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Abstract

BACKGROUND Desulfovibrio spp. biofabricate metallic nanoparticles (e.g. ‘Bio-Pd’) which catalyse
the reduction of Cr(VI1) to Cr(lll) and dehalogenate polychlorinated biphenyls (PCBs). Desulfovibrio spp. are
anaerobic and produce H,S, a potent catalyst poison, whereas Escherichia coli can be pre-grown aerobically to
high density, has well defined molecular tools, and also makes catalytically-active ‘Bio-Pd’. The first aim was to
compare ‘Bio-Pd’ catalysts made by Desulfovibrio spp. and E. coli using suspended and immobilised catalysts.
The second aim was to evaluate the potential for Bio-Pd-mediated dehalogenation of PCBs in used transformer
oils, which preclude recovery and re-use.

RESULTS Catalysis via Bio-Pdp_ gesulfuricans and Bio-Pdg. o Was compared at a mass loading of Pd:biomass
of 1:3 via reduction of Cr(V1) in agueous solution (immobilised catalyst) and hydrogenolytic release of CI" from
PCBs and used transformer oil (catalyst suspensions). In both cases Bio-Pdp_ gesurfuricans  OUtperformed Bio-Pd g,
coli Dy ~3.5-fold, attributable to a ~3.5-fold difference in their Pd-nanoparticle surface areas determined by
magnetic measurements (Bio-Pdp. gesurfuricans) @nd by chemisorption analysis (Bio-Pde c.i). Small Pd particles
were confirmed on D. desulfuricans and fewer, larger ones on E.coli via electron microscopy. Bio-
Pdp. gesufuricans-Mediated chloride release from used transformer oil (5.6 + 0.8 pug mL* ) was comparable to that
observed using several PCB reference materials.

CONCLUSIONS At a loading of 1:3 Pd: biomass Bio-Pdp gesuiuricans 1S 3.5-fold more active than Bio-
Pde. coii, attributable to the relative catalyst surface areas reflected in the smaller nanoparticle sizes of the former.
This study also shows the potential of Bio-Pdp, gesuifuricans 10 remediate used transformer oil.

Keywords: chromium (V1), polychlorinated biphenyl, sulphate-reducing bacteria, Desulfovibrio Escherichia coli,
palladium catalyst
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INTRODUCTION

Problematic environmental industrial contaminants,
e.g. heavy metals and chlorinated organic
compounds, can occur in the same ecosystem."?
Conventional methods for removing Cr(VI) from
water (e.g.%) are relatively expensive and/or require
addition of chemicals. Cr(VI)-waters could be
treated by bioreduction to Cr(Ill);* various
microorganisms are capable of this reduction e.g.>™°
including sulphate-reducing bacteria (SRB).**
The latter can also reduce various other metals®™
including precious metals (see***®) at the expense of
formate or H,.

Chlorinated aromatic molecules are
environmentally-important ~ contaminants,  e.g.
pentachlorophenol is found in wood preservatives
(often with Cr), while polychlorinated biphenyls
(PCBs) have historical uses, e.g. as insulators and
plasticisers.® PCBs also occur in used transformer
oils, complicating oil disposal or recovery.
Environmental biodegradation of PCBs is slow’
and their long-term persistence is problematic.’®
The recent use of polybrominated diphenyl ethers
(PBDEs) as flame retardants is causing their
environmental accumulation and these may be
similarly persistent.® A tenfold accumulation of a
more recent alternative, tris(chloroisopropyl)
phosphate (TCPP), was found in groundwater over
a 10 year period.”’ The ability of zero-valent iron to
promote reductive dehalogenation of PCBs was
potentiated by incorporation of Pd(0),”* which
prompted this investigation.

Some SRB can reductively dehalogenate
chlorinated aromatic compounds by ill-defined
metabolic mechanisms.*® Microbial approaches to
the co-treatment of chlorophenols and Cr(VI) have
been described® but biological systems require
physiologically compatible conditions. A robust
alternative, SRB cells coated with Pd particles (Bio-
Pd), reduced Cr(V1)*?* and also reductively
dehalogenated chlorinated aromatic compounds,”
PBDEs' and TCPP.® The latter (hydrogenolysis
reactions) accords with the known activity of Pd(0)
as a hydrogenolytic catalyst.?’

