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Abstract
Homogeneous and heterogeneous catalysis approaches to hydrogenation have different advantages and disadvantages and hybrid approaches

are sought to maximise the advantages of both. Bacterial cells, of length 1–2 mm, present an economical alternative to conventional micro-scale

supports such as graphite and alumina. Certain strains of bacteria can reduce soluble Pd(II), from stock solutions or acid extracts of spent catalysts,

forming nanocrystals of Pd, which are supported within the bacterial cell surface layers. The biologically supported nano-Pd contains particles of

size �5 nm and below, as determined using magnetic measurements (SQUID) and EXAFS spectroscopy. Bio-nano-Pd supported on exemplar

Gram negative and Gram positive bacterial types catalysed the hydrogenation of itaconic acid (initial rates 1.1 and 1.2 � 10�2 mol gPd�1 s�1)

comparing well with commercial 5% Pd-graphite (1.3 � 10�2 mol gPd�1 s�1).
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1. Introduction

In general, homogeneous catalysis is preferable to the

heterogeneous approach due to higher chemical and energy

utilisation efficiencies. This approach has been used exten-

sively [1] but is precluded in those industrially important

reactions, which employ expensive precious metal catalysts

where metal retention is paramount. Attempts to overcome this

difficulty have included ligand modification and the tethering of

homogeneous catalyst on polymeric or inorganic supports in

the liquid phase [2–4]. Heterogeneous catalysis is vitally

important in organic syntheses and the production of fine

chemicals [4–6] but in a mixed phase system the engineering

challenges of mass transfer and mixing must be overcome for

maximum product yield. Here, reactor design is critical, e.g. a

cocurrent downflow bubble column reactor was developed to

enhance mass transfer in slurry or fixed bed reactions [7,8].
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Recently, nanoparticles have received intense attention

because they demonstrate physical (and catalytic) properties

that are different from those of bulk material [9,10].

Nanoparticulate palladium (Pd) has received particular atten-

tion because of the outstanding effectiveness of the metal as a

catalyst, for e.g. hydrogenation and hydrogenolysis reactions

[5,11]. However, preparation of metal nanoparticles involves

rigorous experimental procedure or expensive equipment, or

both [10,12,13]. This is in part due to the property of

nanoparticles, which confers their high reactivity: a relatively

high proportion of the atoms in a nanoparticle are present at its

surface whereas in a larger particle the majority of atoms

occupy the bulk. In nanoparticles, therefore, the influence of

surface effects is significant compared to those of the particle

bulk. One such effect is the promotion of particle growth [14],

which occurs either by coalescence (the fusing of two or more

smaller particles to form a larger one) or by ripening (the

growth of large particles by migration of material from smaller

ones). Accordingly, intervention is required to preserve the

nanoparticles and maintain their particular physical properties

for utilisation in the catalytic reaction of choice.
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Palladium is a paramagnetic metal and the bulk metal is

considered to be on the verge of ferromagnetism [15] while

nanoscale Pd-clusters are ferromagnetic [16]. The onset of

ferromagnetism can be invoked by the presence of a

ferromagnetic impurity [17], expansion of the crystal lattice, a

change in symmetry [18], the introduction of crystal defects [19],

or the decreased coordination number of atoms at the surface of a

crystal [18,20]. Ferromagnetism has been demonstrated in high

purity palladium nanoparticles with radii of between 2 and 6 nm

[21,22]. Nanoparticles of radii �1 nm are known not to show

ferromagnetism, i.e. there is a lower limit [23].

For catalytic applications there are conflicting needs to

maintain the nanoparticle format for high reactivity whilst

satisfying the dual requirements for low mass transfer

constraints and the need for catalyst recovery. The development

of precious metal carbon-supported particles is an excellent

compromise and commercial catalysts based on this formula-

tion are available but expensive (palladium, US$ 352 per troy

ounce metal, 26 March 2007) and can be used in, e.g. slurry

reactors. An example fuel cell catalyst comprising a PtRu alloy

on carbon black showed overall particle sizes of �50 nm with

highly dispersed individual metallic nanoparticles of �1–5 nm

on the carbon black support [24]. Such structures tend to clump

[24], leading to segregation of the solid and liquid phase. This

behaviour is of particular importance as it leads to a substantial

increase in the effective particle size resulting in a decreased

conversion rate [25]. A cocurrent three-phase downflow bubble

column reactor (CDC) was found particularly useful using an

example model reaction, hydrogenation of itaconic acid

(Eq. (1)) [8]:

(1)

This system employed a commercial catalyst (Pd type 37;

Johnson–Matthey; 5% and 10% Pd on charcoal; metal areas

were 13.9 and 35.9 m2 g�1 catalyst). The overall efficiency was

dependent on both the gas–liquid and liquid–solid mass

transfers [8].

