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Abstract 

Alkane activation is known to be difficult due to the stable, saturated nature of the C-H bonds. 
Typical C-H bond activation techniques use harsh conditions, toxic solvents and excessive 
amounts of energy to produce low-value fuels and solvents. To develop value from the alkane 
feedstock and promote sustainable chemical manufacture, bio-catalysts are considered for 
terminal bond activation. This has been successfully demonstrated for the conversion of n-octane 
to 1-octanol using cytochrome P450 enzymes (Gudiminchi et al., 2012; Julsing et al., 2008; 
Meissner, 2013; Olaofe, 2013; Pennec et al., 2014). However, due to the low conversion and lower-
value of the alcohol product (Olaofe, 2013), the generation of higher value chemicals is needed to 
achieve a techno-economically feasible operation. A tandem catalytic process is proposed to 
valorize alkane activation using a cascade of bio-chemo reactions. Typically, chemical catalysts 
are synthesized using synthetic supports such as titanium dioxide or activated carbon. However, 
certain biological supports have a natural affinity for metal ions and have the ability to generate 
uniform, mono-dispersed nanoparticles, without the use of stabilizers or capping agents. The 
bacterial cell can be used as a support for chemo-catalysts that are easily accessible and 
cultivated. In this study, three different strains of Escherichia coli (E. coli) bacteria were considered 
as catalyst supports; namely E. coli DH5a, E. coli ATCC25922, E. coli BL21DE3. E. coli BL21DE3 
was previously used as the host cell for the biocatalytic activation of alkanes. However, due to the 
known deficiency in hydrogenase for this strain, alternative E. coli strains (E. coli DH5a and E. coli 
ATCC25922) that could potentially also be used for the expression of this enzyme, were also 
considered. Reduction on these microbial supports required an electron donor (hydrogen and 
sodium formate) for manufacture of monometallic Palladium (Pd) and Gold (Au) nanocatalysts.  

Biosorption studies showed rapid adsorption of Pd and Au ions onto all microbial strains within 1-
5 minutes of cell exposure that was best described by the chemisorption of the metals onto amine, 
hydroxyl or thiol functional groups. Near-complete adsorption of Pd(II) occurred on all microbial 
strains, with E. coli ATCC25922 achieving the greatest capacity (ca. 94.4% mol/mol) at 5% (w/w) 
Pd loading. The adsorption efficiency declined to 27.9% (mol/mol) when the metal loading was 
increased to 25% (w/w) Pd. Reduction timeframes were dictated by the electron donor, with a 
hydrogen induced colour change noted within 20 minutes compared to 24 hours using sodium 
formate. Showing characteristics of ideal nanocatalysts, hydrogen-generated Pd(0) nanoparticles 
ranging from 3.0-3.5 nm and 3.9-9.3 nm in size were formed across all microbial strains at either 
5% (w/w) or 25% (w/w) metal loadings. These nanoparticles were uniform and well-distributed 
within the cytoplasm. Clustering was most prevalent for the hydrogen-generated 25% (w/w) Pd 
loaded catalysts on E. coli ATCC25922 and E. coli BL21DE3. Minimal agglomeration and loss of 
Pd was observed on E. coli DH5a. In comparison to Pd(II), Au(III) was poorly adsorbed on all 
microbial strains with ca. 45.6% (mol/mol) and 33.7% (mol/mol) adsorbed on E. coli ATCC25922 
at the 5% (w/w) and 25% (w/w) loadings. Bioreduction for this metal was only observed with 
hydrogen as the electron donor on E. coli ATCC25922 with irregularly-shaped Au(0) nanoparticles 
between 20 nm and 40 nm being formed. Catalyst activity was assessed using the oxidation of 
benzyl alcohol to benzaldehyde as a control reaction. No notable activity was detected for any of 
the Au catalysts. The greatest activity was observed by hydrogen-generated Pd catalysts at 25% 
(w/w) loading with conversions of up to 32.8±2.7% (mol/mol) and selectivity of 94.1±2.8% 
(mol/mol) across all microbial strains. For 1-octanol, hydrogen-generated 25% (w/w) Pd loaded E. 
coli ATCC25922 nanocatalysts achieved the highest activity to reach a conversion of 2.4% 
(mol/mol) with a selectivity of 82.7% (mol/mol) towards octanal. The addition of water limited 
byproduct poisoning to improve the conversion of 1-octanol to 9.6% (mol/mol) and 99.4% (mol/mol) 
selectivity to the aldehyde. The successful activity of the biofabricated catalyst on aromatic and 
aliphatic alcohols shows promise for tandem catalysis to valorize the alcohol product from bio-
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catalytic activated alkanes. Consequently, this approach can be used to improve the value of n-
octane via a bio-chemo catalytic cascade reaction where higher selectivity to the aldehyde can be 
reached. 



Mivashya Govender  Acknowledgements 

  iii 

Acknowledgements 

Firstly, I would like to express my gratitude to c*change DST-NRF Centre of Excellence in 
Catalysis and the Centre for Bioprocess Engineering Research (CeBER) for providing the 
essential funding for my project.   

Secondly, I would like to acknowledge my supervisor, Dr. Athanasios Kotsiopoulos, for his 
guidance and patience over the course of my project and always having an open-door policy 
to discuss any problems encountered. From his vast wealth of knowledge and experience, I 
have learnt the value of the scientific process and project management. The skills I have 
gained during this journey will guide me in the research space and this experience has only 
reinforced my  passion for bioprocessing and biotechnology. To my co-supervisor, Professor 
Susan Harrison, I thank you for sharing your knowledge and giving invaluable advice 
whenever possible.  

I am grateful to Dr. Derik Wilbers and Miss Deborah Chikukwa, my postgraduate colleagues 
within CeBER, for often taking the time to discuss any experimental issues and lend a helping 
hand when I was not able to be on campus. Without your assistance, I would not have reached 
this final chapter of my project. A special acknowledgment to Mr. Mohamed Jaffer, from the 
UCT Electron Microscope Unit, who gave his valuable time to work with me to establish the 
best protocols for imaging as it pertained to my study.  

I would like to thank my family for their patience and support throughout my studies, without 
which I would have been truly lost. Lastly, I wish to express my deepest gratitude to the 
Almighty for removing all obstacles faced, for giving me the opportunity to further my studies 
and giving me the strength to persevere during difficult times. 

