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Abstract  

A heterogeneous Pd catalyst, biologically-mineralized palladium nanoparticles (bio-Pd), was 

synthesized using sulfidogenic bacteria which reduced soluble Pd(II) to catalytically-active Pd-

nanoparticles (NPs). Heat treatment (processing) of bio-Pd (5 or 20 wt% on the cells) made by 

Desulfovibrio desulfuricans evolved supported Pd-catalyst comprising Pd-NPs held on large 

spherical hollow structures.  The rate of hydrogenation of 2-butyne-1,4-diol was ~5-fold slower 

than for a commercial catalyst (~twice that of native bio-Pd), but with high selectivity to the 

alkene,  fulfilling a key industrial criterion. In the Heck reaction, while bio-Pd showed a comparable 

reaction rate in ethyl cinnamate synthesis to that achieved by commercial Pd/C, heat-treated bio-

Pd had negligible activity.  D. desulfuricans bio-Pd was replaced by bio-Pd made using a consortium 

of waste acidophilic sulfidogenic bacteria (CAS) supplied from an unrelated primary remediation 

process. This gave comparable activity to commercial 5 wt% Pd/C in ethyl cinnamate synthesis, 

signposting an economic, scalable route to catalyst manufacture. 
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1. Introduction 

Palladium nanoparticles supported on dead bacterial cells (bio-Pd) have shown excellent catalytic 

properties in a number of environmentally-relevant reactions which include fuel cell 

electrocatalysis, degradation of pollutants, oil upgrading and green chemistry [1-4]. This class of 

catalysts is unique; although a bio-derived support is used and catalyst synthesis uses living cells to 

initiate the metallic nanoparticles, the formation of metallic NPs kills the cells due to the harsh 

conditions and metal toxicity. For use membrane materials are removed to leave NPs supported 

on the residual organic matrix, which becomes analogous to other heterogeneous catalysts 

supported on various organic matrices. The ‘choice’ of the bacteria used in the NP synthetic 

reactions dictates the structure of the catalyst support matrix and patterning of the NPs,  as well as 

organic and inorganic ligands which become associated with the finished catalytic nanoparticles. 

Since the early 2000’s various publications have suggested the possible commercial application of 

bio-Pd but traditional Pd catalysts are very well established over many years using well established 

manufacturing processes. For a new technology to gain acceptance it must be demonstrably better 

than existing counterparts or significantly cheaper without compromising performance (J. 

Clipsham and P. Claes; Catalytic Technology Management Ltd., unpublished  report commissioned 

in 2009). This prompted the first Life Cycle Analysis (LCA) by Archer et al. (2019) [5] who concluded 

that platinum group metal (PGM) catalysts, biorefined from waste leachate into neo-catalyst, 

outperformed traditional heavy oil upgrading catalysts in terms of economic advantages, even 

without factoring-in the significant additional carbon and energy savings [3] via avoidance of metal 

extraction from primary ores. However, the composition of a bio-recovered metallic catalyst 

reflects the metallic composition of the original waste [6] and hence this approach, essentially 

making a potentially variable material, may be of limited use in chemical synthesis where a 

reproducibly high reaction selectivity is required, along with a high conversion efficiency.   

In high value product syntheses, variable catalyst quality and the presence of extraneous elements 

is unacceptable and these must be removed from the final product stream post-reaction. 

Importantly, it is essential to remove toxic metals, especially PGMs, to negligible levels in 

pharmaceuticals to protect patients. Moreover, variable ratios of mixed metals, leading to variable 

product quality,  would not be permitted for regulatory processes, nor would they provide reliable 

protocols and processes that could be claimed for successful patent filing. Even for the low value 
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product industries, the metal/catalyst would need to be recovered for economic and 

environmental purposes. Pd-nanoparticles are tightly held (immobilized) on bacterial cells and 

were retained after repeated reaction cycles with no leaching of Pd, whereas this disadvantage 

occurred with commercial catalyst [7]. Taking this further, self-immobilization of the catalyst 

within highly self-adhesive biofilm has shown the potential for continuous flow-through processes 

[8,9], which rely upon catalyst stability. 

As a sustainable approach towards the economy of catalyst synthesis, bio-Pd has been made using 

Escherichia coli sourced as waste from a primary biohydrogen process [10]. This biomaterial was 

catalytically active as a hydrogenation catalyst; when compared to a commercial 5% Pd on Al2O3 

catalyst the reaction rate was lower but the selectivity to the desired product, 2-pentene, was 

higher [10].   

The selective hydrogenation of 2-butyne-1,4-diol (Fig. 1) is an industrially-relevant model reaction 

as the partial-hydrogenation product, 2-butene-1,4-diol, is an intermediate in the production of 

several pharmaceuticals and pesticides [11]. However this reaction, over a variety of nickel and 

nickel–copper based catalysts under harsh conditions, leads to the production of butane-1,4-diol 

[12-14], whereas the use of milder conditions and deactivated precious metal catalysts, such as 

palladium on calcium carbonate, increases the selectivity towards cis-2-butene-1,4-diol. 

Winterbottom et al. [14] illustrated a general reaction scheme for the reaction. In addition to the 

partial and full hydrogenation products, 2-butene-1,4-diol and butanediol, a number of additional 

side-products may also be formed due to the isomerization of 2-butene-1,4-diol to γ-

hydroxybutyraldehyde (Figure 1). This isomerization was observed over Pd/C catalysts [13,15] with 

acidic conditions favoring isomerization and hydrogenolysis products [16]. Increased selectivities 

to 2-butene-1,4-diol were promoted by addition of base or basic support materials [17,18] though, 

in general, additions should be avoided for economic reasons and waste minimization. 

Another important reaction which employs palladium catalysts is the Heck reaction, in which an 

alkene is coupled with an aryl- or alkenyl-halide to produce vinylarenes or dienes [19,20]. 

Traditionally this reaction has employed homogeneous catalysis [19,21] but using ligand-free Pd 

heterogeneous catalysts can be more advantageous [22] and hence these are extensively 

researched [23], with use of microbial cells as a more recent addition to the portfolio of supports 

that combine the benefits of homo-and heterogeneous catalysts [24]. A commonly used supported 
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catalyst, Pd/SiO2 is considered uncompetitive against homogeneous Pd catalysts due to its low 

activity as compared to the latter [25]. Huang et al.  [22] reported a Pd/SiO2 catalyst that was 

highly active for the Heck coupling, attributed to the size effect of supported Pd particles, 

generated in situ from Pd2+/SiO2. More recent developments used ‘bio-Pd’ made in situ from Pd(II) 

by various types of bacteria which was shown to be active in the Heck coupling when tested under 

industrially-relevant conditions against an established comparator [4]. 

Early work showed that, for a bio-Pd fuel cell (FC) electrocatalyst, it was necessary to carbonize the 

cells by heat treatment in order to obtain conductivity [26] since biomass (a hydrated polymeric 

biomatrix) is mostly water. Electron paramagnetic resonance (EPR) studies of bio-Pd NPs evolved 

on carbonized, heat-treated biomass showed single electron transfer reactions with bio-Pd made 

on Escherichia coli and Desulfovibrio desulfuricans, with a higher electron transfer via the latter 

[27] corresponding to higher catalytic activity as a FC catalyst [26,28].  This prompted evaluation of 

heat-processing of bio-Pd to potentially increase its performance more generally, which formed 

the first objective of this study using two test reactions: the selective hydrogenation of 2-butyne-

1,4-diol and the Heck reaction of ethyl cinnamate from ethyl acrylate using palladized cells of D. 

desulfuricans. This was chosen as the model organism since, in addition to the EPR study (above), 

early work showed that the bio-Pd made on Desulfovibrio cells is highly active catalytically [4], 

attributed to the high activity of hydrogenases which are implicated in the reduction of Pd(II) to 

form well-patterned, bio-scaffolded Pd(0) nanoparticles (NPs) [29,30]. 

Desulfovibrio spp. are sulfidogens, and respire on sulfate in the absence of oxygen to produce H2S.   

A mixed consortium of acidophilic sulfidogenic (CAS) bacteria has been used to recover metals 

(e.g. Zn, Cu) from synthetic acid mine drainage (AMD) waters via evolved biogenic H2S from the 

culture as a metal precipitant off-line (cited in [31]). The residual CAS cells (which have not been 

exposed to heavy metals) comprise an uncontaminated biomass waste, potentially produced at 

large scale, which requires disposal at cost with potential for adverse environmental impact. This 

prompted consideration of CAS bacteria as the support for bio-Pd.  Hence, zthe second objective of 

this study was to compare the catalytic activity of bio-Pd supported on D. desulfuricans with 

comparable Pd-NPs supported on waste CAS cells in the Heck reaction as a paradigm for ‘green 

catalyst from waste’.  A biohydrogen process previously shown to yield waste bacteria is at proof 

of concept stage with respect to use of the biowaste in ‘second life’ as a bio-Pd hydrogenation 

catalyst [10] but biohydrogen technologies are still not well developed. In contrast, while not yet 
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upscaled, the mine water remediation process has been demonstrated against real wastewaters. 