Recently, the use of bacteria as precious metal nanocatalyst

supports has received attention. Bacterial cells, typically in the

size range of 1–5 mm (i.e. �1000-fold larger than the

ferromagnetic Pd-clusters and up to 100-fold larger than

carbon-supported particles: see above) have the advantage of

easy use in suspension but are sufficiently heavy when

metallized to fall under gravity. If required, bacterial catalysts

can be easily used in a two-phase system by utilising the ability

of bacteria to form self-adhesive biofilms on solid mesh or

particulate supports before metallization [26] for use in

conventional flow-through [27,28] or fluidised bed systems.

The biofilm surface itself is typically highly convoluted [29],

which gives scope for a far greater surface area than that

imparted by the support material alone, effectively amplifying

the catalyst support area.
The use of bacterial cells as carriers for precious metal

nanoparticles is a major step-change in catalysis. The exemplar

system is the sulfate-reducing bacterium Desulfovibrio

desulfuricans [30], which reduces soluble Pd(II) to Pd(0).

Palladized cells had a high catalytic activity in test reactions

involving the production of hydrogen from hypophosphite [31],

the hydrogenolytic dehalogenation of polychlorinated biphe-

nyls [32] and the reduction of Cr(VI) to Cr(III) in batch

suspension [33] or flow-through reactor [34,35] systems. It was

recently shown that catalytically effective Bio-Pd-catalyst

could even be biomanufactured from industrial wastes and

scrap [35], further increasing the potential for an alternative

economic strategy for industrial catalyst production.

The mechanism of Bio-Pd manufacture in D. desulfuricans

is quite well understood. Initially, incoming soluble Pd(II)

coordinates to oxygen and amine groups [36], which are on or

near a hydrogenase enzyme which mediates the reduction of

Pd(II) to Pd(0) via oxidation of H2. Mutants deleted with

respect to specific hydrogenases relocated their Pd deposits to

the site of the activity of the remaining hydrogenase(s) [37],

confirming the involvement of this enzyme in Pd-cluster

formation. Following nucleation of Pd(0) further cluster growth

then occurs to make cell-bound deposits of catalytically active

Pd-nanoparticles stabilised by the architecture of the bacterial

matrix.

Bacterial cells fall into two fundamentally different types

categorised by their response to a diagnostic staining reaction

(the Gram strain), which reflects the binding of a dye to

characteristic cell wall polymers [38] to give, respectively,

Gram positive and Gram negative types. D. desulfuricans is a

typical Gram negative cell, the cell envelope of which is a

double membrane structure comprising the cytoplasmic

membrane and an outer membrane, between which is a

‘compartment’ (the periplasmic space) comprising a matrix of

carbohydrate-based polymers and proteins [39] including

hydrogenases [37]. The outer membrane is permeable to

atoms and small molecules and, accordingly, deposition of Pd

occurs within the periplasmic space and also on the inner

membrane, corresponding to the locations of the three major

hydrogenases of this species [37].

In contrast, the Gram positive cell envelope [40,41]

comprises only a cytoplasmic membrane and a thick

peptidoglycan layer but no outer membrane. It also contains

specific polymers (teichoic and lipoteichoic acids) and a

periplasmic space, once conjectural [41] but now confirmed

[42,43]. The Bacillus sphaericus strain studied here is

additionally covered by a highly ordered proteinaceous surface

layer (S-layer) [44].

Since the above suggests that D. desulfuricans and B.

sphaericus may deposit Pd by fundamentally different

mechanisms involving very different biochemical support

matrices, the first objective of this study was to compare the

biofabrication of Pd catalyst by the two strains. The second

objective was to compare the catalytic efficacy of the respective

Bio-PdD. desulfuricans and Bio-PdB. sphaericus in the model

reaction, hydrogenation of itaconic acid, as compared to a

commercial catalyst, in a stirred batch reactor. We discuss the
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results obtained with respect to the nanoparticle location by

using TEM, and the size of the respective two Bio-Pds

determined magnetically and by the use of extended X-ray

absorption fine structure (EXAFS) spectroscopy.