Previous studies on the use of Bio-Pd for catalysis
utilised SRB but other bacteria able to couple
hydrogen or formate oxidation to Pd(ll) reduction
can make catalytically active Bio-Pd and, indeed,
other precious metal bionanocatalysts (for review
see’), a new area of biotechnology which is
burgeoning since the initial reports.?*%

E. coli provides a potentially useful alternative to
SRB since this organism provides ready molecular
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tools for strain improvement,?® it does not produce
H,S (a powerful catalyst poison) and cells can be
grown aerobically to high cell density and then
placed anoxically for upregulation of hydrogenase
activity for metal reduction.

The aim of this study was to compare the catalytic
effiC&Cy Of BiO'PdD.desulfuricans and Bic)'PdD.vngaris
with the corresponding Bio-Pd made on E. coli
using two environmentally-relevant, independent
criteria: reduction of Cr(VI) to Cr(lll) in a flow-
through system using gel-immobilised palladised
cells and liberation of chloride ion from
polychlorinated biphenyls in a batch system. With
respect to potential applications in resource
efficiency in a climate of increasing oil prices and
dwindling supplies, used transformer oils could be
reprocessed but the presence of high levels of PCBs
currently limits their re-use. The second aim of the
study was to show the potential for Bio-Pd-
mediated decontamination of waste transformer oil.

MATERIALS AND METHODS
Organisms and growth conditions

Desulfovibrio vulgaris NCIMB 8303 and
D. desulfuricans NCIMB 8307 were grown
anaerobically as described previously.”**® Cultures
were harvested after 24 h (ODgy 0.7 = 0.2). E. coli
MC4100 was grown as described previously (24 h;
30°C;*®) in 1 L closed anoxic bottles (ODgy at
harvest = 0.8). Cells were washed in isotonic saline
(8.5 g L™ of NaCl) and stored under oxygen-free
nitrogen (OFN; 4 °C) as concentrates in 20 mM
MOPS/ NaOH buffer, pH 7, until use (within 24 h).
The biomass concentration was estimated by
converting the ODgy to dry cell weight using a
previously determined calibration.

Preparation of Bio-Pd on bacteria

The required volume of 2 mM Na,PdCl, (98 %,
Aldrich Chemicals, UK) solution (to pH 2 with
HNQO;), was placed in a 200 mL serum bottle sealed
with a butyl-rubber stopper. Cells were added (final
mass ratio of dry cells:Pd was 3:1), left at 30 °C for
1 h for Pd(Il) biosorption and then sparged with H,
(15 min) to deposit Pd(0) on the cell surface (25%
Pd by mass). Removal of Pd(ll) from solution was
monitored by loss of the vyellow colour
spectrophometrically, cross-validated using the
SnCl, method, and polarographically.*® Pd-coated
cells (Bio-Pd) were recovered by centrifugation
(3800 g, 10 min); no residual Pd(Il) remained in the
supernatant by assay. The pellet was washed once
with distilled H,O and three times with acetone,
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dried (60 °C) to constant weight and ground to a
fine powder to make the final Bio-Pd catalyst.

Transmission electron microscopy

Pd-loaded bacteria were rinsed twice with distilled
water, fixed in 2.5 % (w/v) aqueous glutaraldehyde,
washed once in distilled water then in 1 % osmium
tetroxide in 0.1 M phosphate buffer (pH 7, 60 min).
Cells were dehydrated using an ethanol series (70,
90, 100, 100, 100 % dried ethanol; 15 min each
step) washed twice in propylene oxide (15 min),
embedded in epoxy resin (degassed under vacuum
for 30 min) and left to polymerize (24 h; 60 °C).
Sections (~100 nm) were cut, placed onto a copper
grid and viewed with a JEOL 120CX2 transmission
electron microscope (TEM); accelerating voltage
80 kV.

Determination of catalyst surface area
mg mL™" agar (mass of Pd was 25% by weight)

Catalytic testing of the Bio-Pd

For testing suspensions of Bio-Pd against Cr(VI)
reaction mixtures were set up in 12 mL serum
bottles. Bio-Pd (5 mg) or Bio-Pd beads (2 mL, 2.5
mg Bio-Pd° mL agar gel™) were suspended in 5 mL
solution comprising 20 mM MOPS/NaOH buffer
and 25mM each of sodium formate (electron
donor), sodium acetate, and sodium citrate (to
chelate the Cr(lll) product), with 500 uM sodium
chromate, pH 7. For anaerobic tests, reaction
mixtures were degassed with oxygen free nitrogen
(OFN) for 10 min before addition of chromate.
Samples were withdrawn periodically (under OFN
for anaerobic tests) via a syringe, and supernatants
were analysed for residual Cr(VI) using
diphenylcarbazide.'**%*