  

 

 





Mivashya Govender  Table of Contents 

  v 

Table of Contents 

Abstract ..................................................................................................................................... i 
Acknowledgements ................................................................................................................. iii 
Table of Contents .................................................................................................................... v 
List of Figures ......................................................................................................................... ix 
List of Tables ........................................................................................................................ xiii 
Glossary of Terms ............................................................................................................... xvii 
Acronyms and Abbreviations ................................................................................................ xxi 
Chapter 1 ................................................................................................................................. 1 
1 Introduction ........................................................................................................................ 1 
1.1 Project background ......................................................................................................... 1 
1.2 Context ............................................................................................................................ 1 
1.3 Problem definition ........................................................................................................... 3 
1.4 Overall objective ............................................................................................................. 3 
Chapter 2 ................................................................................................................................. 5 
2 Literature review ................................................................................................................ 5 
2.1 Valorising alkane activation ............................................................................................ 5 
2.2 Tandem catalytic system ................................................................................................ 7 
2.3 The metal catalyst ........................................................................................................... 8 
2.3.1 Heterogenous, homogenous and nanoparticle catalysis ........................................................................... 8 
2.3.2 Transition metals in chemo-catalysis ........................................................................................................ 9 
2.3.3 The combination of group 10 and 11 metals ........................................................................................... 13 
2.4 Supports and scaffolds ................................................................................................. 14 
2.4.1 The types of biological scaffold ............................................................................................................... 14 
2.4.2 Bacteria as a support .............................................................................................................................. 15 
2.5 Adsorption of metals onto a bacterial support ............................................................... 16 
2.5.1 Biosorption of the metal onto bacteria ..................................................................................................... 16 
2.5.2 Adsorption kinetics .................................................................................................................................. 17 
2.5.3 Adsorption isotherms ............................................................................................................................... 20 
2.6 Bioreduction and nanoparticle morphology ................................................................... 22 
2.6.1 Bacterial strain and hydrogenase enzyme activity .................................................................................. 24 
2.6.2 The effect of the electron donor .............................................................................................................. 25 
2.7 Oxidation of alcohol ...................................................................................................... 26 
2.7.1 The alcohol oxidation reaction environment ............................................................................................ 26 
2.7.2 Reaction and inhibitors for the oxidation of alcohols ............................................................................... 28 
2.7.3 Stability and reusability of the catalyst .................................................................................................... 29 
2.8 Problem definition ......................................................................................................... 31 
2.9 Objectives ..................................................................................................................... 31 
2.10 Hypothesis .................................................................................................................... 32 
2.11 Key questions ............................................................................................................... 33 
Chapter 3 ............................................................................................................................... 35 
3 Methodology .................................................................................................................... 35 
3.1 The production of biomass as a scaffold ...................................................................... 35 
3.1.1 Strain selection for scaffolds ................................................................................................................... 35 
3.1.2 General growth procedure for the microorganisms ................................................................................. 35 
3.2 Metal nanoparticle preparation ..................................................................................... 38 
3.2.1 Metal salt precursor preparation .............................................................................................................. 39 



Table of Contents   06 June 2021 

vi   

3.3 Forming biofabricated nanoparticles: metal adsorption and reduction ......................... 40 
3.3.1 Pd nanocatalysts ..................................................................................................................................... 40 
3.3.2 Au nanocatalysts ..................................................................................................................................... 41 
3.4 Spectrophotometric assays ........................................................................................... 42 
3.4.1 The stannous chloride (SnCl2) assay for detecting residual Pd(II) ions .................................................. 42 
3.4.2 The thiamine-phloxine assay for detecting residual Au(III) ions .............................................................. 42 
3.5 Adsorption kinetics and equilibrium isotherms .............................................................. 43 
3.5.1 Assessing adsorption kinetics ................................................................................................................. 43 
3.5.2 Assessing adsorption at equilibrium ........................................................................................................ 43 
3.6 Characterisation techniques ......................................................................................... 43 
3.6.1 TEM analysis and preparation ................................................................................................................. 44 
3.6.2 SEM analysis and preparation ................................................................................................................ 46 
3.6.3 Assessing support functional groups using FTIR .................................................................................... 47 
3.6.4 Assessing metal loading using ICP ......................................................................................................... 47 
3.7 Catalyst activity tests .................................................................................................... 48 
3.7.1 Radley reactor activity testing ................................................................................................................. 48 
3.7.2 Reaction sampling for product analysis ................................................................................................... 49 
3.7.3 Liquid phase gas chromatography .......................................................................................................... 49 
Chapter 4 ............................................................................................................................... 51 
4 Biosorption of Pd and Au on E. coli ................................................................................. 51 
4.1 Chapter Overview ......................................................................................................... 51 
4.2 Adsorption of Pd onto E. coli scaffolds ......................................................................... 51 
4.2.1 Adsorption kinetics and equilibrium isotherm analysis ............................................................................ 51 
4.2.2 Model fitting for Pd adsorption on E. coli ................................................................................................. 55 
4.3 Adsorption of Au on E. coli scaffolds ............................................................................ 62 
4.3.1 Adsorption kinetics and equilibrium isotherm analysis ............................................................................ 62 
4.3.2 Model fitting for Au adsorption on E. coli ................................................................................................. 65 
Chapter 5 ............................................................................................................................... 73 
5 Bioreduction and characterization .................................................................................... 73 
5.1 Chapter Overview ......................................................................................................... 73 
5.2 5% (w/w) metal loading ................................................................................................. 73 
5.2.1 Formation of monometallic Pd nanoparticles .......................................................................................... 73 
5.2.2 Formation of monometallic Au nanoparticles .......................................................................................... 79 
5.3 25% (w/w) metal loading ............................................................................................... 84 
5.3.1 Elemental analysis .................................................................................................................................. 88 
5.4 Selection of a suitable catalyst scaffold ........................................................................ 89 
Chapter 6 ............................................................................................................................... 95 
6 Catalyst activity ................................................................................................................ 95 
6.1 Chapter overview .......................................................................................................... 95 
6.1.1 Dehydrogenation of alcohols ................................................................................................................... 96 
6.2 Oxidation of benzyl alcohol ........................................................................................... 96 
6.2.1 Catalyst activity in comparison to literature ............................................................................................. 96 
6.2.2 Reactor and mass transfer limitations ................................................................................................... 100 
6.2.3 Catalyst activity at the higher metal loading .......................................................................................... 101 
6.3 Oxidation of 1-octanol ................................................................................................. 102 
Chapter 7 ............................................................................................................................. 105 
7 Conclusions and Recommendations M ......................................................................... 105 
7.1 Conclusions ................................................................................................................ 105 
7.2 Recommendations ...................................................................................................... 107 
Reference List ...................................................................................................................... 109 
8 Appendices .................................................................................................................... 123 



Mivashya Govender  Table of Contents 

  vii 

Appendix A: Culture growth ................................................................................................. 123 
A.1 Growth media preparation .......................................................................................... 123 
A.2 Dry cell weight and OD correlation ............................................................................. 123 
Appendix B: Preparation for bioreduction ............................................................................ 125 
B.1 Preparation of cell buffer ............................................................................................. 125 
B.2 Metal ion solution preparation ..................................................................................... 126 
B.3 Cell culture preparation ............................................................................................... 126 
B.4 Metal reduction onto support: sample calculation ....................................................... 127 
Appendix C: The residual metal assays .............................................................................. 129 
C.1 Stannous chloride assay for Pd .................................................................................. 129 
C.1.1 SnCl2 assay standard curve .................................................................................................................. 129 
C.2 Thiamine-phloxine assay for Au .................................................................................. 129 
C.2.1 Reagent preparation .............................................................................................................................. 129 
C.2.2 Thiamine-phloxine assay standard curve .............................................................................................. 130 
Appendix D: Oxidation reaction analysis ............................................................................. 131 
D.1 GC method protocol .................................................................................................... 131 
D.2 GC compound identification ........................................................................................ 132 
D.3 GC analysis: standard curves ..................................................................................... 132 
Appendix E: Model fitting at a higher loading ...................................................................... 133 

 





Mivashya Govender  List of Figures 

  ix 

List of Figures 

Figure 2-1 Diagram showing multiple possible tandem systems. Where a) is a sequential catalytic reaction 
b) one-pot with separate catalysts and c) one-pot with a combined catalyst ..................................... 7 