2. Materials and methods

2.1. Bacterial strains and growth conditions

D. desulfuricans ATCC 29577 was grown anaerobically in

Postgate’s medium C, harvested by centrifugation and

processed as described previously [30]. B. sphaericus JG-

A12 was isolated from a soil sample collected from the uranium

mining waste pile ‘Haberland’ near Johanngeorgenstadt,

Germany [45]. The B. sphaericus cells were routinely grown

aerobically with shaking in nutrient broth (NB) medium

consisting of 5 g l�1 peptone and 3 g l�1 meat extract.

2.2. Metallization of bacteria

Bio-supported palladium particles were prepared by reduc-

tion of sodium tetrachloropalladate(II) onto D. desulfuricans

using hydrogen gas as the electron donor [30]. Palladization of

B. sphaericus was carried out using the same method. The mass

ratio of Pd(II) in solution to the dry weight of cells was adjusted

depending on mass percent loading required. The Pd loaded

bacterial cells were centrifuged and washed three times with

distilled water and once with acetone then dried in air.

2.3. Electron microscopy

Pellets of freshly harvested Pd-loaded bacteria were fixed in

2.5% (w/v) aqueous glutaraldehyde, centrifuged, re-suspended

in 1.5 ml of 0.1 M cacodylate buffer (pH 7.0) and stained in 1%

osmium tetroxide in 0.1 M phosphate buffer, pH 7.0 (60 min)

for transmission electron microscopy (TEM). Samples were

dehydrated using an ethanol series. After two 15 min washes in

propylene oxide cells were embedded in epoxy resin. Sections

(90–100 nm thick) were cut from the resin block, placed onto a

copper grid and viewed with a JEOL 120CX2 transmission

electron microscope (TEM); accelerating voltage 80 kV.

2.4. Solid state analysis

Magnetic measurements. The magnetic properties of Bio-

PdD. desulfuricans and Bio-PdB. sphaericus and their chemically

prepared counterpart (‘Chem-Pd’: Pd(II) reduced to Pd(0)

under H2) were investigated using a vibrating sample

magnetometer VSM (Oxford Instruments, UK) and a super-

conducting quantum interference device (SQUID: Quantum

Design, USA). The temperature range was 10–300 K and

applied magnetic fields were from 0.0005 T to 2 T; usually 1–

2 T unless stated otherwise. All measurements are expressed

per gram of palladium and accuracy is limited by mass

determination to �10%. The main difficulty encountered in

carrying out measurements in a field of this strength is the

presence of a background diamagnetic moment from the
sample holder and the polymer film used to contain the Bio-Pd

powder. A methodology was developed to minimize this [46]

and it was adopted here.

XAS measurements. Palladium K-edge X-ray absorption

spectra were collected at the Rossendorf Beamline (ROBL)

located at the European Synchrotron Radiation Facility

(ESRF), Grenoble (France) [47] using a Si(1 1 1) double-

crystal monochromator and Si-coated mirrors for focusing and

rejection of higher harmonics. Samples were cooled to 30 K in

a closed-cycle He cryostat, and data were collected in

transmission mode using an Ar flushed ionisation chamber.

The energy was calibrated by measuring the Pd K-edge

transmission spectrum of a palladium foil and defining the first

inflection point as 24,350 eV. The Pd-loaded sample was

measured as dry sample. The EXAFS oscillations were isolated

from the raw, averaged data by removal of the pre-edge

background, approximated by a first-order polynomial,

followed by m0-removal via spline fitting techniques and

normalization using a Victoreen function. The amplitude

reduction factor was held constant at 1.0 for the FEFF8

calculation and EXAFS fits. The shift in threshold energy, DE0,

was varied as a global parameter in the fits. The theoretical

scattering phase and amplitude functions used in data analysis

were calculated using X-ray data from Pd foil using the FEFF8

program [48].