For continuous Cr(VI1) reduction tests, Bio-Pd
agar beads (4 mL) were placed in a glass column
(i.d. 12 mm, length 10 cm). Solution (500 puM
sodium chromate and 25 mM each of sodium
formate, citrate and acetate in 20 mM MOPS/NaOH
buffer, pH 7) was passed upwards (flow rate:
13.2 mL h"). The outflow was analysed for residual
Cr(VI) using diphenylcarbazide as above. Controls

Release of chloride from PCBs in waste
transformer oil

Waste transformer oil was provided by C-Tech
Innovation, Capenhurst, UK. It contained ~ 2.5 mg
mL? of PCBs, (mixture of arochlors 60, 42 and 54:
analysis by H,b Ltd., Capenhurst. UK). The oil was
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CO chemisorption was used to estimate the active
particle size of Bio-Pdgcy; using a Micromeritics
Autochem Il Chemisorption Analyser equipped
with a thermal conductivity detector (TCD).
Samples (0.5 g) were slowly heated (10 °C min™) to
100 °C under an H, atmosphere (50 mL min™) and
allowed to cool and stabilise at 40 °C. Pulses of CO
(loop volume = 0.5389 mL) were applied to the
sample until consistent TCD peak sizes were
obtained, indicating that metallic particles had
reached CO saturation. The determined active Pd(0)
surface area (m’g™ Pd metal) was used to calculate
the average nanoparticle size using ‘Autochem II
2920V2.00°  software  supplied  with  the
Chemisorption Analyser.

Immobilisation of Bio-Pd preparations
Immobilisation of Bio-Pd in agar beads was as
described previously.** The catalyst loading was
7.5 mg Bio-Pd(0) cm™ agar; Pd content was 1.87
contained agar beads only. Previous studies had
shown that live or killed cells removed negligible
Cr(VI) in the absence of Pd(0) under these
conditions.**

For testing reductive dehalogenation Bio-Pd
(2 mg) or Pd prepared by chemical reduction under
H, (2 mg) was placed in 12 mL serum bottles in 20
mM MOPS-NaOH buffer pH 7.0 and chlorinated
aromatic compound (Table 1) was added in 1 ml of
hexane carrier and shaken well (the nominal
concentration was as shown in Table 1; the actual
concentration chlorinated aromatic compound in the
aqueous phase was not determined). Bottles were
outgassed with OFN (15 min) and tests were
initiated via the addition of sodium formate (aq.) (to
10 mM, pH 7.3; final volume was 10 mL) and re-
shaken. Chloride release was estimated in
withdrawn samples by spectrophotometric assay of
Cl"ion in the aqueous supernatant fraction using the
colorimetric mercury (l1) thiocyanate method®
with NaCl as the standard. The range of sensitivity
was 0.5-100 pg mL™ CI. For these tests the
washing procedures in the preparation of the Bio-Pd
used high purity distilled water to ensure a low
background level of CI, and Analar grade reagents.

extracted into tetrahydrofuran at C-Tech Innovation
to give a solution comprising 978 ppm PCBs
(analysis Hyb, Capenhurst, UK). The final PCB
concentration in the test (set up as for
pentachlorobiphenyl) was 9.78 ppm; the arochlor
extraction efficiency (not tested) was assumed to be
the same for all arochlors.
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Table 1 Chlorinated aromatic compounds used in this study

Short title  Systematic title

Nominal concentration

2-chlorophenol 5mM

pentachlorophenol 5mM

PCB#28  2,4,4’-trichlorobiphenyl 0.31 mM
PCB#52  2,2°,5,5’-tetrachloropbiphenyl 0.27 mM
PCB# 101 2,2°.,4,5,5’-pentachlorobiphenyl 0.12 mM
PCB# 118 2,3°,4,4’,5’-pentachlorobiphenyl 0.12 mM
PCB# 138 2,2°,3,4,4°,5°,-hexachloropbiphenyl 0.11 mM
PCB# 153 2,2°,4,4°,5,5” —hexachlorobiphenyl 0.11 mM
PCB# 180 2,2°,3,4,4°,5,5’- heptachlorobiphenyl 0.05 mM