Figure 2-2 Supply breakdown for palladium per country (Johnson and Matthey, 2019 ) ...................................... 10 
Figure-2-3 Supply and demand for A) Pd and B) Pt. (Johnson and Matthey, 2019) ............................................. 11 
Figure 2-4 Application of Au demand in 2015 (Kitco, 2015) .................................................................................. 12 
Figure 2-5 A schematic for adsorption of the adsorbate onto a support. (1) diffusion of the adsorbate from 

bulk to the support surface where adsorption onto active site (�) can occur, (2) diffusion of 
the adsorbate into the pores of the adsorbent and (3) sorption of the adsorbate onto active 
sites .................................................................................................................................................. 17 

Figure 2-6 Reaction scheme 1 for the oxidation of benzyl alcohol ........................................................................ 28 
Figure 2-7 Side-reaction scheme 2 for the disproportionation of benzyl alcohol ................................................... 28 
Figure 2-8 Side-Reaction scheme 3 for the Cannizarro reaction during benzyl alcohol oxidation in the he 

presence of a strong base ................................................................................................................ 28 
Figure 2-9 Reaction scheme 4 for the oxidation of 1-octanol ................................................................................ 29 
Figure 3-1 Flow diagram of the procedure for biomass growth. Stage 1: was the inoculation of the glycerol 

stock culture into the 5 ml aerobic preculture in  LB media, the culture was incubated at 37oC 
overnight at 120 rpm. Stage 2: the aerobic culture was then use used to inoculate the 
anaerobic 100 ml supplemented LB preculture in the serum bottles. This preculture was 
incubated for 4-6 hours at 37oC overnight at 120 rpm to ensure the cells are in the exponential 
phase. Stage 3: the exponential phase preculture was then used to inoculate the main 1L LB 
supplemented media in the modified Schott bottle. The main culture was incubated  37oC and 
left to stand over12-17 hours before harvesting ............................................................................... 36 

Figure 3-2 Schematic of the modified Schott bottle used for bulk biomass growth ............................................... 37 
Figure 3-3 Flow diagram showing the process of forming biofabricated Pd, Au and Au-Pd nanoparticle 

catalysts ........................................................................................................................................... 39 
Figure 3-4 Schematic of the hydrogen electron donor sparging system. The gaseous electron donor was 

sparged in solution to allow for maximum contact between the gas and the metal ion precursor
 ......................................................................................................................................................... 41 

Figure 3-5 Schematic of the front view of the reactor setup (A) and the top view of the carousel with six 
reactor vessel slots (B) ..................................................................................................................... 48 

Figure 3-6 Schematic of the preparation process for GC analysis of reaction samples ........................................ 49 
Figure 4-1 Adsorption of Pd(II) on E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 (�) 

performed at 30oC and 120 rpm. Where a) is the percentage of Pd ions adsorbed over time 
and b) is the adsorption capacity qt (mgPd(II) adsorbed/gDCW) with time. A 2 mM sodium 
tetrachloropalladate solution (pH2.3) was used as the metal precursor. A constant dry cell 
weight (DCW) of 0.2 g was maintained  at the 5% (w/w) Pd loading ............................................... 52 

Figure 4-2 Adsorption of Pd(II) onto E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 (�) was 
performed at 30oC and 120 rpm. Where a) is the percentage of Pd ions adsorbed over time 
and b) is the adsorption capacity qt (mgPd(II) adsorbed/gDCW) with time. A  2 mM sodium 
tetrachloropalladate solution (pH 2.3) was used as the metal precursor. A constant dry cell 
weight (DCW) of 0.07 g was maintained at the 25% (w/w) Pd loading ............................................ 52 

Figure 4-3 Equilibrium adsorption of Pd(II) on E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 
(�). The initial Pd ion concentration was varied from 1 mM, 2 mM, 5 mM, 7 mM, 10 mM (pH 
2.3) as indicated. The dry cell weight (DCW) was kept constant (0.028 g) across all 
concentrations.  The residual metal ion concentration was determined after a 4 day incubation 
period at 30oC and 120 rpm. ............................................................................................................ 54 

Figure 4-4 FTIR analysis of the microbial strains E. coli DH5α ( ), E. coli ATCC25922 ( ) and E. coli 
BL21DE3 (• • •) ................................................................................................................................ 57 

Figure 4-5 Fit of  Pseudo-first order (   • ), Pseudo-second order (• • • •) Elovich ( ) and the Intra-
particle diffusion ( ) kinetic models to experimentally determined adsorption of Pd ions 



List of Figures   06 June 2021 

x   

(¨) at a 5% (w/w) loading onto A) E. coli DH5α , B) E. coli ATCC25922 C) E. coli BL21DE3 
scaffolds. The fit of the model was achieved by using the model parameters obtained after 
non-linear regression analysis. ......................................................................................................... 58 

Figure 4-6  Fit of  Pseudo-first order (   • ), Pseudo-second order (• • • •) Elovich ( ) and the Intra-
particle diffusion ( ) kinetic models to experimentally determined adsorption of Pd ions 
(¨) at a 25% (w/w) loading onto A) E. coli DH5α , B) E. coli ATCC25922 C) E. coli BL21DE3 
scaffolds. The fit of the model was achieved by using the model parameters obtained after 
non-linear regression analysis. ......................................................................................................... 59 

Figure 4-7 Fit of Pseudo-first order (   • ), Pseudo-second order (• • • •) Elovich ( ) and the Intra-
particle diffusion ( ) kinetic models to experimentally determined  adsorption of Pd ions 
(¨) at a 25% (w/w) loading onto E. coli ATCC25922. The fit of the model was achieved by 
using the model parameters obtained after non-linear regression analysis. The kinetic trend 
was sectioned in regions L1, L2 and L3 ........................................................................................... 60 

Figure 4-8   Fit of Langmuir (   • ),  Freundlich (• • • •)   Temkin ( )  and the  Dubinin-Radushkaveich 
( ) isotherm models to experimentally determined  adsorption of Pd ions (¨) onto A) E. 
coli DH5α , B) E. coli ATCC25922 C) E. coli BL21DE3 scaffolds. The fit of the model was 
achieved by using the model parameters obtained after non-linear regression analysis. ................ 61 

Figure 4-9 Adsorption of Au(III)  on E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 (�) was 
performed at 30oC and 120 rpm. Where a) is the percentage of Au(III) ions adsorbed over time 
and b) is the adsorption capacity qt (mgAu(III) adsorbed/gDCW) with time. A 1 mM gold(III) 
tetrachloroaurate trihydrate solution (pH 2.3) was used  as the metal precursor. A constant dry 
cell weight (DCW) of 0.14 g was maintained at a 5% (w/w) Au loading, .......................................... 62 

Figure 4-10 Adsorption of Au(III) on E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 (�) was 
performed at 30oC and 120 rpm. Where a) is the percentage of Au(III) adsorbed over time and 
b) is the adsorption capacity qt (mgAu(III) adsorbed/gDCW) with time. A 1 mM gold tetrachloroaurate 
solution (pH 2.3) was used as the metal precursor. A constant dry cell weight (DCW) of 0.07 
g was maintained at a 25% (w/w) Au loading ................................................................................... 63 