The volume of acid mine drainage, continuously produced as mine water runoff, is large (e.g. > 10 

million litres/day) and hence CAS would be continuously generated in large quantities [3] with 

biomass waste management and mitigation becoming significant factors in overall process 

economics.   

In order to address the two independent criteria for bio-Pd to become commercially competitive, 

as articulated from the viewpoint of the precious metals and catalysis industries (Clipsham and 

Claes, unpublished, above; which did not factor-in environmental benefits), the dual illustrative 

goals of this study were to increase the activity of the paradigm bio-Pd catalyst of D. desulfuricans 

by heat processing and to offset the catalyst cost by the illustrative use of CAS waste bacteria for 

manufacturing of catalytic NPs. 

Traditionally, for process evaluation, a Life Cycle Analysis (LCA) is made within defined system 

boundaries that factor-in only techno-economic factors, as illustrated by the use of bio-Pd 

biorefined from metallic wastes to upgrade heavy oil (see [5]). In this example the set boundaries 

excluded the environmental mitigation offered by cleaner oil production at source as well as the 

reduced temperature (energy demand) required for downstream refinery of the lower viscosity oil. 

In the context of bio-Pd catalyst applied to the chemical industry competitiveness of new 

technology is currently considered only on the basis of the two criteria outlined above.  However, 

in the wider context two additional key factors must be taken into account within the system 

boundaries, namely: (i) a reaction that produces better selectivity requires less starting material 

for a given yield of desired product; in the case of 2-pentyne hydrogenation (for example) that 

equates to a saving in petrochemically-derived 2-pentyne feedstock, while (ii): a smaller amount of 

unwanted by-product gives less waste for treatment/disposal. A further factor is that Pd-

nanoparticles supported on bacterial cells can be easily recovered from the reaction (above) while 

the use of biofilm-catalyst conveniently allows flow-through continuous processes that can be 

imaged directly in 4-D and mathematically modelled [8] to facilitate process optimization and 

highlight bottlenecks. These factors (cleaner production, greater materials/process efficiency, less 

waste) should also be calculated-in, with reference also to a numerical value assigned to carbon 

mitigation, factors which are being only now incorporated to augment LCA analyses to evaluate 

traditional and new technologies on a ‘level playing field’ to quantify the drivers for change 
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towards circularity and climate change mitigation. Without such drivers changes in industrial 

practices (against ‘business as usual’) will not be adopted. 

 

2. Experimental  

2.1. Bacterial strains, cultivation conditions and bio-Pd preparation.  

For the hydrogenation tests and trials in the Heck reaction D. desulfuricans NCIMB 8307 was 

grown anaerobically in Postgate C medium at 30 oC [4] and harvested by centrifugation. After 

washing in MOPS-NaOH buffer pH 7.0 three times and storing at 4 oC under oxygen-free nitrogen 

(OFN) the biomass was palladized as described by Deplanche et al. [4] using Na2PdCl4 solution in 

0.01 M HNO3 with the Pd(II) initially biosorbed onto the bacterial cells then reduced to Pd(0) 

enzymatically under H2 [4]. By pre-setting the proportions of resting live cells (calculated as dry 

biomass, obtained by a previously-determined conversion) to Pd(II) two mass loadings (5 wt% and 

20 wt%  Pd/cell dry wt) of Pd onto biomass were used (adjusting the proportions of Pd(II):biomass 

as required; all of the Pd(II) was removed from the solution by assay). Part of the sample was 

retained for examination using electron microscopy, X-ray photoelectron spectroscopy (XPS) and 

X-ray powder diffraction (XRD).  Palladized cells (bio-Pd) were air-dried and ground in an agate 

mortar. One part of the preparation was used as a catalyst directly and another part was subjected 

to heat treatment before testing.  

The consortium of acidophilic sulfidogenic (CAS) bacteria was taken from a continuous metal 

waste treatment process where the H2S off-gas was removed from a continuous flow bioreactor 

and gassed into acidic, metal-rich mine water in order to selectively precipitate target transition 

metals  ([31]) to leave residual (uncontaminated) biomass in the parent vessel. The CAS samples 

were harvested by centrifugation from this continuous culture, washed as for D. desulfuricans and 

stored as a concentrated suspension at 4 oC under air, routinely overnight before palladization. 

The CAS comprised 66% Desulfosporosinus acididurans [32], 7% Firmicute strain CEB3, 10% 

Acidocella aromatica strain PFBC, 10% Actinobacterium AR3 and 7% Acidithiobacillus ferrooxidans 

[33]. An electron microscope study of the CAS culture post-metallization [31], previously showed 

no extracellular precipitation of metals onto (e.g) cell-associated slimes. The cells were processed 

and tested alongside the sulfidogenic comparator, D. desulfuricans, NCIMB 8307 (both cultures to 

5 wt% Pd [31]). 
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2.2 Preparation of heat-treated catalyst on D. desulfuricans 

 

Heat treated catalyst was prepared in this study using the paradigm D. desulfuricans catalyst (CAS 

bacteria were not heat treated). The sample (20 wt% or 5 wt% Pd; 200 – 500 mg) was placed into a 

ceramic boat, wrapped in a steel foil and placed into a furnace (Eurotherm, Lenton Thermal 

Designs Ltd). After reaching vacuum (8 x 10-5 mbar) the temperature was increased (10 °C/min) to 

960 °C and maintained for 1 hour. The pressure was monitored during heating. Samples were left 

to cool slowly. The samples obtained (dark-grey powder) were used for catalytic testing in intact 

and ground forms; both gave similar results. 

2.3. Pd assay in depleted medium and bio-Pd carbonized preparations. 

Complete removal of Pd from the suspension was confirmed by assay (below) to confirm complete 

Pd loading on the cells.  To estimate the quantity of Pd held on the carbonized material formed by 

sintering (in order to compare reactions on a mol Pd basis) sample (10 mg) was mixed with aqua 

regia (5 mL) and heated to 100 °C. The mixture was evaporated and wet crystals re-dissolved in 5 

mL distilled water. After centrifugation, the Pd(II) concentration was estimated 

spectrophotometrically with SnCl2  [34].  

2.4. Examination of palladized bacteria and heated biomaterial by electron microscopy, energy 

dispersive X-ray analysis (EDX) and X-ray powder diffraction (XRD).  

Pd-loaded bacteria were fixed and stained with 1% osmium tetraoxide following standard procedures 

with sections viewed with a JEOL 120CX2 transmission electron microscope and analyzed by EDX 

[29,35-37]. Samples of Pd-loaded bacteria and carbonized bio-Pd were also examined using a Philips 

XL-30 FEG environmental scanning electron microscope, accelerating voltage 10 kV. Selected samples 

were examined by EDX. X-ray diffraction powder patterns (bulk method) were acquired via a Siemens 

High Resolution Powder Diffractometer (wavelength 0.154 nm), compared with the lines of pure 

palladium and checked against a previous report [36] and reference database. 

2.5. Analysis of Pd-loaded bacteria by X-ray photoelectron spectroscopy (XPS) 

XPS provides key information about the chemistry of the outermost 5-10 nm of a sample via 

binding energies between atoms [38], quantified as chemical shifts in binding energies, to identify 
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an atom and its oxidation state or chemical interaction with neighbouring atoms. Prior to XPS 

examination, sample aliquots (5-10 mg of material) were dried on a boron-doped silicon wafer (7 x 

7 mm in diameter). X-ray photoelectron spectroscopy (XPS) data were collected at the Science City 

Photoemission Facility, University of Warwick, UK.  Samples were mounted on Omicron sample 

plates (via electrically conductive carbon tape) and placed in a fast-entry chamber. The pressure 

was reduced to less than 1 x 10-7 mbar (approx. 1 h), and the samples were transferred under 

vacuum to a storage carousel, located between the preparation and main analysis chambers, for 

storage at pressures of less than 2 x 10-10 mbar. XPS data were collected in the main analysis 

chamber (base pressure 2 x 10-11 mbar), under illumination via an XM1000 monochromatic Al 

Kαα X-ray source (Omicron Nanotechnology).  Measurements were made at room temperature 

and take-off angle of 90° (maximum probe depth of ~ 5-10 nm). Emitted photoelectrons were 

detected using a Sphera electron analyser (Omicron Nanotechnology), with the core levels 

recorded using a pass energy of 10 eV (resolution ~ 0.47 eV). Due to the insulating nature of 

hydrated biomaterial, a CN10 charge neutralizer (Omicron Nanotechnology) was used to prevent 

surface charging, whereby a low energy (typically 1.5 eV) beam of electrons was directed on to the 

sample during XPS data acquisition. Data were converted into VAMAS format and analyzed using 

the CasaXPS package, using Shirley backgrounds, mixed Gaussian-Lorentzian (Voigt) line-shapes 

and asymmetry parameters where appropriate. Binding energies were calibrated to the C 1s peaks 

originating from adventitious carbon at 284.6 eV. Samples examined were palladium solution 

(background) and cells exposed to Pd(II) ions (i.e. biosorbed metal) and following in situ reduction 

of sorbed Pd(II) to Pd-NPs. Reduction of sorbed Pd(II) inside the XPS instrument was achieved in 

the sample preparation chamber by flowing H2 gas over the filament of a TC-50 thermal gas 

cracker (Oxford Applied Research), running at 58 W, in order to produce atomic hydrogen which 

was subsequently directed onto the sample surface. The sample was then transferred back to the 

analysis chamber, under ultra-high vacuum, for the subsequent acquisition of XP spectra. 

