg L−1 COD) (mg L−1)

1 108 4.3 25 430 5
2 98 3.3 30 300 5
3 119 3.2 37 430 20

Tests in column reactors demonstrate that the concen-
tration of uranium in water can be reduced below 20mg L−1

with initial concentrations of 5 or 20 mg L−1 U, hydraulic
residence times between 25–37 h, and lactate as the elec-
tron donor (Figure 3). Although only about 20% of the
influent COD was removed in the column (Figure 4), most
of the remaining COD in the effluent was due to lactate
and, presumably, acetate. Typically, sulfate-reducing bac-
teria such asD. desulfuricansincompletely oxidize lactate
to acetate [20]. The theoretical oxygen demand (ThOD) of
lactate is 96 mg O2 mmol−1 lactate while the ThOD for
acetate is 64 mg O2 mmol−1 acetate. Therefore, oxidation
of lactate to acetate in the column results in only a small
decrease in the COD of the effluent (Figure 4). This illus-
trates the need to develop column reactors that utilize elec-
tron donors other than reduced organic compounds (eg, H2)
or electron donors that can be more completely oxidized by

Figure 3 Effluent U(VI) concentration over time in column (P) test 1,
(K) test 2, and (s) test 3.D. desulfuricansimmobilized in polyacrylamide
gel. Test parameters shown in Table 2.
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Figure 4 Effluent COD and lactate values over time in column (P) test
1, (K) test 2, and (s) test 3.D. desulfuricansimmobilized in polyacryla-
mide gel. Test parameters shown in Table 2. Horizontal arrows indicate
scale for data.

Table 3 Pseudo first-order rate constants and half-lives for the removal
of Cr(VI), Mo(VI), Se(VI), and U(VI) from solution by suspended and
immobilized cells ofD. desulfuricans

Reduction Suspended cells Immobilized cells
reaction

k (h−1) t1/2 (h) k (h−1) t1/2 (h)

Cr(VI)/(III) 0.90 0.8 0.13 5.3
U(VI)/(IV) 0.70 1.0 0.15 4.6
Se(VI)/(0) 0.30 2.3 0.10 6.9
Mo(VI)/(IV) 0.02 33 0.03 23

sulfate-reducing bacteria (eg, formate) during the relatively
short residence times in the column. Alternatively, an aero-
bic biological process could be employed after metal
removal to complete the oxidation of lactate and acetate
to CO2.

Systems that utilize immobilized sulfate-reducing bac-
teria have the potential to play a key role in the remediation
of water contaminated with metals as a result of environ-
mental activities. For example, this technology could be
utilized in the final stage of a soil washing/chemical extrac-
tion system. It has recently been demonstrated that uranium
can be extracted from soil with bicarbonate and held in
solution in the form of U(VI)-carbonate complexes [3,14].
In a typical soil washing system, uranium is then recovered
from the wash solution by a conventional process such as
ion exchange allowing the bicarbonate solution to be
reused. However, regeneration or disposal of spent ion
exchange media is very expensive and the uranium still
exists in the highly soluble and mobile U(VI) oxidation
state. As an alternative, columns of immobilized sulfate-
reducing bacteria could be used to treat water from a soil
washing system to precipitate soluble metals such as uran-
ium from solution. Only the addition of small concen-
trations of nutrients (C, N, P, and S) and an electron donor

(lactate or H2) would be required. And, unlike ion
exchange, this process is not too selective but can be used
for a spectrum of metals that are often found together (ie,
U, Se, and Mo). A system utilizing immobilized sulfate-
reducing bacteria could be expected to remain viable for
long periods of time provided oxygen is removed from the
influent solution.

Conclusion

The studies summarized here demonstrate that dissimilatory
metal reduction of Cr(VI), Mo(VI), Se(VI), and U(VI) by
Desulfovibrio desulfuricansimmobilized in polyacrylamide
gel may be a practical method for removing these metals
from solution in a continuous flow process. Anaerobic bac-
teria may also reduce and precipitate other metals such as
vanadium, copper, gold, and silver, which implies that bio-
logical reactors utilizing immobilized anaerobes may have
the potential for a wide range of applications [6,7]. More
work is needed in the areas of nutrient/substrate require-
ments and scale-up techniques.
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