Figure 4-11 Equilibrium adsorption of Au (III) on E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli 
BL21DE3 (�). The initial Au (III) ion concentrations was varied from 1 mM, 2 mM, 5 mM, 7 
mM, 10 mM (pH 2.3). The dry cell weight (DCW) was kept constant (0.028 g) across all 
concentrations. The residual metal ion concentration was determined after 4 days of 
incubation at 30oC and 120 rpm. ...................................................................................................... 64 

Figure 4-12 Fit of  Pseudo-first order (   • ), Pseudo-second order (• • • •) Elovich ( ) and the Intra-
particle diffusion ( ) kinetic models to experimentally determined adsorption of Au ions 
(¨) at a 25% (w/w) loading onto A) E. coli DH5α , B) E. coli ATCC25922 scaffolds. The fit of 
the model was achieved by using the model parameters obtained after non-linear regression. 
The kinetic trend was sectioned in regions L1, L2 and L3. .............................................................. 65 

Figure 4-13 Fit of Pseudo-first order (   • ), Pseudo-second order (• • • •) Elovich ( ) and the Intra-
particle diffusion ( ) kinetic models to experimentally determined adsorption of Au ions 
(¨) at a 5% (w/w) loading onto A) E. coli DH5α , B) E. coli ATCC25922 C) E. coli BL21DE3 
scaffolds. The fit of the model was achieved by using the model parameters obtained after 
non-linear regression analysis. ......................................................................................................... 67 

Figure 4-14  Fit of  Pseudo-first order (   • ), , Pseudo-second order (• • • •) Elovich ( ) and the Intra-
particle diffusion ( ) kinetic models to experimentally determined adsorption of Au ions 
(¨) at a 25% (w/w) loading onto A) E. coli DH5α , B) E. coli ATCC25922 C) E. coli BL21DE3 
scaffolds. The fit of the model was achieved by using the model parameters obtained after 
non-linear regression analysis. ......................................................................................................... 68 

Figure 4-15  Fit of  Langmuir (   • ),, Freundlich(• • • •),  Temkin ( ) and the Dubinin-Radushkaveich 
( ) isotherm equilibrium models to experimentally determined adsorption of Au ions (¨) 
onto A) E. coli DH5α , B) E. coli ATCC25922 C) E. coli BL21DE3 scaffolds. The fit of the model 
was achieved by using the model parameters obtained after non-linear regression analysis. ........ 69 

Figure 5-1 Image of observed colour change in solution upon successful Pd(0) formation. Where A) is the 
initial Pd ion solution before reduction B) is the final solution after donor addition and 
bioreduction at 30oC ......................................................................................................................... 74 



Mivashya Govender  List of Figures 

  xi 

Figure 5-2 TEM imaging of 5% (w/w) Pd catalysts on the three E. coli strains using sodium formate as the 
electron donor.  Biofabricated catalysts were washed in water and 2.5 % (w/v) glutaraldehyde 
(in PBS) and fixed with 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter dried in 
ethanol, fixed in epoxy resin and then sectioned. Row A) are the unstained biofabricated Pd 
samples that were used to determine particle size distribution B) the biofabricated Pd samples 
that were stained with 1% (w/v) OsO4 and used for quantifying cell structure. Where lysed 
cells, cell vacuoles, distended or disrupted cell walls and blebbing or OMV’s are denoted by 
w, x, y and z, respectively. ............................................................................................................... 75 

Figure 5-3 TEM imaging of 5% (w/w) Pd catalyst on the three E. coli strains using hydrogen as the electron 
donor.  Biofabricated catalysts were washed in water and 2.5 % (w/v) glutaraldehyde (in PBS) 
and fixed with 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter dried in ethanol, 
fixed in epoxy resin and then sectioned. Row A) are the unstained  biofabricated Pd samples 
that were used to determine particle size distribution B) the biofabricated Pd samples that 
were stained with 1% (w/v) OsO4 and used for quantifying cell structure. Where cell vacuoles, 
distended or disrupted cell walls and blebbing or OMV’s are denotated by x, y and z, 
respectively ...................................................................................................................................... 76 

Figure 5-4 Average particle size distribution of 5% (w/w) Pd nanoparticles on the three E. coli strains when 
using A) sodium formate and B) hydrogen as the electron donor .................................................... 77 

Figure 5-5 Image of the expected colour change in solution upon successful Au(0) formation. Where A) is 
the initial Au ion solution before reduction and B) is the final solution after donor addition and 
bioreduction overnight at 30oC ......................................................................................................... 80 

Figure 5-6 TEM imaging of 5% (w/w) Au catalyst on the three  E. coli strains using hydrogen as the electron 
donor. Biofabricated catalysts were washed in water and 2.5 % (w/v) glutaraldehyde (in PBS) 
and fixed with 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter dried in ethanol, 
fixed in epoxy resin and then sectioned. Row A) are the unstained biofabricated Au samples 
that were used to determine particle size distribution B) the biofabricated Au samples that 
were stained with 1% (w/v) OsO4 and used for quantifying cell structure. Where lysed cell, cell 
vacuoles, distended or disrupted cell walls and nanoparticle clusters are denotated by w, x, y 
and P, respectively. .......................................................................................................................... 81 

Figure 5-7 TEM imaging of the 5% (w/w) Au nanocatalyst on E. coli BL21DE3 using hydrogen as the electron 
donor. Biofabricated Au samples were fixed in 2.5 % (w/v) glutaraldehyde (in PBS) and 1% 
(w/v) osmium tetraoxide (OsO4) solution and thereafter  dried in ethanol, fixed in epoxy resin 
and left to dry before sectioning using an ultramicrometre. The unstained biofabricated Au 
samples in figure A) were used for particle size distribution analysis of biofabricated Au 
nanoparticles as shown in figure B). ................................................................................................ 82 

Figure 5-8 TEM images of 25% (w/w) Au on E. coli ATCC25922 using hydrogen as the electron donor. 
Biofabricated Au samples were extracted and fixed in 2.5 % (w/v) glutaraldehyde (in PBS) and 
1% (w/v) osmium tetraoxide (OsO4) solution and thereafter dried in ethanol, fixed in epoxy 
resin and left to dry before sectioning using an ultramicrometre. Where A) is the unstained 
biofabricated Au samples used to determine the particle size distribution B) the biofabricated 
Au sectioned samples that were stained with OsO4 and used for quantifying cell morphology 
and  C) the average size distribution of Au nanoparticles. ............................................................... 84 

Figure 5-9  TEM imaging of 25% (w/w) Pd  catalyst on the three E. coli strains using sodium formate as the 
electron donor.  Biofabricated catalysts were washed in water and 2.5 % (w/v) glutaraldehyde 
(in PBS) and fixed with 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter  dried in 
ethanol,  fixed in epoxy resin and then sectioned. Row A) are the unstained biofabricated Pd 
samples that were used to determine particle size distribution B) the biofabricated Pd samples 
that were stained with 1% (w/v) OsO4 and used for quantifying cell structure.  Where lysed 
cells, cell vacuoles, distended or disrupted cell walls and blebbing or OMV’s are denotated by 
w, x, y and z, respectively ................................................................................................................ 85 

Figure 5-10  TEM imaging of 25% (w/w) Pd catalyst on the three E. coli strains using hydrogen as the 
electron donor.  Biofabricated catalysts were washed in water and 2.5 % (w/v) glutaraldehyde 
(in PBS) and fixed with 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter dried in 
ethanol, fixed in epoxy resin and then sectioned. Row A) are the unstained  biofabricated Pd 
samples that were used to determine particle size distribution B) the biofabricated Pd samples 