 

2.6. Test reactions 

2.6.1. Hydrogenation  

The reactions were run in a 500 mL high pressure stainless steel autoclave reactor (Baskerville Ltd.; 

pressure of 2 bar and temperature of 40 °C). 300 mL of 0.72% 2-butyne-1,4-diol (Sigma-Aldrich 

Ltd.) solution in 2-propanol (Fisher Scientific UK) was put into the vessel with catalyst (0.205 mol% 
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Pd over the substrate). As the heated bio-Pd sample had lost mass (estimated 

thermogravimetrically: [39]) the relative Pd content/g (wt% Pd) increased and hence a constant 

mol% Pd was used to encompass this. For the reaction the reactor was purged with nitrogen and 

the reaction was initiated by addition of H2. Samples of the reaction mixture (stirred at 1000 rpm) 

were taken at 10 min intervals during the first half hour, then at 30 min intervals thereafter. The 

comparator was commercial 5% Pd/alumina. Sample analysis was performed by gas 

chromatography, using a Varian CP-3380 with a flame ionization detector and a 25 M Chrompack 

Plot CP7576 capillary column with an Al2O3/KCl coating. The oven temperature ramp used was as 

follows: initial temperature of 95 °C for 30 min, ramp to 220 °C at 50 °C min−1, hold 20 min. An 

injection volume of 0.1 μL was used. 

 
2.6.2. Heck reaction (Heck coupling reaction between iodobenzene and ethyl acrylate)  

Method 1 was used to compare native and heat-processed samples of bio-Pd on D. desulfuricans 

with the comparator being commercial 5wt% Pd/C. Iodobenzene (408 mg in 30 mL of 

dimethylformamide), 0.4 mL triethylamine and catalyst (0.205 mol% Pd/substrate) were placed 

into a 2-neck round bottomed flask (50 mL) under OFN. The mixture was placed in a pre-heated oil 

bath (120 °C) and stirred vigorously. The reaction was initiated by addition of 0.3 mL of ethyl 

acrylate. Timed samples were withdrawn over 4 hours. Reaction products were analyzed by HPLC 

(Phenomenex, Utrecht, NL) in a water-acetonitrile gradient and absorbance detector (230 nm).  

Method 2 was used to compare bio-Pd on D. desulfuricans and CAS bacteria, the comparator being 

5 wt% Pd/C. Catalysts (10.6 mg, 5wt% Pd, 0.5 mol% loading) were dispensed into Radleys carousel 

tubes under N2 in a glovebox. A stock solution of iodobenzene (66.7 mM, 13.6 mg/mL) and ethyl 

acrylate (100.0 mM, 10.0 mg/mL) in dimethylformamide was prepared and aliquots (15 mL) 

transferred to the Radleys tubes containing catalyst. The tubes were sealed and placed into a 

carousel with a heating block and condensing head outside the glovebox. Reactions were stirred 

and heated to 80 oC and the reaction was initiated by the addition of triethylamine (152 mg). 

Reactions were sampled at time intervals and analyzed. The Radleys tubes were vented with 

nitrogen during addition of base and sampling. Analysis was by UV-UPLC (Waters: i-class UPLC with 

TQD; BEH column RP18 in a gradient of 0.03% trifluoroacetic acid 100% water and 0.03% 

trifluoroacetic acid 100% acetonitrile) 4 min run time flow rate 0.7 mL/min with diode array 

detection (210-400 nm). 
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3. Results  

3.1. Examination of D. desulfuricans cells and supported palladium nanoparticles  

 

The formation of Pd-NPs on cells of paradigm D. desulfuricans was reported previously (e.g. see 

[29,31,35,37,40]. Examination of the Pd-loaded cells in this study by environmental scanning 

electron microscopy (via electron back scattering) shows the Pd-NPs (white dots) standing proud 

of the cells (Fig 2a). Without added palladium cell sections examined by transmission electron 

microscopy show no nanoparticles (Fig. 2b, inset) but following palladization Pd-NPs are visible in 

cell sections on the cell surface and also embedded in the cell surface layers (Fig. 2b). Further 

examination of cells loaded at 20 wt% Pd (Fig. 2c) shows extrusion of electron opaque NP clusters 

(identified as Pd by EDX (not shown) through the outer membrane and extending beyond the cell. 

The extrusions, (which have visible cell surface debris attached) appear to relate to location of Pd-

foci in the inner membrane and also traverse the periplasmic space which suggests a possible 

functional relationship between the mediating hydrogenases (inner membrane and 

periplasmically-located) and their ability to promote Pd(II) reduction [29] but this was not 

examined further. It is likely that at 20wt% loading the NPs had agglomerated but the ‘bunches of 

grapes’ appearance and detectable membrane fragments (Fig. 2c) suggests some stabilization of 

component small NPs but this was not examined further. The CAS bacteria were not examined  

here due to the difficulty of interpretation due to the culture heterogeneity; example electron 

micrographs (showing 3 main types of cells) were published previously [31], showing that, in 

contrast to D. desulfuricans, Pd NPs were localized intracellularly. 

Examination of cells loaded to 5 wt% Pd confirms that the Pd-NPs were held mainly within the cell 

surface layers (Fig. 2d). Examination of intracellular material shows negligible Pd-NPs (Fig. 2d) but 

the relatively low resolution as used for the images of Fig 2 could not preclude the occurrence of 

very small intracellular NPs, subsequently revealed in a related study via high resolution electron 

microscopy [40]. The latter confirmed the predominance of Pd-NPs at the cell surface in D. 

desulfuricans (i.e. accessible for catalysis in native cells) whereas in the case of E. coli they were 

located at the cell surface, and also intracellularly [40]. In accordance with previous work [37] Fig. 

2d suggests association of intracellular electron opaque material with nuclear bodies, which 

suggests some uptake of Pd(II) into the cells despite the apparent paucity of intracellular NPs. 
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Examination of the surface of a cell populated by Pd-NPs shows that, while some NPs were small 

and separated, larger NPs were evident, being agglomerations of smaller ones (Fig. 2d, inset). 

Examination of the bio-Pd by X-ray powder diffraction gave a powder pattern corresponding to the 

diffraction lines of palladium as described previously [39] (example shown in Supplementary 

Information Fig. S1). A poor peak resolution of native bio-Pd suggested Pd which was mostly 

amorphous. Application of the Scherrer equation (to analyze the crystalline components) gave 

crystallite sizes of 3.3 and 4.6 nm for 5 wt% Pd and 13.1 and 8.6 nm for 20 wt% Pd (from two 

independent cultures of D. desulfuricans examined several years apart). This would seem to 

contradict the appearance of the large clusters as shown in Fig. 2c but close examination indicates 

the Pd-clusters to be agglomerations of small Pd-NPs (Fig. 2c; Fig 2d, inset), possibly stabilized by 

residual associated outer membrane materials, visible as indistinct cellular extrusions in 

association with the NPs in Fig. 2c. Association between Pd-NPs and biomatrix components was 

confirmed previously [41]. 

A companion study [40] applied high resolution electron microscopy with elemental mapping to 

reveal co-localization of Pd and sulfur in palladized cells of D. desulfuricans (5 wt% Pd). Numerical 

analysis gave a Mander’s overlap coefficient of > 0.9 for Pd and S and also Pd and P, confirming co-

localization of Pd with cellular components containing these elements.  This is in accordance with 

previous work that showed co-localized Pd and S in a nuclear body of D. desulfuricans [36,37] 

which implied binding of Pd(II) to histone-like proteins associated with DNA (via protein sulfhydryl 

groups), while the phosphate groups of DNA would be likely targets for binding of Pd(II), along 

with membrane phospholipids encountered as the Pd(II) enters the cells. Thus, while Pd was 

localized at the cell surface (and found also in nuclear bodies), unlike in the case of E. coli [40] the 

cytoplasm of D. desulfuricans was Pd-sparse (Fig. 2d), which has positive implications for better 

accessibility of the Pd(0) (surface-localized) to incoming substrates for catalysis. This sparsity 

cannot necessarily be taken to indicate a lack of uptake of Pd(II) by the cells; Gram negative  

bacteria have well established metal efflux mechanisms to moderate metal toxicity while 

controlling the availability of essential trace metals. A rapid method to visualize altered Pd 

accumulation by E. coli [42] showed influential effects of several genes related to transport/efflux of 

copper, silver, cobalt, molybdenum and iron(II) but a similar study has not been done in the case of D. 

desulfuricans.   

3.2. Analysis of Pd at the cell surface of D. desulfuricans by X ray photoelectron spectroscopy 



 

13 

 

The bacterial outer membrane contains, in addition to membrane phospholipids, a significant 

protein content (approx. 50% of the outer membrane material: see [43]). XPS spectra of the cell 

surface of D. desulfuricans (before Pd addition) are shown in Supplementary Information Fig. S2. 