2.5. Determination of catalytic activity of Bio-PdD.

desulfuricans and Bio-PdB. sphaericus

Bio-Pd (5%, (w/w) or as stated (total weight of palladium

used was 5 mg) or Chem-Pd (reference sample; equivalent

mass as Pd) was added to 250 ml itaconic acid solution

(50 mg l�1 approx.) in a High Pressure Stainless Steel

Autoclave Reactor (500 ml: Baskerville). The reactor was

purged with hydrogen (10 min) then held under hydrogen

(5 atm.) and heated to 70 8C. The reaction mixture was stirred

at 1000 rpm when the reaction temperature had been attained,

with the reaction time measured from this point. Withdrawn

samples were analysed using a VECTOR 33 FT-IR spectro-

meter (Bruker Optics) configured for near-infrared operation

using a tungsten halogen NIR source, a thermoelectrically

cooled InAs detector sensitive over the range of 12,800–

3470 cm�1 and a NIR quartz beam splitter. A fibre optic dip

probe was used to carry out the NIR measurements. Spectro-

meter measurements were carried out using Bruker OPUS/IR

software. Quantitative analysis of FT-IR spectra was carried out

as described by Wood and Turner [49].

3. Results and discussion

3.1. Deposition of Pd by D. desulfuricans and

B. sphaericus

Bacteria examined before palladization were grey and

indistinct with the contrast (grey areas) attributed to the osmium

stain (Fig. 1A and B). After palladization under H2 (5%, w/w)

both types of cells were surrounded by an electron-opaque layer



Fig. 1. Deposition of Pd by Desulfovibrio desulfuricans (A, C and E) and Bacillus sphaericus (B, D and F). (A and B) Cells before palladization. (C and D) Cells

palladized to 5% of the dry weight. (E and F) Expanded area of cell surfaces to show Pd-nanoparticles. (B) is from archive material at FZD-Rossendorf. Note: these

cells are cut transversely and hence appear round.
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at the cell periphery (Fig. 1C and D), resolvable to individual

particles (Fig. 1E and F) which were shown previously to

comprise palladium by energy dispersive X-ray microanalysis,

with the crystalline nature of the material shown by the sharp

nature of the X-ray powder pattern which confirmed the

speciation as Pd(0) with PdD. desulfuricans [46]. Similar tests in this

study using the Bio-PdB. sphaericus gave identical results (not

shown). High-resolution electron micrographs (Fig. 1E and F)

show that Pd was held as discrete nanoparticles beneath the

outermost layers of the cells within the periplasmic space

bounded by the Gram negative double membrane structure (D.

desulfuricans: Fig. 1E) or between the peptidoglycan and the S-

layer of the Gram positive B. sphaericus (Fig. 1F). In each case

the palladium nanoparticles were held enclosed beneath the outer

most cell layers (Fig. 1E and F). Although the Pd-particles

appeared to be distinct by visual examination (Fig. 1) the

polymeric nature of the intertwined cell surface layers

(phospholipids, proteins, carbohydrates, peptidoglycan and

teichoic/lipoteichoic acids, the latter being specific to Gram

positive cells: see Section 1) means that there are many

biochemical candidates to support the growing Pd-clusters and

hold them as stable entities. Single molecule width inter-particle

distances are below the resolution of the electron microscope,
therefore physical methods were employed to estimate the

nanoparticle sizes of the Pd-cluster populations.

3.2. Determination of nanoparticle sizes by solid-state

analysis

A combination of a linear and non-linear magnetic

behaviour was recorded for Bio-PdD. desulfuricans and Bio-PdB.

sphaericus samples in response to varying external magnetic field

(H). In common with other authors we associate the linear

dependence of magnetisation on the applied external field

strength (m/H) with paramagnetism and the non-linear

dependence with a form of ferromagnetic behaviour [50].

For each sample, the ferromagnetic component of the magnetic

moment was derived by subtracting the linear component.

Fig. 2 shows the net ferromagnetic component for both samples

at room temperature. The moments shown are per gram of Pd,

which is 5% of the total sample mass.

In order to estimate the size of the ferromagnetic particles it

is necessary to fit the ferromagnetic component of the samples

using the Langevin function [15]. This yields the quantity m, the

magnetic moment per magnetic particle. A typical value

obtained is 215 mB. From this, and knowing that the spacing



Fig. 2. Non-linear component of magnetic moment as a function of the applied

magnetic field for Bio-PdD. desulfuricans and B. sphaericus (5% loading by mass).
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between the Pd atoms in a cubic close-packed crystal is

0.388 nm, it is possible to calculate the size of the particle.