List of Figures   06 June 2021 

xii   

that were stained with 1% (w/v) OsO4 and used for quantifying cell structure. Where lysed 
cells, cell vacuoles and blebbing or OMV’s are denotated by w, x and z, respectively .................... 86 

Figure 5-11  Average particle size distribution of 25% (w/w) Pd nanoparticles on the three E. coli strains 
when using A) sodium formate and B) hydrogen as the electron donor .......................................... 87 

Figure 6-1 Catalytic cycle for the oxidation of alcohols to aldehyde using a metal catalyst (Davis et al., 2013; 
Nagy et al., 2019; Yamaguchi and Mizuno, 2002) ........................................................................... 96 

Figure 8-1 SnCl2 assay standard curve for 5% (w/w) Pd adsorption onto the  E. coli strains .............................. 129 
Figure 8-2 Thiamine-Phloxine assay standard curve for 5% (w/w) Au adsorption on the E. coli strains ............. 130 
Figure 8-3 Standard curve for reagents and products identified via GC analysis after the oxidation of 

aromatic alcohol. Where A) is benzyl alcohol B) benzaldehyde C) toluene and D) benzoic acid
 ....................................................................................................................................................... 132 

Figure 8-4 Standard curve for reagents and products identified via GC analysis after the oxidation of 
aromatic alcohol. Where A) is 1-octanol B) octanal C) and octanoic acid ...................................... 133 

 



Mivashya Govender  List of Tables 

  xiii 

List of Tables 

Table 2-1 Description of compartmentalization techniques  (Latham et al., 2016; Wang et al., 2018) .................... 8 
Table 2-2 The table depicts the meaning of the RL constant (Allen et al., 2004; Namasivayam and Kavitha, 

2007; Padmesh et al., 2006) ............................................................................................................ 21 
Table 2-3 Hydrogenase activity of various strains of E. coli (Pinske et al., 2011) ................................................. 25 
Table 2-4 The effect of changing process parameters on the performance of  the benzyl alcohol oxidation 

reaction (Ambili, 2011; De Corte et al., 2011a; Deplanche et al., 2011a; Enache et al., 2007, 
2006). Where X is conversion and S is the selectivity ...................................................................... 27 

Table 2-5 The effect of reusing Pd catalysts on the nanoparticles size in oxidation reactions (Bennett et al., 
2013) ................................................................................................................................................ 30 

Table 3-1 Relationship of metal weight and cell mass to obtain the specified metal loading. The cell pellet 
is suspended in a 20 mM MOPS-NaOH buffer (at pH 7). The provided metal precursor 
volumes are based on the reduction of 2 mM Pd(II) and 1 mM Au(III) on 0.1 g of E. coli 
ATCC25922. In the case of a bimetallic catalyst, a 1:1 ratio of Pd to Au (by weight) was 
considered ........................................................................................................................................ 40 

Table 3-2 Summary of all possible catalyst made under various metals, metal loadings, microorganisms 
and electron donors .......................................................................................................................... 44 

Table 4-1 The initial rate of adsorption on E. coli DH5α, E. coli ATCC25922 and E. coli BL21DE3 at a 25% 
(w/w) Pd loading ............................................................................................................................... 53 

Table 4-2 Summary of predictive kinetic and equilibrium model equations that describe adsorption. All model 
constants (qt, k1, k2, qe(exp), β, α, f, c, qmax, b, kf, n, bt, BT, at/AT,βD − R qD) are defined in 
the glossary ...................................................................................................................................... 55 

Table 4-3  Kinetic model fit to the experimental adsorption of Pd(II) at a 5% (w/w) loading onto the various 
E. coli strains.  Where model constants k1, k2, qe (exp), β , α, f and c were determined by non-
linear regression ............................................................................................................................... 58 

Table 4-4 Kinetic model fit to the experimental adsorption of Pd(II) ions at a 25% (w/w) loading onto the 
various E. coli strains. Where the model constants k1, k2, qe (exp), β , α, f and c were determined 
by non-linear regression ................................................................................................................... 59 

Table 4-5 Kinetic model fit to the experimental adsorption of Pd(II) ions at a 25% (w/w) loading onto the E. 
coli ATCC25922. Where the model constants k1, k2, qe (exp), β , α, f and c were determined by 
non-linear regression ........................................................................................................................ 60 

Table 4-6 Isotherm model fit to the experimental adsorption of Pd(II) at equilibrium. Where the model 
constants qmax, b, kf, n, bt BT, at/AT, β and qD were determined by non-linear regression ................ 61 

Table 4-7 The initial rate of adsorption on E. coli DH5α E. coli ATCC25922 and E. coli BL21DE3 at a 25% 
(w/w) Au loading ............................................................................................................................... 64 

Table 4-8 Kinetic model fit to the experimental adsorption of Au(III) ions at a 5% (w/w) loading onto the 
various E. coli strains. Where the model constants k1, k2, qe (exp), β , α, f and c were determined 
by non-linear regression ................................................................................................................... 67 

Table 4-9 Kinetic model fit to the experimental adsorption of Au(III) ions at a 25% (w/w) loading onto the 
various E. coli strains. Where the model constants k1, k2, qe (exp), β , α, f and c were 
determined by non-linear regression ................................................................................................ 68 

Table 4-10  Isotherm model fit to the experimental adsorption of Au (III) at equilibrium. Where the model 
constants qmax, b, kf, n, bt BT, at/AT, β and qD was determined by non-linear regression analysis
 ......................................................................................................................................................... 69 

Table 4-11 Fowler-Guggenheim isotherm model fit to the experimental adsorption of Au(III) at equilibrium. 
Where θ, qe, qmax, Ce, kFG, w, R and T are defined after non-linear regression analysis ................. 70 

Table 5-1 Average size of the 5% (w/w) Pd(0) nanoparticles formed across the various E. coli strains and 
electron donors ................................................................................................................................. 78 

Table 5-2 Average size of the 25% (w/w) Pd(0) nanoparticles formed across the various E. coli strains and 
electron donors ................................................................................................................................. 88 



List of Tables   06 June 2021 

xiv   

Table 5-3 ICP-OES analysis of the composition of the expected 5% (w/w) Pd(0) and 5% (w/w) Au(0) 
nanoparticles on the three E. coli strains using either hydrogen or sodium formate as the 
electron donors ................................................................................................................................. 89 

Table 5-4 ICP-OES analysis of the composition of the expected 25% (w/w) Pd(0) and 25% (w/w) Au(0) 
nanoparticles on the three E. coli strains using either hydrogen or sodium formate as the 
electron donors ................................................................................................................................. 89 

Table 5-5 Summary of the characteristics of Pd(0) and Au(0) nanoparticles formed on the three E. coli 
strains when using either sodium formate or hydrogen as the  electron donors. ............................. 90 

Table 6-1 The activity for the oxidation of benzyl alcohol to benzaldehyde using 5% (w/w)  Pd on various E. 
coli supports (E. coli DH5∝, E. coli ATCC25922, E. coli BL21DE3). Activity was not noted on 
the  5% (w/w) Au catalyst and thus is not shown. These catalysts were manufactured with 
either hydrogen or sodium formate as indicated. Conditions for all catalytic reactions were  
performed at 90oC, 250 rpm, 0.36% (w/v) catalyst loading and at 1 bar of air  in the Radley 
reactor. In the table, X is defined as conversion, Y is  defined as yield and was based on 
change in the substrate, S is defined as the selectivity and was based on the amount of 
product formed. ................................................................................................................................ 98 