Potential coordination sites for incoming Pd(II) include (as shown by XPS) oxygen and nitrogen 

ligands [44] via a preliminary study using cells examined at the initial stages of Pd(II) sorption. 

Binding of Pd(II) to phosphorus and sulfur was not examined in that earlier work.  XPS spectra are 

shown in Fig. 3b for D. desulfuricans-Pd cells with peak assignments for carbon (Fig. 3c), nitrogen 

(Fig. 3d), oxygen (Fig. 3e), phosphorus (Fig. 3f) and sulfur (Fig. 3g). Whereas the previous study [44] 

reported that in the presence of atmospheric oxygen the main species in Pd(II) chloride solution 

were PdO, Pd-OH, Pd-Cl and species with a possible intermediate state between Pd(0) and Pd(II), 

Omajali [36] reported only Pd(II) in a nitrate-solution matrix as used in this work. The spectrum of 

the Pd(II) solution is shown in Fig. 3a together with the corresponding Pd species in the reduced 

bio-Pd. This material was reduced abiotically with hydrogen in situ, resulting in the typical doublet 

(335.8 eV and 341.1 eV) of Pd(0) (Fig. 3b). This result was similar to that obtained using cells that 

were allowed to reduce Pd(II) under hydrogen and then introduced into the spectrometer post-

reduction [36].  However reduction in situ discounts  possible changes in speciation of Pd occurring 

during sample storage and transfer.  

By using the XPS data to calculate the total intensity observed in each region and adjusting for 

their relative sensitivities, the atom % of the outermost cell surface layer was estimated (Table 1) 

to comprise nearly 80% carbon, with oxygen attributable to the cell surface materials that contain 

carboxyl groups (e.g. cell surface lipopolysaccharides and also (lipo) proteins), in addition to 

adsorbed atmospheric contaminants. The phosphorus can be attributed to the phospholipid outer 

membrane. The nitrogen (4.3 atom %) is attributed to proteins in the outer wall layers/outer 

membrane and the sulfur (~ 0.3 atom %) to sulfhydryl and thiol groups. This low abundance is in 

accordance with the occurrence of the S-containing amino acids cysteine and methionine (i.e. 

together nominally comprising ~ 10% of the total of 20 amino acids); an amino acid analysis of the 

cell surface proteins was not performed (these are very well known, e.g. [43]) but the abundance 

of sulfur-ligands suggests potential coordination sites for incoming Pd(II).  It is important to note 

that this atomic concentration reflects the outermost few nm of the cell surface and does not 

inform about the sulfur content of materials beneath the outermost surface, i.e. in inner 

membrane-bound and periplasmically-facing NPs as evident in Fig. 2c. 
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Omajali [36] showed that the binding energy of S2p3/2 on the cell of D. desulfuricans prior to 

metallization was 165.4 eV with a corresponding S2p1/2 peak of 167.4 eV. In this current study, 

when Pd(II) was added onto bacterial cells and reduced in situ, there was a shift to lower binding 

energies; the pair 161.9 eV and 163.3 eV (Fig. 3g) suggest the formation of a Pd-S bond [45], in 

addition to other pairs which may be due to thiols, sulfates and organic sulfur (Fig. 3g) found on 

the bacterial cell. Since D. desulfuricans is a sulfidogen (and, indeed, metal sulfide production may 

comprise a resistance mechanism), the possibility of residual H2S generated during pre-growth 

cannot be precluded. However, the bacteria had been washed three times before Pd-exposure and 

they were not provided with SO4
2- into the resting cell suspension prior to this. Nevertheless, 

protein degradation and turnover in resting cells can be a source of low levels of H2S; this was not 

evaluated in the present study.   

3.3. Effect of heat treatment on bio-Pd material 

Heat treatment of the bio-Pd resulted in loss of cell structures, and hollow spheres were apparent 

of size ~50-500 µm (Fig. 4a,b). Heat treatment of carbonaceous materials is a well-recognized 

route to the synthesis of hollow carbon spheres [46] while thermogravimetric analysis of bio-Pd 

showed loss of the bound water and labile biochemical components (polysaccharides, proteins) to 

leave the residual mineral and carbon components [39].  Close examination of a single sphere (Fig. 

4c) shows the surface to be populated with small particles  (~ 2-4 µm) with a small number of small 

NPs often associated with the surface of the larger particles (Fig. 4d); upon the latter clear facets 

are apparent. The carbon spheres derived from 20 wt% bio-Pd supported two subsets of clusters: 

20 - 100 nm and 500 – 2000 nm, while the larger Pd cluster size on the spheres derived from 5 wt% 

bio-Pd was smaller than the latter, in the range of 100-600 nm (not shown). Close examination 

showed that three nanoparticle species were present, the large NPs, smaller ones associated with 

them and very small ‘orphan’ NPs (circled in Fig.  4e). The high temperature used would result in 

loss of organic materials and also H2S, although heat treatment has also been recently-reported to 

convert sulfur-rich PdS into a sulfur-lean phase (Pd4S) as volatile sulfur components are lost [47] 

which has implications for catalysis (see Discussion). EDX analysis of the material confirmed the 

presence of Pd but the presence of residual sulfur could not be confirmed unequivocally due to the 

close X-ray emission energies of Pd and S (Fig. 4f). 

It is important to note that, while the bio-Pd was synthesized under H2 and the heat processing 

was performed under vacuum, the samples were routinely stored in air prior to use as catalysts; 
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the degree of Pd oxidation in storage was not determined. It is likely that the bio-Pd (regardless of 

the actual structure) functions as a catalyst to auto-degrade cellular materials as the temperature 

is increased, e.g. membrane hydrocarbons may be converted into carbon nanostructures and/or 

evolve H2 during catalytic ‘cracking’ that could result in the formation of palladium hydrides and 

carbides (see later Discussion). 

3.4. Catalytic activity of native and heat-processed D. desulfuricans catalysts in hydrogenation of 2-

butyne-1,4-diol  

The hydrogenation of 2-butyne-1,4-diol catalyzed by a commercial 5 wt% Pd/alumina catalyst 

showed a rapid reaction (> 80% complete within 1 h) yielding only the fully hydrogenated 2-

butane-1,4-diol following a transient appearance of 2-butene-1,4-diol during the first 30 min (Fig. 

5a). Hence, the reaction was rapid but was unselective for the partially hydrogenated product 

using this catalyst.  

Use of the 20 wt% Pd on D. desulfuricans gave a slower conversion rate (Fig. 5b), the commercial 

catalyst and the bio-Pd requiring ~25 min and 175 min, respectively for 50% conversion (Fig. 5a,b), 

which may have been attributable to NP agglomeration at the higher bio-Pd loading (see earlier). 

However, In contrast to the commercial catalyst, the native bio-Pd produced the alkene product in 

preference (~40% selectivity at 200 min), but also with significant amounts of the fully 

hydrogenated alkane (Fig. 5b).  

The heat-treated (carbonized) derivative of the 20 wt% bio-Pd was tested (Fig. 5d).  For catalytic 

testing the carbonized samples were used in two forms – as intact spheres (as in Fig. 4 a-c) and as 

ground spheres; the two preparations gave similar results. Use of the heat-processed catalyst 

(with comparable mol loadings of Pd per reaction) gave an overall rate faster than with the native 

bio-Pd (50% conversion in ~125 min), while the main product was 2-butene-1,4-diol with a 

negligible amount of the fully hydrogenated alkane (Fig. 5d) (~80% selectivity after 200 min). Since 

use of 20 wt% Pd would be uneconomic commercially the catalyst was also tested using heat-

treated 5 wt% bio-Pd (Fig. 5c). The conversion was slower than for the 20 wt% preparation (50% 

conversion in 180 min) but retained good selectivity to 2-butene-1,4-diol (~50% selectivity after 

200 min) (Fig. 5c).  However, comparing selectivities in incomplete reactions may not be reliable 

since they are not directly comparable; reduction to the butane can only happen after the butene 

has been formed, so will be slow initially when the butene concentration is low. If it is still low at 
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the end then the selectivity is confirmed as good, i.e. as found with the heat treated material at 20 

wt% and 5wt% Pd loading (Fig. 5 c,d). Hence it was concluded that, while use of bio-Pd confers 

product selectivity as compared to the commercial counterpart, heat processing of the bio-Pd 

catalyst achieved a higher selectivity not achieved with the commercial catalyst or with 

unprocessed bio-Pd.  It should be noted that comparison of conversions and rates (mol/mg intact 

catalyst/min) are not meaningful when comparing the native and heat-processed biomaterial 

against the commercial catalyst as a significant proportion (~80%) of the mass of the biomaterial is 

lost in the heat treatment as shown by thermogravimetric analysis [39]. Hence, comparable 

amounts of Pd were introduced into each reaction to achieve realistic comparisons. It is not known 

the extent to which residual biomass carbon may remain functionally associated with the larger Pd 

particles (see Fig. 2), e.g. producing electronic interactions. Electron transfer between heat-treated 

bio-Pd NPs and activated carbon was reported previously using electron paramagnetic resonance 

[27].  