There is still no agreement as to whether the ferromagnetism of

palladium nanoparticles resides in all the constituent atoms

equally or only in the surface atoms [16] so we carried out the

calculation using both models. Assuming that all the atoms in a

cubic particle have an equal magnetic moment of 0.12 mB per

atom [21], the particle would comprise approximately 1800

atoms and would measure 4.7 nm along each edge. In the

second model, where the magnetic moment of each surface

palladium atom is assumed to be 0.23 mB per atom [18], the

particle would have 934 surface atoms and measure 4.8 nm

along each edge. Both of these estimates are consistent with the

findings of Taniyama et al. [21] and Cox et al. [23].

These interpretations hold for a pure Pd sample and assume

that there is no contamination with Fe, a component of

biological materials including hydrogenase enzymes. Since the
Fig. 3. EXAFS spectra of Pd foil and Pd-loaded cells o
incoming Pd(II) coordinates to amine groups and these are

deduced to be on or near the hydrogenase enzymes (see above)

it is essential to discount a contribution by Fe. Element-specific

magnetism is determined by the use of X-ray magnetic circular

dichroism (XMCD). Analysis of Bio-PdD. desulfuricans using

XMCD at ESRF Grenoble confirmed that the magnetic effect

was palladium-specific (I.P. Mikheenko and P.M. Mikheenko,

unpublished). These studies will be reported in full in a later

publication. Importantly, they validate the use of conventional

calculation methods to obtain the nanoparticle size, based on

magnetic measurements.

As an alternative, EXAFS spectroscopy has been used in this

work to study the radial distribution of the nearest neighbours

as well as to determine the size of the Pd nanoparticles. EXAFS

spectroscopy has become a widespread method for determining

particle diameter in highly dispersed metals. Conventional

transmission electron microscopy (TEM) allows the detection

of metal particles of 1.5–2.0 nm in diameter but TEM does not

provide average values, only information about each particle.

Moreover, very small metal particles can be damaged by the

electron beam. Also, the low limit of metal particle detection

does not allow study of the metallic phase of highly dispersed

samples [51]. In the presence of a distribution of different

particle sizes, EXAFS gives a mean dimension weighted by the

fraction of atoms of different sizes [52]. This technique was

used successfully to determine the size of gold nanoparticles

formed on the cells and S-layer sheets of B. sphaericus JG-A12

[53] and of Pd nanoclusters formed on immobilized cells of this

bacterium [54].

Fig. 3 shows the Pd K-edge EXAFS spectra of a palladium

foil and of Pd-loaded cells along with their corresponding

Fourier transform (FT). The fit parameters of the calculated

spectra are given in Table 1. The signal to noise ratio is

excellent, which makes data analysis possible to a wave vector
f B. sphaericus JG-A12 and their corresponding FT.



Table 1

EXAFS structural parameters of the palladium foil and Pd-loaded cells

Sample Shell Na R (Å)b s2 (Å2)c DE (eV)

Pd foil Pd–Pd1 11.5 � 0.4 2.75 0.0021 �18.0

Pd–Pd2 4.2 � 0.9 3.89 0.0019

Pd–Pd3 17.6 � 2.0 4.77 0.0026

Pd–Pd4 14.0 � 2.0 5.41 0.0013

Cells Pd–Pd1 6.5 � 0.5 2.75 0.0028 �13.0

Pd–Pd2 1.7 � 0.7 3.90 0.0021

Pd–Pd3 6.1 � 1.0 4.78 0.0025

Pd–Pd4 6.7 � 1.3 5.41 0.0025

a Errors in coordination numbers are �25% and standard deviations as

estimated by EXAFSPAK.
b Errors in distance are �0.02 Å.
c Debye–Waller factor.

Fig. 4. Percentage conversion of itaconic acid using three preparations of

palladium (1%, 2% and 5% by mass) supported on B. sphaericus. Values are

averages of three or more experiments and error bars represent the standard

error of the mean. Where error bars are not shown these are within the

dimensions of the symbols.