RESULTS AND DISCUSSION

Deposition of Pd by Desulfovibrio spp. and E. coli
Examples of Pd-loaded cells of the Desulfovibrio
and E. coli are shown in Fig. 1 a-c. Following
nucleation of Pd(0) in the biosorption step the
growing Pd clusters erupt through the outer
membrane  where they form  outgrowing
nanoparticles. Fig. 1 shows the locations of nano-
Pd(0) deposits; their identity as Pd was confirmed
using energy dispersive X-ray microanalysis and X-
ray powder diffraction analyses as described by
Deplanche et al.** with identical results for all
preparations (not shown). The total loading of
Pd(0) onto the cells was the same throughout, hence
the pattern and size of Pd particles would reflect the
distribution and cellular content of the
hydrogenases. Given that Desulfovibrio has
significantly more levels of hydrogenase than
E. coli** and, hence more potential Pd-deposition
sites, the same amount of Pd distributed around
many sites should result in a greater number of
smaller deposits, given that Pd removal proceeds to
completion. Fig. 1 ab confirms that Pd(0)
deposition is widespread in D. desulfuricans and
D. vulgaris, with small crystals deposited uniformly
and no difference between the two Desulfovibrio
strains but it is less widespread on E. coli cells (Fig.
1c), which show fewer, larger crystals at the same
loading (Pd:biomass 1:3 by mass). Fig. 1 shows
that (apart from the different hydrogenase activities
of the two genera: above) the preparations also
differed in that nearly all cells of Desulfovibrio
participated in Pd(0) deposition (Fig. 1a,b) but only
some E. coli cells did so (Fig 1c). The reason for
this was not examined (e.g. this was possibly
attributable to metal toxicity to the cells and/or
hydrogenases) but for a given Pd(0) loading fewer
participating cells would also result in fewer, larger
crystals as seen in Fig 1c.
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Fig. 1. Deposits of Pd(0) on the surface of
D. desulfuricans (a), D. vulgaris (b) E. coli strain
MC4100 (c). Cells were exposed to Pd(Il) as
described in Materials and Methods. The biomass:
Pd ratio was 3:1 (see text). Bars are 1 um.
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Table 2. Effect of Bio-Pd bacterial source on Cr(V1) reduction by Bio-Pd in batch suspensions of Bio-Pd.

Bacterial strain

Reduction in air

Initial rate® of Cr(VI) reduction
(nmol Cr(V1) reduced h™ mg Bio-Pd™)
Reduction under OFN"

Bio-Pd(0) (D. vulgaris)
Bio-Pd(0) (D. desulfuricans)
Bio-Pd(0) (E. coli MC4100)

152 +7 175+ 32
166 + 22 168 £ 15
91+15 115+ 16

Bio-Pd samples (prepared as described in Materials and Methods and shown in Fig. 1) were challenged with
500 uM Cr(VI), 25 mM each of formate, acetate, and citrate, 20 mM MOPS/ NaOH, pH 7. Data are means

+ SEM from 3 experiments.

%Initial rates were taken over the first 1.5 h as gradients from linear regions of the appropriate graphs.

"OFN = Oxygen Free Nitrogen

Catalytic activity of Bio-Pd made on surfaces of
Desulfovibrio spp. and E. coli

To establish whether anaerobic conditions were
required for catalytic activity of Bio-Pd once
formed under H,, preliminary Cr(VI) reduction tests
were carried out in air with batch suspensions of
Bio-Pd. This established that exposure to O, did not
affect the catalytic activity (at P= 0.95; Table 2).

When Bio-Pd was immobilised in agar ~ 20% of
the Cr(VI) was removed onto the Bio-Pd in
suspensions using gel beads, attributable to
absorption by the immobilisation matrix (no
biological activity was present since the catalyst
was dried and ground); little Cr(VI) was removed
by Bio-Pd alone.

Further tests used flow-through reactors fixed at
the flow rate giving 50% reduction of Cr(VI) by the
best strain (Bio-Pdp. gesurfuricans), With the activities of
the other Bio-Pds expressed relative to this (Fig. 2).
Columns containing Bio-Pdp_ gesuifuricans @Nd  Bio-
Pdp. wuigaris  reduced Cr(VI) comparably (~50 %
Cr(VI) reduction at 24 h, declining to 20% after
96h). Columns containing Bio-Pdg. coii mcaz00 reduced
Cr(VI) poorly (10-15 % removal of Cr(VI) after 24
h). At 24 h (Fig. 2) the difference between Cr(VI)
redUCtion by Bio'I:)dDesquovibrio spp* and Bio‘pdE.coIi
was ~3.5-fold.