We conclude that heat-processing of bio-Pd yielded a more selective catalyst for the 

hydrogenation of 2-butyne-1,4-diol than either native bio-Pd or a traditional supported Pd catalyst. 

This improvement could be attributed to a combination of Pd particle morphology and carbon-

content, with large particles possessing a high proportion of the more thermally-stable and 

selective (111) terraces and a higher degree of subsurface C, leading to reduced subsurface H and 

minimized total-hydrogenation to the alkane (see Discussion). 

3.5. Catalytic activity of native and heat-processed D. desulfuricans catalysts in the Heck synthesis  

The Heck conversion of ethyl acrylate to ethyl cinnamate catalyzed by the various materials is 

shown in Fig. 6. Bio-Pd at 5 wt% Pd gave a similar conversion to 5 wt% Pd/C but this was   

approximately halved in the case of bio-Pd at 20 wt% Pd, i.e. the higher Pd loading on the cells 

worsens the reaction outcome, in contrast to the hydrogenation reaction (above).  Notably, in 

marked contrast to the hydrogenation tests, the heat-processed bio-Pd catalysts had no activity 

(Fig. 6). It was concluded that for the Heck reaction (formation of C-C bonds) heat processing of 

the D. desulfuricans bio-Pd catalyst has the opposite effect to that observed in the hydrogenation 

reaction. Hence, the potential for heat-processing as a method for catalyst improvement must be 

evaluated on a case by case basis. Two studies using the Heck synthesis for production of ethyl 

cinnamate were performed independently several years apart using separate preparations of bio-

Pd on D. desulfuricans in two independent laboratories by two methods (Fig 6, Fig. 7). Fig 6 shows 
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that the D. desulfuricans bio-Pd outperformed the commercial catalyst by ~10% and Fig. 7 shows 

that the increased conversion via bio-Pd in the second study was > 25%. The superiority of the bio-

Pd catalyst was also confirmed in the conversion of styrene to stilbene which gave a similar result 

(not shown). Hence, we conclude, as indicated in early work [4], that native unprocessed bio-Pd 

has potential as a Heck catalyst.  

 

3.6. Comparison of Bio-Pd made on D. desulfuricans and waste sulfidogenic biomass from mine 

water remediation process 

 

Apart from increased activity/selectivity of 5 wt% Pd on D. desulfuricans as compared to 

commercial chemical catalysts (above) the second criterion for catalyst acceptability is cheap and 

facile production (see Introduction). Previous work established that a bio-Pd hydrogenation 

catalyst was made using waste E. coli bacteria [10] while more recent work [31] showed the 

application of a bio-Pd/Ru bimetallic, supported on a consortium of waste acidophilic sulfidogenic 

bacteria (CAS), in the conversion of 5-hydroxymethyl furfural to 2,5-dimethyl furan.  To establish 

the broader potential for using the bio-Pd of these ‘second life’ CAS bacteria, here in the Heck 

synthesis, reference cells of sulfidogenic D. desulfuricans (grown sulfidogenically and washed to 

remove H2S and SO4
2- carried over from the medium) and the CAS cells (taken from a continuous 

H2S-producing reactor and similarly washed [31]) were compared in the Heck reaction in a 

commercial laboratory against 5 wt% Pd/C catalyst.  The three catalysts showed a similar 

conversion rate and rate of ethyl cinnamate production (Fig. 7). The reaction slowed at ~ 70% 

conversion for the commercial and CAS-catalysts but proceeded to ~90% using 5 wt% bio-Pd on D. 

desulfuricans (Fig. 7).  A similar yield of ethyl cinnamate was seen in each case (Fig. 7) which 

suggests the additional formation of other products by the D. desulfuricans bio-Pd (see Fig. 1) but 

this was not investigated further. It was concluded that a fully functional bio-Pd catalyst can be 

made using waste bacteria that gives a comparable performance to a commercial comparator.  

 

 

4. Discussion  

 

The two main findings of this study are that heat treatment of bio-Pd catalyst produced a superior 

hydrogenation catalyst and that bio-Pd made on waste bacteria produced a catalyst comparable to 

a commercial comparator in C-C bond formation. The CAS cells were not examined in the 
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hydrogenation reaction; this, and evaluation of heat treatment of these, (to combine the two 

criteria of efficiency and economy) will be evaluated in follow-on work, along with more detailed 

structural studies of the catalysts, expanding upon the preliminary work shown in Supplementary 

Information. This would also entail a more detailed examination of interactions between metal 

catalytic NPs and amorphous carbon support derived from both bio- and activated carbon sources. 

A related study [40] combined high resolution electron microscopy and elemental mapping and 

confirmed that, as shown here, Pd-NPs are localized in the cell surface layers of D. desulfuricans 

with co-deposition of Pd with S and P [40] as found in outer membrane (S) and cell-associated 

lipopolysaccharides (P) (see NP-associated extrusions in Fig. 2c). The cells were washed and 

suspended in buffer with no added SO4
2- but generation of H2S via residual protein turnover by the 

cells cannot be excluded. Examination of the outermost surface of palladized cells of D. 

desulfuricans showed association with surface components by electron microscopy (elemental 

mapping [40]) while XPS confirmed (Fig. 3) the in situ reduction of Pd (II) on the cells of D. 

desulfuricans as changes in binding energy of unreduced Pd(II) solution (Fig 3a) from 377.9 eV to 

335.8 eV after reduction with atomic hydrogen onto the bacterial cell surfaces (Fig 3b). This 

binding energy of ~335 eV is due to metal-metal interaction in Pd(0) whereas the binding energy at 

~336.9-388 eV is due to Pd in +2 valence state [48] as seen in the unreduced Pd(II) solution (Fig 

3a). The formation of a Pd-S bond with a binding energy of 163.4 eV suggests chemical interactions 

with bacterial cell surface groups like protein-thiols and sulfur-containing amino acids that have an 

ability to interact with incoming metals; Pd has high affinity for sulfur and coordinates to these 

ligands [49] as well as disulfides, and thioesters. The interaction between the Pd and the surface of 

the latter is weaker than for thiols and this can lead to advantages in some applications [50]. Low 

concentrations of sulfur and H2S can prolong the life of a PGM catalyst [49], where the adsorption 

of sulfur on the catalyst surface can promote activity and, importantly, selectivity [51,52] as was 

seen here using the D. desulfuricans hydrogenation catalyst. Crudden et al. [53] pointed out that, 

while sulfur/sulfide is usually regarded as a catalyst poison (above), there are many examples to 

the contrary (see [53] for discussion) and these authors found (in the Mizoroki-Heck reaction), 

using thiol-modified support, an optimal ratio of S:P of between 2:1 and 4:1, with lower ratios 

promoting agglomeration [53]. 

 

The methods of examination of palladized cells used in this study are not necessarily 

complementary since XRD informs only about the crystalline components of the bulk sample while 

elemental mapping [40] co-locates elements spatially at individual single cell level, whereas XPS 
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interrogates only the outermost ~10 nm of the cells in the bulk population but provides 

information on metal speciation in this region. The Pd-NPs are predominantly surface-localized: Fig 

2) and hence catalysis would occur mainly at the surface of the native palladized bacteria. The heat 

treatment promotes a reorganization of the material into Pd supported on large carbon spheres 

with Pd located at their surfaces (Fig. 4); heat treatment is also known to promote evolution of 

sulfided Pd (by loss of sulfur) into sulfur-lean phases such as Pd4S, a known product of the heat 

processing of palladium sulfides [47]. Sulfided palladium species are well known as excellent 

selective catalysts for alkyne hydrogenation [47,54]. A previous study [47] used temperatures of 

up to 350 oC (i.e. below that used in the current work), reporting XRD peaks at 2-theta values 

which corresponded to the unidentified peaks shown in Supplementary Information Fig. S1 

(dashed lines) which may be attributed to Pd4S evolving from PdS as the temperature increased. 

Attempts to identify sulfur in the heat-treated biomaterial by EDX were equivocal due to the 

overlapping X-ray emissions of Pd and S (Fig. 4f); precise identification of the heat treated 

biomaterial awaits application of more advanced characterization methods such as proton induced 

X-ray emission and via synchtrotron radiation (i.e. excitation at higher energies in order to eject 

inner shell as well as outer shell electrons), enabling greater sensitivity as well as elemental 

differentiation and structural information.   However, highly sensitive synchtrotron-mediated 

scanning X-ray mapping proved impossible to apply to bio-nanoparticles due to the low spatial 

resolution obtained (example data were shown in Supplementary Information to ref [31]). 