Table 6-2 The activity for the oxidation of benzyl alcohol to benzaldehyde using 25% (w/w)  Pd on various 
E. coli supports (E. coli DH5∝, E. coli ATCC25922, E. coli BL21DE3). Activity was not noted 
on the  25% (w/w) Au catalyst and thus is not shown. These catalysts were manufactured with 
either hydrogen or sodium formate as indicated. Conditions for all catalytic reactions were  
performed at 90oC, 250 rpm, 0.36% (w/v) catalyst loading and 1 bar of air  in the Radley 
reactor. In the table, X is defined as conversion, Y is defined as yield and was based on 
change in the substrate, S is defined as the selectivity and was based on the amount of 
product formed. ................................................................................................................................ 98 

Table 6-3 Comparison of the activity of Au(0) catalysts in the current study relative to similarly synthesized 
catalysts on synthetic and biological scaffolds as reported in the literature (Deplanche et al., 
2012, 2011a; Enache et al., 2006; Ma et al., 2009; Pritchard et al., 2010; Sun et al., 2017; 
Wang et al., 2015). Catalyst activity is reported over the full reaction period as well as over 6 
hours in the presence of either air or oxygen as the oxidant. In the table, X is defined as 
conversion, S is defined as the selectivity and was based on the amount of product formed. ........ 99 

Table 6-4 Comparison of the activity of Pd(0) catalysts in the current study relative to similarly synthesized 
catalysts on synthetic and biological scaffolds as reported in the literature (Deplanche et al., 
2012, 2011a; Enache et al., 2006; Ma et al., 2009; Pritchard et al., 2010; Sun et al., 2017; 
Wang et al., 2015).  Catalyst activity is reported over the full reaction period as well as over  6 
hours in the presence of either air or oxygen as the oxidant. In the table, X is defined as 
conversion, S is defined as the selectivity and was based on the amount of product formed. 
Hi ...................................................................................................................................................... 99 

Table 6-5 The oxidation of 1-octanol to octanal using hydrogen induced 25% (w/w) Pd nanocatalysts on 
various E. coli supports (E. coli DH5∝, E. coli ATCC25922, E. coli BL21DE3). All catalytic 
reactions were performed at 90oC, 250 rpm, 0.36% (w/v) catalyst loading and at 1 bar of air  in 
the Radley reaction system. All solvents were added in a ratio of 1:4 water to alcohol. Where 
X is the conversion, Y is the yield relative to the substrate, and S is the selectivity of the product 
formed. ........................................................................................................................................... 103 

Table 8-1 Standard LB media formula for cell growth ......................................................................................... 123 
Table 8-2 Adjusted LB media formula for cell growth .......................................................................................... 123 
Table 8-3 Dry cell weight and OD600 correlation growth co-efficient. Growth of cells observed at 37oC in a 

modified LB media .......................................................................................................................... 124 
Table 8-4 Composition of 40 mM MOPS buffer stock solution ............................................................................ 125 
Table 8-5 Salt precursor solution requirements and constants ........................................................................... 126 
Table 8-6 Example of the observed OD after bulk anoxic cell growth ................................................................. 126 
Table 8-7 Thiamine-phloxine assay rreagent composition .................................................................................. 129 
Table 8-8 Method protocol used to run the Varian 3900. The parameters were set in Galaxie Workstation 

software .......................................................................................................................................... 131 
Table 8-9 Retention times for reagents and products detected via GC analysis ................................................. 132 



Mivashya Govender  List of Tables 

  xv 

Table 8-10 Kinetic model fit to the experimental adsorption of Au(III) ions at a 25% (w/w) loading onto E. 
coli ATCC25922. Where the model constants k1, k2, qe (exp), β , α, f and c were defined upon 
non-linear regression analysis. The region L1 is defined as the initial adsorption stage, L2 is 
defined as desorption stage and L3 is the defined as point at which equilibrium is reached. ........ 134 

Table 8-11 Kinetic model fit to the experimental adsorption of Au(III) ions at a 25% (w/w) loading onto E. 
coli DH5α. Where the model constants k1, k2, qe (exp), β , α, f and c were defined upon non-
linear regression analysis. The region L1 is defined as the intial adsorption stage, L2 is defined 
as desorption stage and L3 is the defined as point at which equilibrium is reached ...................... 134 

 





Mivashya Govender  Glossary of Terms 

  xvii 

Glossary of Terms 

at/AT  Temkin isotherm constant 
b Langmuir constant relating to the energy of adsorption 
bt  Temkin model constant 
BT  relates to the heat of adsorption 
c constant that provides insight into boundary layer 
Ce concentration of the adsorbate at equilibrium 
f intraparticle diffusion rate constant 
k1  pseudo-first order rate constant 
k2  pseudo-second order rate constant 
kf  relates to factors that affect adsorption capacity and extent of adsorption 
kFG  The Fowler-Guggenheim model equilibrium constant (L/mg) 
n relates to adsorption intensity and degree of heterogeneity of the support 
qD  maximum adsorption capacity 
qe (exp) experimentally determined metal ion capacity at equilibrium 
qmax  monolayer adsorption capacity 
qt amount of metal ion adsorbed at a point in time 
R universal gas constant (kJ/mol.K) 
S Selectivity 
T Temperature (K) 
w interaction energy between adsorbed molecules (kJ/mol) 
XProduct Conversion based on product formed 
XSubstrate Conversion based on substrate 
Y Yield 
Yexp Dependent variable in the equation obtained experimentally  
Ymodel Dependent variable in the model equation  
 ) initial adsorption rate 

*  desorption constant that relates the extent of surface coverage and the 
activation energy of adsorption 

 *+,- isotherm coefficient used to determine adsorption energy 
θ  A dimensionless parameter, defined as coverage 

 

Aerobic In the presence of oxygen 
Agglomeration/clustering  A heap or cluster of components (in this case metal nanoparticles)  
Aliphatic alcohol Straight-chained, branched or cyclic alcohols 
Anaerobic  A state that requires an absence of oxygen 
Anoxic A condition in the absence of oxygen 
Apoptosis  Cell death that occurs naturally during the cell’s life cycle 
Aromatic alcohol  An alcohol that consists of a conjugated structure  
Assimilatory adsorption The uptake of metal ions for use within the cell 



Glossary of Terms  06 June 2021 

xviii   

Autocatalytic The use of a product from a reaction to catalyze a second reaction  

Autoclave  The method of using high temperature and pressurized steam to 
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Chapter 1 

1 Introduction  

1.1 Project background 

Poor waste and emission management in industrial sectors has led to the promotion of 
stringent environmental regulations by various governments to limit the impact on climate 
change. In light of these regulations the chemical industry, known for their poor resource 
efficiency and waste management, has shifted towards more sustainable processing 
practices.  