Fig. 5. Percentage conversion of itaconic acid using three preparations of

supported palladium. (a) 5% on graphite (Johnson–Matthey), (b) 2% on B.

sphaericus and (c) 5% on D. desulfuricans. Data are means � S.E.M. Where

error bars are not shown these are within the dimensions of the symbols.
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k of 17 Å�1. It is well established that the FT of x(k) over a

finite k range is a radial structure function exhibiting a series of

peaks whose positions and magnitudes are related to the

interatomic distances and the number of atoms in the different

coordination shells, respectively. FT peak distances R are

reported in units of Å and are uncorrected for scattering phase

shift, i.e. R + DR.

In the case of the Pd foil sample, the FT peaks of metallic Pd

were attributed to four Pd–Pd shells with distances of 2.75,

3.89, 4.77 and 5.41 Å. The major peak corresponds to about 12

Pd atoms at a Pd–Pd interatomic distance of 2.75 � 0.01 Å as

reported by Polizzi et al. [52] and in agreement with X-ray

diffraction studies.

The EXAFS spectrum obtained for the Pd/cell sample is

very similar to the spectrum of Pd foil. Four distinct peaks at

2.75, 3.90, 4.78 and 5.41 Å each corresponding to Pd atoms

was found in the FT of the experimental spectrum. The

coordination numbers (N) of the different Pd–Pd bond

distances of this sample are different from the bulk ones,

showing the presence of small metal particles. The reduction

of the coordination numbers was used to estimate the average

size of the studied sample assuming a spherical shape. The

palladium–palladium first shell coordination number of

6.5 � 0.5 as found for the Bio-PdB. sphaericus analyzed in this

study corresponds to metal particles that fit just inside S-layer

protein pores of the cells of B. sphaericus JG-A12. Assuming

spherical metal particles with FCC lattice, the average cluster

size was calculated [55]. A mean Pd–Pd coordination number

6–7 corresponds to an average particle diameter between 0.8

and 1 nm. The discrepancy in the size of the Pd-nanoparticles

formed by B. sphaericus JG-A12, measured by SQUID and

EXAFS spectroscopy found in this work has also been

described for other systems using different techniques. Polizzi

et al. [52] reported that the size of Pd-nanoparticles in the Pd/

SiO2 system given by EXAFS data analysis was smaller than

that found using ASAXS and WAXS techniques. They

speculate that in the presence of a distribution of different

particle sizes, EXAFS gives a mean dimension weighted by

the fraction of atoms corresponding to the different sizes. In

the sample studied, as shown by ASAXS and partially by

WAXS, the majority of Pd atoms is in the smaller particles.
This explains why the larger ones are not revealed by EXAFS

[52].

3.3. Catalytic activity of Bio-PdD. desulfuricans and

Bio-PdB. sphaericus

It is concluded from the physical studies above that the

biomaterials contained Pd-nanoparticles of sizes of between

�1–6 nm and hence a high catalytic activity would be expected,

assuming that the outermost cell layers of the bacteria studied

do not pose a significant barrier to substrate access. The

hydrogenation of itaconic acid was chosen as a test reaction

since this is a well-defined model hydrogenation system, which

has been shown scalable to reactor types suitable for

commercial applications (see Section 1). Previous studies

using the reduction of Cr(VI) to Cr(III) as a criterion of catalytic

activity of Bio-PdD. desulfuricans showed that a loading of 1:19

(5% Pd on biomass) was optimal [56] and this was adopted for

the current study, in comparison with a commercial 5% Pd on

carbon catalyst.



Table 2

Initial rates of conversion of itaconic acid by five catalysts (averaged over

10 min)

Catalyst Initial rate (� 10�3 mol gPd�1 s�1)

Pd-graphite 5% (JM) 13.0

PdD. desulfuricans 5% 11.0

PdB. sphaericus 5% 6.1

PdB. sphaericus 2% 12.0

PdB. sphaericus 1% 2.2
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A comparison of Bio-PdB. sphaericus loaded with Pd at 1%, 2%