Reductive  dehalogenation  tests  against
pentachlorobiphenyl, PCBs and transformer oil
extract used Bio-Pdp gesuifuricans SiNce it was shown
previously that this was more effective in reductive
dehalogenation of PCBs than Bio-Pdp vyigaris° The
control was Pd(0) reduced chemically from solution
under H, (Chem-Pd) which gave negligible chloride
release from all compounds except 2-chlorophenol
and 2,4,4° trichlorobiphenyl (Table 3). Pd-free
bacteria gave no CI  release, confirming the stability
of the dried cells with respect to chloride release in
the hexane suspension. Table 3 shows that the

relative catalytic efficacy of the two Bio-Pds was
dependent on the substrate used, e.g. for
pentachlorophenol they gave a similar activity,
whereas Bio-Pdg ;i was ineffective against PCB#
52, PCB# 118, PCB# 138, PCB# 153 and PCB#180,
with low activity seen against PCB# 28 and with no
apparent relation to the degree or positioning of the
chloride substituents (c.f. Table 1). For the
compounds supporting CI" release by Bio-Pdg, .o the
median value for superiority of the Bio-
Pdp. gesulfuricans Was 3.5-fold (Table 3). The median
takes into account the large range of comparative
values. The transformer oil, being an average of
several arochlors, is more representative of real
samples and, similarly, Bio-Pdp, desuturicans Was 3.5-
fold higher than Bio-Pdg ., against the PCB
mixture present in the used oil (Table 3).

60

50 +
40 +
30
20 +

"1 P A

20 40 60 80 100 120

% Cr(V1) reduced

102
Time (h)

Fig. 2. Continuous Cr(VI) reduction by Bio-Pd
immobilized in agar (loading 7.5 mgcm®).
Columns were challenged at a flow rate of 13.2 mL
h? with 500 pmol dm™ sodium chromate in the
presence of electron donor (see Materials and
Methods).  Bio-Pds were: e,  D.vulgaris;
m, D. desulfuricans; A, E. coli MC4100; o agar
beads (no Bio-Pd). Error is + SEM from 3
experiments.Where no errors are shown these were
within the dimensions of the symbols.
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Table 3 Release of chloride from chlorinated aromatic compounds by Bio-Pdp_gesuifuricans and Bio-Pdg. coii

Compound

Chem-Pd(0)
2-chlorophenol 59+ 24.
pentachlorophenol 02+15
PCB# 28 28+05
PCB# 52 0.2+0.0
PCB#101 0.02+0
PCB#118 NS
PCB# 138 NS
PCB# 153 03+0
PCB# 180 02+0
Transformer oil extract 0.01+0

Chloride released (ug mL™)*
Bio'PdD‘ desulfuricans

BiO-PdE. coli

1444 +£11.2 472+6.4 3.05
18.8+6.4 13.6+6.4 1.38
52.8+10.8 28+04 18.8
4004 NS

156 £4.0 44+04 3.54
17.2+£5.2 NS

48 +£04 NS

104+24 NS

9.6+£3.2 NS

56+038 1.6+0 3.5

Palladised cells were challenged with chlorinated aromatic compounds in hexane-in-water suspensions, with
palladium loaded at 1:3 ratio to biomass. Data are means + SEM from 3 experiments using different Bio-Pd
preparations. * Released chloride was determined after 1 h for 2-chlorophenol and pentachlorophenol and 24 h

for the PCBs.

NS: No significant chloride detected. Note that for the 2-chlorophenol, 2,2°,4,5,5’

pentachlorobiphenyl and the transformer oil extract the Bio-Pdp. gesuifuricans Was 3-3.5 fold more effective than the

Bio'PdE. coli

It is shown that Bio-Pdp gesuituricans Promoted a 3-
3.5-fold increase of CI released as compared to
Bio-Pdg i for 2-chlorophenol, pentachlorobiphenyl
and transformer oil extract (Table 3), i.e. the
difference between them was similar to that seen in
the Cr(VI) reduction test using immobilised cells
(above). Taking the immobilised cell Cr(VI) tests
and the PCB CI release tests together, it is clear that
Bio-Pd (at 1:3 ratio of Pd:biomass; 25% loading)
made on Desulfovibrio gives a ~3.5-fold better Pd-
catalyst than that made on E. coli. The electron
microscopy data (Fig 1) suggested that, due to the
smaller particle sizes, the surface area of the Bio-
Pdp. gesulfuricans Would be greater than that of Bio-
I:>dE. coli-