 

With respect to hydrogenation, the factors impacting on product distribution for alkyne 

hydrogenation are wide-ranging and complex. Selectivity to partially-hydrogenated alkene 

products during the reduction of alkynes is known to be affected by pH [17,18] and the 

morphology of the catalyst particles, with higher coordination-number, extended terraces showing 

superior selectivity to internal cis-alkenes than more open surfaces [55,56]. In addition to the (111) 

and (200) facets, well-reported in bio-Pd on native cells, heat treated material also reveals (220), 

(222) and (311) facets, and hence likely crystal rearrangements (Supplementary Information Figure 

S1). Since sublimation of Pd during heat treatment under vacuum was evidenced by the formation 

of black Pd deposits on the foil above the sample (I. Mikheenko, unpublished) this indicates 

physical rearrangements of Pd atoms during formation of the heat-treated material. Future studies 

would aim to identify the nature of such rearrangements, which is outside the scope of the  

current study. 
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The concentration of palladium hydrides (and indeed carbides), as may occur in the heat 

processed material (e.g. derived from membrane components: below), also affects hydrogenation 

selectivity. Subsurface hydrogen is more reactive for hydrogenation than surface hydrogen [57] 

while, at low pressures of H2, palladium nanoparticles absorb more hydrogen than bulk palladium 

[58], leading to reduced alkene selectivity. Conversely, the agglomeration of the heat-treated NPs 

into larger particles would tend to reduce the hydrogen adsorption and hence be expected to 

enhance selectivity  (which may also be the case with the agglomerated bio-Pds at 20wt% loading 

of bio-Pd). Palladium carbide phases form under typical hydrogenation conditions and the C 

competes with H for lattice sites within the Pd ([59] and citations therein). However, the 

incorporation of C into the Pd lattice would also improve the rate of alkyne hydrogenation [60,61] 

and palladium carbide may also be the active phase for selective hydrogenations of some alkynes  

[62,63]. The presence of carbonaceous species on the surface of Pd particles also favours 

formation and replenishment of subsurface H, which is known to be required for olefin 

hydrogenation [64,65] which would lower selectivity to partial-hydrogenation products from 

alkyne feedstocks. In addition, bio-Pd is an effective catalyst for the ‘cracking‘ of bio-oils [66] and, 

due to the intimate association between bio-Pd and outer membrane lipids, carbide formation 

might be anticipated from these (below). Clearly further study of the structure of the bio-derived 

materials is required to gain further insight into the reaction mechanism. 

A recent study [67] has gained further insight into the selective hydrogenation of propyne over a 

Pd-black model catalyst, comparing surface and subsurface chemistry in terms of Pd carbide and 

hydride species. This used operando XRD and XPS under reaction conditions at room temperature 

to confirm a role of PdCx species formed by alkyne decomposition and carbon diffusion into the Pd 

lattice. In the case of the heat-treated biomaterial (which would benefit from a similar 

examination) it is likely that palladium carbides would be formed prior to the hydrogenation 

reaction, during Pd-catalyzed decomposition of, for example hydrocarbon membrane components 

that are seen to be associated with the Pd-NPs in Fig. 2c. Velasco-Vélez et al. [67] noted that 

carbide is difficult to assess based on XRD measurements in a system that contains palladium 

hydride, and hence the non-Pd peaks in Fig. S1 canot be assigned with certainty. The possibility to 

use NMR to examine noble metal nanoparticles has been reviewed [68]. This was achieved in the 

case of 105Pd [69], where a range of Pd preparations was compared with the heat treated bio-Pd 

(Supplementary Information Fig. S3). Pd/C was not reported in [69]  but the spectrum for this was 

similar to PVP-stabilized Pd [70].  The Knight shift (ppm) was largely nanoparticle size-independent 
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(regardless of particle sizes in the nm to micron range) and the full width half maximum  (FWHM, 

KHz) [69,70] was narrow in the case of Pd sponge and Pd black (respectively 13 ± 1 and 16 ± 1) 

while for Pd/C and PVP-stabilised Pd it was 80 ± 10 in each case, with a broad resonance shifted to 

higher frequencies [69,70] attributed to a deviation from the cubic Pd metal structure; 105Pd NMR 

is sensitive to very small structural deviations from the nominal cubic struture.  In contrast heat-

treated bio-Pd  showed a FWHM of 55 ±15 [69] (Supplementary Information Fig. S3). The size of 

heat-treated bio-Pd particles was given as  2-1100 nm in the published work [69] as estimated by 

TEM  and this reflects (but was not noted in [69]) the large size heterogeneity (Fig. 4e). Unlike the 

broad resonances of the PVP-stabilized Pd and Pd/C [69,70] the resonance of heat treated bio-Pd 

can be delineated into three clear Knight shifts (Supplementary Information Fig. S3) that were not 

discussed in the published work [69] and which, we suggest, may reflect the heterogeneity in 

structure of three sub-populations of the heat treated bio-Pd samples (micron sized particles and 

small NPs (Fig. 4e; Supplementary Information Fig. S3) which should not affect the Knight shift on 

the basis of size alone (see above and Supplementary Information Fig. S3). Such heterogeneity was 

not apparent in Pd/C [70] which suggests a factor(s) of the biomatrix that contributes to the 

material composition(s) and structure(s) as it evolves under heat treatment. Since hydrocarbon 

from membrane (lipid) materials is likely to be ’cracked‘ catalytically by the bio-Pd during evolution 

during heat treatment (above) [66] it is likely that the material contains resulting Pd-carbide and 

Pd-hydride components in addition to sulfided Pd (see above). Binuclear solid state NMR was 

achieved using 105Pd and 1H [70] and, given that decomposition of (e.g.) hydrocarbons over 

metallic catalysts is a standard method to produce carbon nanostructures (carbon nanotubes and 

other carbon-60 structures) bearing catalytic NPs, an examination of the heat treated biomaterial 

using 105Pd together with 13C NMR would be warranted in future studies to clarify the carbon 

speciation. Raman spectroscopy confirmed changes in the level of disorder and amorphous nature 

of the carbon in the sample post heat-treatment (Supplementary Information Fig. S4). A 

qualitative study in related work (Supplementary Information Fig. S5) shows small structures 

between the Pd particles (produced in this case at 700 oC and at atmospheric pressure under N2) 

that could indicate the presence of carbon nanotubes but no conclusions can be drawn without 

further ‘interrogation‘ of the carbon components following from preliminary work shown in Fig S5.  

Since Pd NPs supported on carbon nanotubes are now well established as catalysts (e.g. [71]), we 

suggest that the biomaterial may be a (bio)mimetic of such nanomaterials, sourcing carbon (and 

hydrogen) from the decomposition of, for example, hydrocarbon membrane components. 

Numerous reports exist of catalysts comprising Pd NPs supported on (e.g.) carbon nanotubes, for 
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example Cano et al. [71] reported a Pd-catalyst made by this approach which showed good  

activity in both hydrogenation and C-C bond formation. However, since heat processing of bio-Pd 

gave material with no activity in the Heck synthesis this might argue against the formation of such 

carbon nanostructured material. Hence, further studies are required using carbon analysis 

methods, such as 13C NMR, binuclear carbon and palladium NMR and also Raman spectroscopy; a 

preliminary analysis by the latter method had confirmed changes in the carbon of the material on 

heating (Supplementary Information Fig. S5). 

We suggest that the high hydrogenation activity of the heat-processed material compared to Pd-

NPs on native cells is likely to be attributable to the formation/evolution of palladium carbides 

(incorporation of carbon into the crystal lattice), possible carbon nanostructures forming in situ 

(Supplementary Information Fig. S5) and also ‘sulfided’ Pd, the latter evolving from PdS during 

heat treatment into PdS4 [47,72]. Recent work by Albani et al. [72] suggests that S-enhanced 

catalyst contains selective ensembles comprising a nanostructured Pd3S phase. The use of 

synchrotron-based methods would aim to further characterize the active components of native 

and heat- treated bio-Pd in sulfidogenic bacteria. 

 

Regardless of the precise composition of the nanomaterial and its consequent effect on 

hydrogenation, the first conclusion of this study is that heat-processing of bio-Pd of D. 

desulfuricans produces a better catalyst than the commercial comparator with respect to 

selectivity, thus fulfilling criterion 1, in addition to the non-quantified environmental benefits (see 

Introduction). Towards criterion 2 (economy of catalyst production) the use of bio-Pd biorefined 

from metallic wastes was not evaluated in this current study; this was well-established previously 

with respect to hydrogenation of 2-pentyne and also soybean oil [3,73,74] as well as in upgrading 

reactions of both heavy fossil oil and pyrolysis oil sourced from wood and algal biomasses [3,5,66].   

 

Looking towards green synthesis of higher value and ‘niche’ compounds, heat processed bio-Pd 

had no catalytic activity in C-C formation in the Heck reaction after heat treatment (Fig. 5). Hence, 

further studies on this reaction used native bio-Pd material with the goal of economy of 

production via up-valorization of bio-waste. 

 

Heck reactions, and other classical C-C cross-coupling reactions, are conducted under 

homogeneous reaction conditions with soluble Pd-species supported in solution by complex ligand 
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architectures, typically bespoke phosphine ligands amongst other possibilities (e.g. amines, 

sulfides, thiols) to tune the reactivity [23]. However, Heck reactions have also been successfully 

catalyzed by simple non-ligated Pd sources (e.g. Pd(OAc2)) and heterogeneous solid-supported 

catalysts such as Pd/C which is a very commonly employed catalyst as it acts as a reservoir of 

soluble Pd which forms the actual catalytic species [23]. Later work confirmed that reactions 

proceed via Pd that has leached from the surface (see [53] for references). This has been possible 

at very low Pd levels, especially with reactive coupling partners such as aryl iodides as used here. 