and 5% shows the percentage conversion of itaconic acid as a

function of time for three preparations of palladium supported

on B. sphaericus. In all cases the reaction curves follow first

order behaviour in terms of itaconic acid concentration. There

is a clear difference in the initial rate of the reaction and in the

total conversion of itaconic acid when the reaction was stopped

after 60 min. The initial rate achieved by the 2% loaded sample

is greater than that observed with the 1% (Fig. 4). This is

consistent with what would be expected from either a larger

number of particles of similar size or a similar number of larger

particles. In either case the total surface area of the catalyst

would be increased resulting in a higher turnover and therefore

a higher reaction rate. The behaviour of the 5% loaded sample

is at variance with this expectation and the rate achieved in this

case is lower than that of the 2% sample. This may be

attributable to the finite number of nucleation loci on the

bacterial surface. Recent work with purified B. sphaericus S-

layer material has identified pockets containing stretches of

carboxylated amino acids [57,58] associated with metal particle

formation. The pockets have been shown to separate the

individual nanoparticles and prevent coalescence whilst

allowing them to grow to a maximum diameter determined

by the size of the pockets. As long as the amount of metal

present is not sufficient to fill the total space in the S-layer

pockets the nanoparticles remain discreet. However, a metal

loading beyond this maximum would lead to growth beyond the

size limit causing metal particles to overflow the pockets and

contact one another. For this reason, in this case increased

loading does not lead to the formation of more particles but

rather a lower number of larger particles, probably with lower

overall catalytic activity.

Fig. 5 compares the conversion of itaconic acid by the

commercial catalyst (5% palladium on graphite) with that

achieved using preparations of the two biologically supported

catalysts: 2% Pd on B. sphaericus and 5% Pd on D.

desulfuricans. The initial rates for all five catalysts are

summarised in Table 2. For the 2% B. sphaericus catalyst

the value was 92% compared to the commercial catalyst and for

the 5% D. desulfuricans preparation it was 85%. Values for

total conversion after 60 min were 99% and 97%, respectively,

of that achieved using the commercial catalyst.

4. Conclusions

This study shows that by using bacterial cells as support

materials for Pd-nanoparticles, with simple biomanufacture
from Pd(II) solution under H2, it is possible to make a hybrid

homogeneous/heterogeneous catalyst which is as effective

catalytically as commercial 5% Pd on graphite, for which good

separation of catalyst and product remains problematic. The

reaction rate and extent of conversion were comparable for both

the Gram positive and Gram negative cells as well as the

commercial material. Since the Pd-nanoparticles are held

below the outermost bacterial surface layers it might be

expected that mass transfer limitations through these peripheral

layers could apply. In this case the reaction rate could be

potentially higher than with current commercial materials; it

must be emphasised that the biomasses were not treated in any

way. Hence, post-harvest processing might prove additionally

beneficial and this will form a focus of future work as will

investigations into the possible selectivity of biologically

supported palladium catalysts. The role of hydrogenase is well

established in D. desulfuricans but such a role is unlikely for B.

sphaericus under the conditions studied and an alternative

mechanism of Pd(II) reduction is possible. Various other

bacterial enzymes, well documented elsewhere to have ‘metal

reductase’ activity, could expand the potential portfolio of

biomolecular candidates for metallic nanoparticle biomanu-

facture.

Acknowledgements

This study was supported by EC contract GRD1-2001-

40424 and the EPSRC and BBSRC (grant nos. EP/D05768X/1,

BB/C516128/1 and BB/E003788/1). We thank A.C. Scheinost,

A. Rossberg, C. Hennig, and H. Funke (ROBL, Grenoble) for

their help in EXAFS measurements. We also thank Dr. P.M.

Mikheenko for invaluable help with magnetic analysis and

interpretation of magnetic data.

References

[1] B. Cornils, W.A. Herrmann, Applied Homogeneous Catalysis with Orga-

nometallic Compounds: A Comprehensive Handbook, VCH, Weinheim,

Germany, 1996.

[2] J.M. Thomas, W.J. Thomas, Principles and Practice of Heterogeneous

Catalysis, VCH, Weinheim, Germany, 1997.

[3] V.M. Frolov, Plat. Met. Rev. 40 (1996) 8–18.

[4] J.H. Clark, D.J. Macquarrie, Heterogeneous catalysis in liquid phase

transformations of importance in the industrial preparation of fine che-

micals, Org. Proc. Rev. Dev. 1 (1997) 149–162.

[5] S. Nishimura, Handbook of Heterogeneous Catalytic Hydrogenation for

Organic Syntheses, John Wiley & Sons, New York, USA, 2001.
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