Comparison of catalytic nanoparticles

The nanoparticle size of Bio-Pdp gesuifuricans Was
calculated previously from magnetic measurements
as 17.6 nm and 14.7 nm for two preparations.*® A
mean value of 16.15 nm was assumed. The Bio-
Pde. i Was not sufficiently active magnetically to
facilitate a similar analysis. Instead the
chemisorption method was used, which gave an
active particle diameter calculated for Bio-Pdg ¢ as
30.04 nm (metallic surface area was 4.15 m%/g Pd).
Assuming that the surface area of a sphere is 4I1r?
the corresponding particle surface areas were
calculated as 2835.3 and 819.5 nm? respectively, i.e.

the estimated surface area was 3.5-fold greater for
the Bio-Pd(0)p.desurturicans Which is in agreement with
the difference in catalytic activities (above). It can
therefore be deduced that the catalytic activity is
related to the surface area but this is not the only
factor involved; other studies have shown that by
removal of specific hydrogenases the catalytic
activity of Bio-Pd can be manipulated in both
E. coli*®* and Desulfovibrio fructosovorans;® in the
latter case the most highly active Bio-Pd catalyst
was located on the inner membrane with few if any
discrete nanoparticles visible.*’

Future prospects: potential applications of Bio-
Pd(0) to industrial wastes and decontamination

The use of a Pd-based catalyst for treatment of
environmental contaminants (e.g. by doping of Fe-
catalyst as suggested by Korte et al.”>* would
appear economically unattractive. However, a
‘dirty’ catalyst can be used, bypassing the costs of
precious metal refining and using biorecycled scrap
for this purpose. Bacteria biorecovered precious
metals from processing wastes,* spent automotive
catalyst leachates®®* and electronic scrap® and
biorecovered material was catalytically active.™**
Taking into account the costs of landfilling wastes
and the high costs associated with hazardous waste
disposal, the economic feasibility of this approach
becomes apparent. The use of spent biomass from
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other processes as nanocatalyst support (e.g. %%

would also mitigate against the costs of biomass
waste disposal and hence the overall cost. Although
the release of chloride from used transformer oil
was limited in this study further investigations
would be justified as a potential clean route to oil
recovery for re-use, given the rapidly rising price of
crude oil.

Acknowledgements

We acknowledge the support of the EPSRC and
BBSRC (grants GR/N08445/01, GR/S4262/01,
EPD05768X/1, BB/C516128/1, BB/E003788/1 and
E19998) and the Royal Society (Industrial
Fellowship to LEM). ACH and MDR were
supported by studentships from EPSRC and
BBSRC respectively.

References

1 Lyytikainen M, Sormunen A, Peraniemi S and
Kukkonen JVK, Environmental fate and
bioavailability of wood preservatives in
freshwater sediments near an old sawmill site.
Chemosphere 44:341-350 (2001).

2 Anon. NPL Site narrative for St.Regis Paper Co.
U.S.Environmental Protection Agency

National Priorities List.
http://www.epa.gov.superfund/sites/npl/nar650
.htm (2006).

3 Korngold E, Belayev N and Aronov L, Removal
of chromates from drinking water by anion
exchangers. Sep Purif Technol 33:179-187
(2003).

4 Wang YT, Microbial reduction of chromate. In:
Lovley D (ed) Environmental Microbe-metal
Interactions ASM Press Washington DC, pp
225-235 (2000)

5 Wang PC, Mori T, Komori K, Sasatsu M, Toda K
and Ohtake H, Isolation and characterization of
an Enterobacter cloacae strain that reduces
hexavalent ~ chromium under  anaerobic
conditions. Appl Environ Microbol 55:1665-
1669 (1989).

6 Ishibashi Y, Cervantes C and Silver S, Chromium
reduction in Pseudomonas putida. Appl
Environ Microbiol 56:2268-2270 (1990).

7 Llovera S, Bonet R, Simonpujol MD and
Congregado F, Chromate reduction by resting
cells of Agrobacterium radiobacter EPS 916.
Appl Environ Microbiol 59:3516-3518 (1993).

8 Shen H and Wang YT, Simultaneous chromium
reduction and phenol degradation in a coculture
of Escherichia coli ATCC 33456 and

2

Pseudomonas putida DMP-1. Appl Environ
Microbiol 61:2754-2758 (1995).

9 Bae W, Kang T, Jung J, Park C, Choi S and Jeong
BC, Purification and characterization of
NADH-dependent Cr(VI) reductase from
Escherichia coli ATCC 33456. J Microbiol
Biotechnol 10:580-586 (2000).