The soluble Pd (the actual catalytic species, arising from Pd/C which acts as ‘reservoir of soluble Pd 

[75]) forms, with aryl halide, a soluble aryl-Pd species and, when this substrate is depleted (i.e. at 

completion of the reaction), the Pd has no soluble supporting ligand and it redeposits on the 

support [75-77], which is essential for the removal of residual Pd from the solution (see earlier).  

 

In addition to the detection of Pd(II) species in bio-Pd using XPS (see earlier) and the possible 

existence of an intermediate form of Pd (possibly Pd(I) [44]) migration of resolubilized, mobile  

Pd(II) was noted in an unrelated study [78]. Here, the formation of a bio-Pd/Au bimetallic was 

attributed to the galvanic reduction of Au(III) by bio-Pd(0), the resulting neo-Pd(II) species 

migrating to be re-reduced as Pd(0) at a ‘shell’ location  [78]. Given that electronic exchanges also 

occur between Pd atoms and supporting carbon components (specifically ‘quenching’ of carbon 

free radicals by single electrons from Pd [27]) it seems likely that a soluble species of Pd forms in 

situ, (i.e. NP ‘turnover’) with neo-Pd(I)/Pd(II) being ‘competed for’ by a cellular ligand taking over 

this functionality of aryl halide – i.e. a biomimetic system. Atom-scale elemental mapping with 

respect to cellular bio-Pd/Au NPs has indicated the possibility of a ‘cloud’ of ‘orphan’ Pd atoms 

(Supplementary Information Fig. S6). However, their ‘local’ mobility (and availability) cannot be 

examined by current methods in the biomatrix since X-ray imaging of fully hydrated cells in situ 

falls far short of the resolution required to follow single atom migrations (see example data in 

Supplementary Information shown in [31]). 

 

Ther is ongoing debate of the role of inorganic Pd nanoparticles which are known to be generated 

under homogeneous reaction conditions [79,80]. It is not entirely clear whether the Pd 

nanoparticles formed in these reactions simply act as a reservoir of ‘inert’ Pd, or have a catalytic 

role, and if so, what.  The size of such inorganic Pd nanoparticles may be key to their role and 

activity in such reactions, with smaller ones being highly active, and larger ones being less so or 

even inert. Large particles agglomerate and fall out of solution as “palladium black”, with the Pd 
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presumably no longer in the catalytic cycle (which occurs at the end of all cross-coupling reactions 

when the materials for the productive reaction have been consumed and other materials to 

stabilize/ligate Pd (e.g. aryl halide)) are no longer available. However, there is probably a strong 

dependence from phosphorus-ligands (phosphines are typically used commercially), on the result 

of the reaction. In the current case that function may be substituted by membrane phospholipids 

since metal-phosphate crosslinking of these polymers was shown [81] and co-localization of Pd 

and P was reported previously [36,40]. More specifically, 31P NMR showed binding of Cd(II) to 

phosphate groups of the lipid A component of the lipopolysaccharide component of cell surface 

polymers, providing the crosslinking function [81]; this can be visualized by electron microscopy 

(Supplementary Information Fig. 7) and can be taken as a ’positive control’ since electron 

microscopy of the CAS culture showed no extracellular metal (see earlier). Further studies might 

anticipate binuclear 105Pd and 31P NMR, and 105Pd and 13C NMR but the low sensitivity (compared 

to protons) would require long data acquisition times, this limitation precluding dynamic 

measurements. 

  

In this study, comparable results were obtained with a 5% loading of both Pd/C and native bio-Pd 

(Fig. 6). Some leaching of Pd into solution must be assumed in the case of Pd/C, and this seems 

equally likely in the case of bio-Pd, especially given the detection of ‘orphan’ atoms around 

metallic nanoparticles in the biomass (above) which comprises mostly water and hydrated 

polymers interfacing with hydrophobic components. In a ‘chemical’ system leached Pd should end 

up in the product, be lost on the reactor wall, or most likely, be re-absorbed back onto the surface 

support from which it came (see above), since this provides a strong surface interaction, known to 

occur with sulfide-Pd [53]. Although soluble Pd species were not detected in the mixture post 

reaction following removal of the bio-Pd [7] determining the levels of Pd in the product or the 

reaction solution would be difficult at the very low levels probably present and, as noted, this 

particular reaction pairing can proceed at very low Pd levels. As noted above, the biomimetic 

system we report here follows an early report whereby thiol-modified mesoporous silica was used 

as a Pd scavenger and catalyst support. These authors [53] reported more than 99.9% removal of 

Pd from a 1 ppm solution of Pd(II). The material was catalytically active in the Mizoroki-Heck 

reaction; after completion of the reaction the residual soluble Pd was 0.2 ppm. We suggest that 

bio-Pd is a biomimetic of this functional nanomaterial. 
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The total loss of activity in the case of the two heat-treated bio-Pd NP samples (Fig. 6) compared to 

the native bio-Pd provides an unequivocal contrast to that of heat treatment upon bio-Pd in the 

hydrogenation reaction, which is surface mediated, in combination with absorbed H2 gas (see 

earlier/later discussion). In this system, the Heck reaction is not mediated by classical Pd-ligating 

ligands, and so, apart from extruded bio-material (e.g. putative phospholipid fragments: Fig.  2c: 

above) the Pd would not be supported in solution beyond the potentiality of the solvent and the 

reaction materials themselves. Soluble non-ligated Pd nanoparticles, even down to single atoms 

(above), potentially may be dominant in this reaction mechanism. If so, heat treatment of both 5 

and 20 wt% loadings of bio-Pd may have altered/affected/reduced the availability/population of 

available smaller nanoparticles, probably by agglomeration into the large structures shown in Fig. 

4, thus making them unable to release soluble Pd species into solution; Fig. 4d shows that the Pd 

particles are now predominantly in the µm range. This may also suggest why the native 20 wt% 

bio-Pd was less active than the 5 wt% bio-Pd, (although it eventually approached a similar 

conversion) if the process of a heavier Pd loading on the cells has resulted in fewer small 

nanoparticles. However, as shown in Fig. 2c and 2d, larger NPs are actually agglomerations and 

consolidations of small ones that provide a convoluted ‘surface’ and high surface area and a true 

representation may not be achieved until a method of increasing NP homogeneity (i.e. a better 

cellular dispersion of very small NPs) is achieved. The use of microwave-injury to the cells before 

and during fabrication of bio-Pd has been shown to achieve his effect, with resulting enhancement 

of catalytic activity by 2-3 fold [82]. 

 

A comparison of bio-Pd supported by D. desulfuricans and the CAS cells showed that the D. 

desulfuricans biomaterial gave a better conversion to ethyl cinnamate, i.e. the reaction proceeded 

further towards completion. Hence, since the yield of ethyl cinnamate was comparable (Fig. 6), 

this would imply the presence of other by-products in the bio-Pd D. desulfuricans reaction which 

was not investigated further. The bio-Pd of the CAS would be the catalyst of choice as, in addition 

to being sourced from a waste, its performance (and product yield) was comparable to the 

commercial equivalent. The Heck reaction (reviewed in (e.g.) [21, 83-85]) is thought to be 

mediated in heterogeneous catalysts by soluble Pd(II) species derived from the solid phase 

(above), (and a Pd(II)/Pd(IV) cycle), and not via the surface of bulk Pd(0). The primary mode of 

leaching was suggested to be via the oxidative addition of aryl iodide to the Pd(0) surface (above), 

releasing soluble Pd(II) species into solution and this mechanism, now accepted (overviewed and 
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discussed in [23]) would be mimicked via the local complexation of Pd(II) onto bioligands (above) 

but this was not investigated in the case of CAS cells.   

 

‘Sulfided’ Pd, as noted with D. desulfuricans, was identified conclusively on the CAS bacteria by XPS 

and was confirmed via scanning X-ray microscopy using synchtrotron radiation  (Supplementary 

Information in ref [31]). Following extensive washing of the CAS cells a strong sulfide odor was 

noted that was absent from D. desulfuricans. The relative amounts of sulfided Pd (as compared to 

Pd(0)) in each case were not determined but, given that in a mixed bacterial population, both 

sulfide cycling and storage of readily mobilized polysulfides was likely (see [31]) an endogenous 

source of mobile sulfide would be brought into the bio-Pd synthesis by the CAS cells (which would 

be absent from the D. desulfuricans monoculture) and contribute more sulfide, thus bringing the 

S:Pd ratio towards the 2:1 to 4:1 that was concluded to be optimal by Crudden et al.  [53] using 

thiol ligands as support for palladium species in Heck coupling reactions (reviewed in [23]). This 

comprehensive review [23] notes that examination of the thiol-supported precatalysts by X-ray 

absorption spectroscopy (both EXAFS and XANES) showed that Pd comprised Pd(II) species bound 

to two or more thiol groups. It was suggested that the thiols may prevent large amounts of Pd 

from desorbing and then aggregating as Pd(0) clusters. However, it is generally accepted that 

various solid catalysts, including thiol-functionalized silicas, all leached active, soluble Pd species in 

the Heck coupling of n-butylacrylate and iodobenzene, with no conclusive evidence for catalysis by 

any solid species. 