Traditional transition metal extraction and catalyst manufacturing techniques are labour 
intensive, expensive, and make use of harsh solvents or reaction conditions (Ciriminna and 
Pagliaro, 2013). Alternate technologies for chemical and catalyst manufacture are required to 
maintain sustainable yet effective processes. Transition metals namely the Platinum Group 
Metals (PGM) and precious metals are rare earth elements that are essential to electronic 
devices, automotive, jewellery, medicine and medical devices, as well as for promoting 
effective chemical manufacture. The unique catalytic, electrical and optical properties of 
transition metals present an opportunity for these metals to be recovered  and re-used in the 
automotive, fine and bulk chemical industry.  

1.2 Context 

The chemical industry is mostly composed of bulk and fine chemicals, pharmaceuticals and 
petrochemicals. Waste management is a common concern in this industry. An example in the 
petrochemical sector is the Coal-to-liquid (CTL) processing in which liquid fuels are produced. 
One of the major concerns within this process is the generation of by-products, such as linear 
alkanes, that often have limited value. Alkanes are extremely stable molecules because of 
their unsaturated bonds and are traditionally used to produce low value fuels and solvents. 
The activation of alkanes is commonly achieved using chemical reagents. However, these 
approaches are often unselective and lead to poor conversion to the desired product (Latham 
et al., 2016). 

Green chemistry considers the minimization of hazardous material outputs throughout the 
lifecycle of the chemical and is governed by twelve major guidelines. These guidelines 
encompass resource efficiency, waste prevention and the use of green technology to ensure 
a sustainable chemical process. Catalysts are a form of green technology that reduces 
reaction time and the amount of solvent required as compared to stoichiometric reactions 
(Anastas and Eghbali, 2009). Typical chemo-catalytic alkane activation brings about poor 
selectivity requiring the use of toxic, expensive chemicals and intense reaction conditions 
(Hosseinkhani et al., 2012; Sobjerg et al., 2011; Wells et al., 2014). To maintain sustainable 
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practices and achieve better activity, bio-catalysis is considered as an alternative. Bio-
catalysts, such as cytochrome P450 enzymes, are highly selective towards the terminal C-H 
bond during the activation of alkanes. Recent investigations have focused on using these 
enzymes for the successful activation of n-octane to the primary alcohol (Ayala and Torres, 
2004; Gudiminchi et al., 2012; Meissner, 2013; Olaofe et al., 2013; Pennec et al., 2014).  
However, the 1-octanol product is generated in low volumes and is of a lower value than the 
alkane feed. Dehydrogenase enzymes are known to assist in further oxidation of alcohols, but 
they often require the use of expensive co-factors and often achieve poor selectivity towards 
the desired aldehyde product (Bühler et al., 2003; Dong et al., 2018; Gandolfi et al., 2001). 
Chemical catalysts are known to exhibit better conversion of alcohols and have moderate 
selectivity to the aldehyde, and are therefore better suited for further valorization of the cheap 
alkane feedstock (Enache et al., 2006). 

Valorisation of the alkane feed may be achieved by incorporating both bio- and chemo 
catalysis to achieve efficient, cost-effective production of higher value aldehydes, carboxylic 
acids or ketones. A combination of individual stepwise catalytic reactions that rely on one 
another are said to operate in tandem. Tandem catalytic processes try to mimic rapid 
enzymatic cascading reactions observed in living metabolic systems. This area in catalysis 
results in efficient processes that reduce the need for purification, limit downstream 
processing, reduce yield losses and work up time. However, one major consideration when 
operating a tandem process with multiple catalytic cycles is the challenge of catalyst 
compatibility (Gröger and Hummel, 2014).  

In this study the chemo-catalytic oxidation of alcohols using a transition metal catalyst is 
considered subsequent to the bio-catalytic activation of alkanes. Typically, these metal 
catalysts are supported on synthetically manufactured supports like activated carbon or  
titanium dioxide (Enache et al., 2006; Sun et al., 2017; Wang et al., 2015). The deposition of 
metal nanoparticles onto these supports requires the use of harsh chemicals such as 
stabilizers and capping agents to maintain an adequate size and to prevent the leaching of 
nanoparticles. Microorganisms such as bacteria, yeast and fungi have shown a natural affinity 
for metal adsorption and nanoparticle formation (Lesmana et al., 2009; Lovley, 1993; Pantidos 
and Horsfall, 2014). Such microorganisms possess the unique ability of generating uniform, 
mono-dispersed metal nanoparticles with minimal expense or energy input. 

Biological supports are considered a sustainable method of catalyst manufacture and may be 
effectively produced following the recovery of precious metals during bioremediation. Rare 
metals like Palladium (Pd), with unique catalytic properties, are predominantly obtained from 
primary sources that involve the extraction of minerals from the earth. The increased stress 
on global primary sources has promoted the need to recover these metals from secondary 
streams. The effectiveness of bacteria for the recovery of precious metals from waste streams, 
such as jewellery waste and automotive catalyst leachates has been demonstrated 
(Deplanche et al., 2011b; Mabbett et al., 2006; Yong et al., 2003). These microorganisms 
have the potential to be used as a low cost, resource efficient substrates for the bioremediation 
of metal rich effluents. Following reduction using an appropriate electron donor, the resulting 
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metal-microorganism complexes may be exploited as chemo-catalysts that may be use for the 
further oxidation of the alcohol product obtained from alkane activation. 

1.3 Problem definition  

Chemical and catalyst manufacture is hampered by waste generation and the use of toxic 
solvents, such as capping agents, base reagents and stabilisers. Regulations have promoted 
the shift in industrial chemical production to greener alternatives, promoting sustainable 
chemical processing and value from waste streams. 

Alkanes, a petrochemical processing by-product that is undervalued and under-utilised, may 
be used as a cheap feedstock to the fine chemical industry. The bio-catalytic activation of 
alkanes is effective. However, the low volume and value of the alcohol product hinders process 
viability. To ensure an economically feasible process, higher value products like aldehydes or 
carboxylic acids are desired. A tandem bio-chemo catalytic approach may provide a means 
to achieve good conversion and selectivity to higher value chemicals. To support a resource 
efficient industry, biofabricated metal catalysts are considered as an alternative to the 
standard synthetic catalyst. Using such inexpensive catalysts can ensure improved selectivity 
to the desired aldehyde product, generating greater value for the activation of the alkanes 
(Deplanche et al., 2012).  

1.4 Overall objective  

In this investigation the valorization of activated alkanes through the generation of higher value 
aldehydes is considered. The study is centred on demonstrating comparable activity of 
biofabricated metal catalysts, supported on gram-negative bacteria such as E. coli, to their 
biological and synthetic counterparts. The objective is to consider the potential of three 
different E. coli strains (E. coli BL21DE3, E. coli DH5α and E. coli ATCC25922) to produce 
uniform, monodispersed nanoparticles that facilitate the oxidation of alcohol to the aldehyde 
under mild solvent and base free conditions. By comparison of catalyst activity, the most 
suitable support for the manufacture of biofabricated bimetallic catalysts can be determined. 