10 Guha H, Jayachandran K and Maurrasse F,
Kinetics of chromium (V1) reduction by a type
strain Shewanella alga under different growth
conditions.  Environ Pollut  115:209-218
(2001).

11 Lovley DR and Phillips EJP, Reduction of
chromate by Desulfovibrio vulgaris and its c;
cytochrome. Appl Environ Microbiol 60:726-
728 (1994).

12 Mabbett AN, Loyd JR and Macaskie LE, Effect
of complexing agents on reduction of Cr(VI)
by Desulfovibrio vulgaris ATCC 29579.
Biotechnol Bioeng 79:389-397 (2002).

13 Lloyd JR, Mabbett AN, Williams DR and
Macaskie LE, Metal reduction by sulphate-
reducing bacteria: physiological diversity and
metal specificity. Hydrometallurgy 59:327-
337.(2001).

14 Macaskie LE, Mikheenko IP, Deplanche K, Murray
AJ, Paterson-Beedle M, Coker VS, Pearce Cl,
Pattrick RAD, Vaughan D, Van der Laan G and
Lloyd JR Todays’s wastes tomorrow’s materials
for environmental protection in Comprehensive
Biotechnology Eds M. Moo-Young, M. Buitler, C.
Webb, A. Moreira, B. Grodzinski, Z.F. Cui, S.
Agathos 2™ Edition Vol 6 pp 719-725; Elsevier
Amsterdam ISBN 978-0-444-53353-4. (2011).

15 Deplanche K, Murray AJ, Mennan C, Taylor S
and Macaskie LE, Biorecycling of precious
metals and rare earth elements In
Nanomaterials Ed M.M. Rahman pp 279-314
InTech Publications 1SBM 978-953-307-913-
4, (2011).

16 Philp JC, Bamforth SM, Singleton | and Atlas
RM, Environmental Pollution and Restoration:
a role for bioremediation. In: Atlas RM, Philp
JC (eds) Bioremediation: Applied Microbial
Solutions for Real World Environmental
Cleanup. ASM Press, Washington DC, pp 1-48
(2005).

17 Bedard DL, Polychlorinated biphenyls in aquatic
sediments: environmental fate and outlook for
biological treatment. In: Haggblom MM,
Bossert | (eds) Dehalogenation: Microbial
Processes and Environmental Applications,
Kluwer Press, pp 443-465 (2003).


http://www.epa.gov.superfund/sites/npl/nar650.htm
http://www.epa.gov.superfund/sites/npl/nar650.htm

Article first published online: 19-05-2012 in the Journal of Chemical technology and Biotechnology.

18 Wiegel J and Wu Q, Microbial reductive
dehalogenation of polychlorinated biphenyls.
FEMS Microbial Ecology 32:1-15 (2000).

19 Harrad S, Robson M, Hazrati S, Baxter-Plant
VS, Deplanche K, Redwood MD and Macaskie
LE, Dehalogenation of polychlorinated
biphenyls and polybrominated diphenyl ethers
using a hybrid bioinorganic catalyst. J Environ
Monit 9:314-318 (2007).

20 Deplanche K, Snape TJ, Hazrati S, Harrad S and
Macaskie LE, Versatility of a new bioinorganic
catalyst:  palladized cells of Desulfovibrio
desulfuricans and application to dehalogenation
of flame retardant materials. Environ Technol
30:681-692 (2009).

21 Korte N, Lang L, Muftikan R, Grittini C and
Fernando Q, Palladised iron utilised for ground
water purification. Platinum Metals Review
41:2-7 (1997).

22 Korte NE, West OR, Lian L, Gu B, Zutman JL
and Fernand Q, The Effect of solvent
concentration on the use of palladized-iron for
the step-wise dechlorination of polychlorinated
biphenyls in soil extracts. Waste Management
22:343-349 (2002).

23 Smidt H and de Vos WM, Anaerobic microbial
dehalogenation. Ann Rev Microbiol 58:43-73
(2005).

24 Mabbett AN, Yong P, Farr JPG and Macaskie
LE, Reduction of Cr(V1) by palladized biomass
of Desulfovibrio desulfuricans ATCC 29577.
Biotechnol Bioeng 87:104-109 (2004).

25 Mabbett AN, Sanyahumbi D, Yong P and
Macaskie LE, Biorecovered precious metals
from industrial wastes: single step conversion
of mixed metal liquid waste to bioinorganic
catalyst (“MMBio-Pd(0)”) with Environmental
Application. Environ Sci Technol 40:1015-1021
(2006).