   

Other studies have also noted the utility of using thiol-functionalized support for Heck catalyst 

production, among these thiol-functionalized mesoporous silica [53] and thiol functionalized 

chitosan (a biopolymer derived from chitin which is produced in large quantities from shellfish 

wastes as well as fungal fermentations [86]) and, indeed, thiol derived from cysteine [87] as would 

occur during protein turnover in resting cells. In the CAS, storage of intracellular polysulfides in 

inclusion bodies, and mobilization as H2S was suggested to allow continued formation of H2S 

during formation of Pd NPs in the absence of added sulfate/sulfide [31]. It is likely that the CAS 

waste bacteria are fortuitously producing/storing the material in advance, that they will ‘need’ in 

‘second life’ which has major implications for economy and sustainability.  On the other hand, 

formation of palladium polysulfide per se by CAS cells (i.e. without mobilization of polysulfide into 

H2S) is not precluded. Palladium polysulfide has been described [88,89] whereby Pd atoms are 

linked via S chains in an array with no discrete PdS groups; the structure was reported to differ 

from other polysulfide complexes, comprising non-chelated S6 chains linking planar Pd(II) ions. A 
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recent review [90] notes the ubiquity of polysulfides in the biosphere and geosphere and also a 

possible geochemical role for them in the transport/mobilization of Au and Pt (noble metals) in the 

geosphere. Other work [91] using in situ X-ray absorption spectroscopy and theoretical 

calculations established that S3 contributes to gold solubility in aqueous solutions at high 

temperatures and pressures, with Au(SH)S3 identified as the most stable complex. The same 

mechanism(s) was suggested to apply to platinum group metals [91], while (bio)geochemical 

studies have shown a role for microbial processes in the mobility and deposition of both Au and 

platinum group metals in the geosphere (see [92] and references therein); no detailed 

explanations describe the underlying mechanisms but sulfur ligands (e.g. thiosulfate) have been 

implicated in increasing the solubility of these noble metals and in re-formation of secondary 

metallic deposits [92]. We suggest that a similar mechanism is at play here, with the Heck catalytic 

cycle ‘intervening’ in a natural process of Pd(0)/Pd(II) turnover. In this sense the CAS bacteria are a 

natural development from biogeochemical processes and future studies would aim to confirm this 

as a natural biomimetic system: learning from nature. 

 

Haradem et al. [88] highlighted that the molecular structure of palladium polysulfides precludes 

working with these compounds in solution, while Steudal and Chivers [90] reiterated that work 

with polysulfides in (hydrated) biological samples is challenging. We suggest as a working 

hypothesis that at least part of the catalytically active Pd in the CAS bacteria may be attributable to 

PdS derived from mobilizable [93] polysulfide (e.g. via H2S) or to Pd-polysulfide itself (i.e. Pd(II) 

obtained from it: see earlier).  

 
 
The participation of polysulfide storage materials in fabrication of active Pd catalyst would be 

difficult to prove, and is outside the scope of the current work although the circumstantial 

evidences point to this possibility.  A key factor is that the CAS population has been evolved from a 

natural inoculum and is a mixture of various bacterial types. With regards to the stability of the 

population of the CAS culture, this has been established over several years with respect to the 

proportions of the sulfur oxidizing and sulfate-reducing bacterial components (D.B. Johnson and 

co-workers, unpublished data) that would combine to bring a mobilizable form of sulfide [31,91] 

into the resting cells used for Pd-NP manufacture.  

 

More work is needed to elucidate the active species of (sulfided and non-sulfided) Pd-NPs made by 

the D. desulfuricans and CAS cells, though we conclude that for hydrogenation heat treated bio-Pd 
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is particularly useful (see above) whereas for the Heck reaction an economic option is provided by 

the use of the CAS waste bacteria. Notably, these also gave a superior catalyst (as bimetallic bio-

Pd/Ru) in up-conversion of 5-hydroxymethyl furfural to 2,5-dimethyl furan [31]. Hence, this 

present study fulfilled both key criteria for new catalyst adoption as well as entering unknown 

territory regarding possible roles of palladium polysulfides and carbides in addition to Pd(0).  

Studies will now seek to delineate the roles of the palladium and/or sulfur components and 

optimize the pathway(s) of sulfidogenesis in resting CAS cells in order to produce ‘tailored’ 

catalysts and to explore further the scope of bio-Pd (and bimetallics) on CAS bacteria across a suite 

of industrially relevant reactions.  The present study did not evaluate the use of heat-treated CAS 

bacteria (potentially fulfilling both criteria) but this will form the basis of future work, along with  

the role of  sulfided Pd species (above). 

 

Three additional factors should also be noted. First, no attempt was made at optimization of 

reaction conditions in this study (optimal conditions may differ for the ‘classical’ and biogenic 

catalysts) in order to compare ‘like for like’. Second, commercial catalysts have been extensively 

developed over many years, reflecting major investments by large industries, whereas this is the 

first study of its kind (focusing on meeting established criteria) using ‘green’ biogenic catalysts with 

no attempt at process optimization; to show comparability between the disparate catalysts in this 

first study is a major advance, while preliminary analyses of the biomaterials provides indications 

of how they may differ from classically-made catalysts (‘cause and effect’). Third, waste up-

valorization is seen as key to development of the circular economy [94,95]. as well as in mitigating 

the carbon burden of synthesis of ‘for purpose’ primary materials.  
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Table 1 Elemental composition of cell surface estimated by XPS spectra* 

 

 Element    Atomic concentration (%) 

 

 C1s      77.6 

 N1s      4.3 

 O1s      17.4 

 P2p      0.65 

 S2p      0.26 

 

*Spectra are shown in Supplementary Information Fig. S2 
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Fig. 1. Reaction scheme for the hydrogenation of 2-butyne-1,4-diol. 

Fig. 2. Palladized cells of D. desulfuricans viewed by ESEM (A) and TEM (B,C) at 20 wt (B,C)  and 

at 5 wt% (D) with a dark field image (inset; bar is 50 nm) showing that larger NPs are 

agglomerations of smaller ones. B, inset: unchallenged cells. 

Fig. 3. XPS spectra of Pd solution (a) and cells of D. desulfuricans (b) following in situ 

reduction of Pd(II). Note that Pd3d peaks appear as doublets. XPS spectra are shown post 

reduction for : C (c), N (d), O (e) P (f) and S (g). Reference spectra for the native 

(unpalladized) cells are shown in Supplementary Information Fig. S2. 

Fig. 4. Heat processed material produced from 20 wt% bio-Pd on D. desulfuricans. 

Hollow spheres are shown in A,B. The material is fragile, as evidenced by broken 

spheres in A. Intact and broken spheres gave similar results in catalytic tests. Note 

sample heterogeneity. Large Pd-particles predominate (D,E) and some appear to have 

outgrowths of small Pd-NPs (circled). In addition very small ‘orphan‘ NPs are visible 

between the large NPs (broken circles) to give three NP populations. F: EDX analysis of 

the heat-treated material. As the X-ray emission of Pd Lα is 2.838 keV and the X-ray 

emission of S Kα is 2.307 keV these are not easily distinguished in EDX spectra. 

Fig. 5. Catalytic hydrogenation of 2-butyne-1,4-diol by commercial catalyst 5% Pd/alumina 

(A) and bio-Pd (20 wt%) on cells of D. desulfuricans (B) as in Fig. 1. C: conversion by 5 wt% bio-

Pd (heat-processed) as in Fig. 2. D: conversion by 20 wt% bio-Pd (heat-processed). : 2-

butyne-1,4-diol starting material and ▲: 2-butene-1,4-diol and : butane-1,4-diol. Note 

that carbon accounts for approximately  20% of biomass and hence catalyst was 

introduced at a constant mol% of Pd after estimation of the Pd content of the heat-

treated carbonised biomaterial (see Experimental). 

Fig. 6. Heck reaction profiles of iodobenzene and ethylacrylate over different catalysts 
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(reaction by method 1). : Commercial 5% Pd/C catalyst. ▲: 20 wt% bio-Pd, native 

cells. : 20 wt% bio-Pd, heat processed cells. : 5wt% bio-Pd native cells. ▼: 5 wt% bio-

Pd, heat processed cells. 

Fig. 7. Heck reaction profiles of iodobenzene and ethyl cinnamate using bio-Pd made 

by D. desulfuricans and CAS cells (method 2). Upper lines: Ethyl cinnamate 

formation (%). : Commercial 5wt% Pd/C catalyst. : 5 wt% Pd on D. Desulfuricans. 

 : 5 wt% Pd on CAS bacteria. Lower lines: Iodobenzene consumption (%) . : Commercial 

5 wt% Pd/C catalyst. ▲: 5 wt% Pd on D. desulfuricans and  : on CAS  bacteria. 

No sulfur is evident in heat process 

 

 

 

 

 

 

 

 

 


	Post-Print Coversheet - Elsevier
	Johnson_et_al_Selective_hydrogenation_catalyst