26 Baxter-Plant VS, Mikheenko IP and Macaskie
LE Sulphate-reducing bacteria, palladium and
the reductive dehalogenation of chlorinated
aromatic compounds. Biodegradation 14:83-90
(2003).

27 Nishimura S, Handbook of Heterogeneous
Catalytic  Hydrogenation  for  Organic
Synthesis. John Wiley & Sons, New York,
(2001)

28 Orozco R, Redwood MD, Yong P, Caldelari I,
Sargent F and Macaskie LE, Towards an
integrated system for bio-energy: Hydrogen
production by Escherichia coli and use of
palladium-coated waste cells for -electricity

3

generation in a fuel cell. Biotechnol Lett 32:
1837-1845 (2010).

29 Lloyd JR, Thomas GH, Finlay JA, Cole JA and
Macaskie LE Microbial reduction of
technetium by  Escherichia coli and
Desulfovibrio desulfuricans: Enhancement via
the use of high-activity strains and effect of
process parameters. Biotechnol Bioeng 66:122-
130 (1999).

30 Mikheenko IP Nanoscale palladium recovery.
Ph.D Thesis. The University of Birmingham,
UK (2004).

31 Humphries AC, Mikheenko IP and Macaskie LE,
Chromate reduction by immobilized palladized
sulfate-reducing bacteria. Biotechnol Bioeng
94:81-90 (2006).

32 Jeffrey GH, Bassett J, Mendham J and Denny
RC, Vogels Textbook of Quantitative chemical
analysis, 5th edn. Bath Press, Avon, UK (1989)

33 Deplanche K, Caldelari I, Sargent F and
Macaskie LE, Involvement of hydrogenases in
the formation of highly catalytic Pd(0)
nanoparticles by bioreduction of Pd(Il) using
Escherichia coli strains. Microbiology 156:
2630-2640 (2010).

34 Lloyd JR, Thomas GH, Finlay JA, Cole JA and
Macaskie LE, Microbial reduction of
technetium by  Escherichia coli and
Desulfovibrio desulfuricans: Enhancement via
the use of high-activity strains and effect of
process parameters. Biotechnol Bioeng 66:122-
130 (1999).

35 Mikheenko IP, Mikheenko PM, Darlington
CNW, Muirhead CM and Macaskie LE,
Magnetic testing of Pd-loaded bacteria. In
Biohydrometallurgy: Fundamentals,
Technology and Sustainable Development
V.S.T. Ciminelli and O. Garcia Jr. (eds)
Elsevier, Amsterdam, ISBN 0444 50623 3 pp
525-532 (2001).

36 Rousset ML, Casalot P, de Philip A, Bélaich I,
Mikheenko | and Macaskie LE, Use of
bacterium strains for the preparation of metallic
biocatalysts, in particular for the preparation of
palladium biocatalysts. European Patent
Application ~ Number:  WO/2006/087334.
International Application No.:
PCT/EP2006/05094 (2006).

37 Mikheenko IP, Rousset M, Dementin S and
Macaskie LE, Bioaccumulation of palladium
by  Desulfovibrio  fructosovorans  and
hydrogenase deficient mutants Appl Environ
Microbiol 19: 6144-6146 (2008).



Article first published online: 19-05-2012 in the Journal of Chemical technology and Biotechnology.

38 Yong P, Rowson NA, Farr JPG, Harris IR and
Macaskie LE, Bioreduction and
biocrystallization of palladium by
Desulfovibrio desulfuricans NCIMB 8307.
Biotechnol Bioeng 80:369-379 (2002).

39 Yong P, Rowson NA, Farr JPG, Harris IR and
Macaskie LE, A novel electrobiotechnology for
the recovery of precious metals from spent
automotive catalysts. Environ Technol 24:289-
297 (2003).

40 Creamer NJ, Baxter-Plant VS, Henderson J,
Potter M and Macaskie LE, Palladium and gold
removal and recovery from precious metal

4

solutions and electronic scrap leachates by
Desulfovibrio desulfuricans. Biotechnol Lett
28: 1475-1484 (2006).

41 Murray AJ, Mikheenko IP, Goralska E, Rowson
NA and Macaskie LE (2007) Biorecovery of
platinum group metals from secondary sources
Adv Mats Res 20-21:651-654.

42 Dimitriadis S, Nomikou N and McHale AP, Pt-
based electrocatalytic materials derived from
biosorption processes and their exploitation in
fuel cell technology. Biotechnol Lett 29:545-
551 (2007).