E. coli BL21DE3, E. coli DH5α and E. coli ATCC25922 are commonly used as hosts for the 
expression of enzymes in biocatalysis. Presently, E. coli BL21DE3 is used as the host cell for 
the expression of P450 monoxygenases that promotes the activation of terminal C-H bonds 
in linear alkanes. With the eventual aim of upgrading the activated alkane products to more 
desirable aldehydes in a tandem reaction system, this microbial strain has the potential to be 
both a host in biocatalysis and a support for biofabricated nanoparticle catalysts. In this study, 
the suitability of the selected microbial strains E. coli DH5α and E. coli ATCC25922, including  
E. coli BL21DE3, to act as supports for the biofabrication of Pd and Au nanoparticle catalysts 
will be investigated.
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Chapter 2 

2 Literature review  

2.1 Valorising alkane activation  

The Fischer-Tropsch (FT) process is widely used for the conversion of syngas to liquid 
hydrocarbons. The process which typically occurs between 150-400oC uses synthesis gas 
commonly derived from either coal or natural gas to produce these chemicals (De Klerk, 2008). 
The conversion of coal-to-liquids (CTL) proceeds via FT reactions at high temperatures 
varying between 300-350oC (Maitlis and Klerk, 2013; Rushdi and Simoneit, 2001; Sudiro and 
Bertucco, 2009). Under these high temperature conditions saturated hydrocarbons, such as 
the straight chained alkanes or paraffins, are formed as a byproduct (Bergman, 2007; De 
Klerk, 2008). Alkanes are chemically inert under ambient conditions and require large amounts 
of energy to modify its thermodynamically stable structure. Such saturated hydrocarbons are 
commonly utilised to manufacture low value fuels or are converted to more reactive 
intermediates, namely unsaturated alkenes. These unsaturated compounds act as 
intermediates to higher value chemicals and are typically produced by either dehydrogenation 
or via the oxidation of the alkanes at temperatures between 200-600oC. However, the 
conversion to the alkene brings about minimal financial returns and low resource efficiency 
(Ayala and Torres, 2004). Ideally the paraffin feedstock can be used to directly generate higher 
value products, promoting the use of alkanes as a cheaper base synthesis reagent.  

The direct activation of the alkane to higher value products is achieved using super acids, free 
radicals, combustion or thermal dehydration. These methods for direct alkane activation are 
energy intensive processes that utilise costly and toxic chemicals (Labinger and Bercaw, 
2002). For these reasons, bio-catalysts are considered as low-energy alternatives to standard 
chemo-catalysis. Enzyme bio-catalysts allow for the limitation of toxic solvents, such as 
stabilizers, alkaline reagents and strong acids. In the activation of alkanes these bio-catalysts 
advantageously achieve higher selectivity at physiological conditions (Ayala and Torres, 2004; 
Gudiminchi et al., 2012; Meissner,2013). 

Enzymes are considered efficient bio-catalysts due to their ability to facilitate rapid, multi-step 
reactions in biological systems. Cytochrome P450 (CYP) monooxygenases are a family of 
enzymes that are able to naturally catalyze the oxidation of alkanes to primary alcohols. The 
CYP enzyme is able to reach a high degree of selectivity when heme is used as a cofactor 
(Gudiminchi et al., 2012; Koch and Arnold, 2013; Meissner, 2013; Olaofe, 2013; Pennec et 
al., 2014). However, the bio-catalytic activity is limited by the suitability of the reaction 
environment. Unlike chemo-catalysts that remain stable at high temperatures, high pressures 
and low pH environments, the bio-catalyst is less robust. Bio-catalysts usually operate under 
less extreme conditions, typically at near ambient temperature, atmospheric pressure and in 
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circumneutral solutions. This narrow operational range restricts bio-catalytically assisted 
reactions (Denard et al., 2013).  

The production of the CYP bio-catalyst is done by a carrier bacterial cell in an aqueous media 
prior to being introduced to the alkane reaction environment. Due to the insoluble nature of 
the alkane in water, a two-phase liquid system results. This two-phase barrier limits the 
transport of the oxidant (typically oxygen or hydrogen peroxide) across the organic-aqueous 
boundary. As a consequence, mass transfer limitations impact the availability of the substrate 
and oxidant to the active cells reducing overall conversion to the desired alcohol product 
(Bergman, 2007; Meissner, 2013).  

Bio-catalytic activation of alkanes to the primary alcohol, is highly selective but yields are less 
than 5% (Gandolfi et al., 2001). Economic feasibility at such conversions would require 
production of more valuable chemicals, like aldehydes or carboxylic acids. Bio-catalytic 
oxidation of the alcohol to higher value oxygenates is typically achieved by dehydrogenase 
enzymes. In the enzyme’s isolated form, co-factors such as NADP+/NADPH are needed to 
sustain activity. A limitation of this approach is the expense associated with the co-factor 
(Brummund et al., 2015). Compared to the isolated form, production of the enzyme in a whole 
cell system is possible. Active whole cells can express the desired enzymes while 
simultaneously producing its own supply of co-factors  (Dong et al., 2018). The elimination of 
the co-factor cost reduces raw material expenses significantly. However, whole cells also have 
alcohol and aldehyde dehydrogenase enzymes that are produced naturally in the cell (Bühler 
et al., 2003; Dong et al., 2018; Gandolfi et al., 2001). The use of these particular bio-catalysts 
promotes over-oxidation, thus lowering overall selectivity towards the desired product.  

Having one catalyst to convert the alkane to higher value products such as the aldehyde would 
be ideal. However, the isolated and whole cell bio-catalytic systems are not effective for 
successive oxidation of alkanes (Bühler et al., 2003; Dong et al., 2018). High productivities 
and control of reaction cannot always be achieved by these bio-catalysts (Gandolfi et al., 
2001). Chemically synthesized catalysts are considered as the alternative for the oxidation of 
alcohols due to the high selectivity achieved in these reactions. Metal catalysts, such as Pt, 
Pd and Au, have been successfully shown to be active under mild temperature and 
atmospheric pressure in aqueous systems (Besson and Gallezot, 2000; Enache et al., 2007). 
Under these less intense operating conditions, tandem bio-chemo catalytic systems are more 
compatible and may be more effective for the valorization of alkanes (Rudroff et al., 2018). 
This combination of catalytic systems results in a high selectivity with acceptable conversions 
to the desired product. As such, the possibility of low volume, high value, high purity chemicals 
tailors alkane activation towards the pharmaceutical and fine chemical manufacturing 
industries.  
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2.2 Tandem catalytic system 

Tandem catalytic processes mimic natural enzymatic systems that co-ordinate multiple 
reactions as a series of well-timed and rapid cascade processes (Gröger and Hummel, 2014). 
Several tandem configurations are possible and are indicated in Figure 2-1 below.  

 
Figure 2-1 Diagram showing multiple possible tandem systems. Where a) is a sequential catalytic reaction b) one-pot with separate 

catalysts and c) one-pot with a combined catalyst   

In these systems, catalytic reactions are performed in sequential reaction configurations. Such 
processes require intermediate purification stages to deliver the desired stream to the 
subsequent reaction vessel (Figure 2-1 a). In contrast to interstage separation, one-pot 
reaction systems, are also considered (Figure 2-1 b and c). In these systems catalysts and 
reagents are incorporated in a single reaction vessel, thereby reducing the number of down-
stream processing units. This ultimately leads to lower energy demand, reduced waste 
production, reduced use of toxic intermediates, decreased losses in yield and improved work 
up time (Gröger and Hummel, 2014; Rudroff et al., 2018). A one-pot system can entail the 
incorporation of multiple, individual catalysts that are either added sequentially or concurrently 
to facilitate multiple individual reactions (Figure 2-1b). Alternatively, various active 
components of the catalysts may be combined to create a single catalyst that is then added 
to the single reaction vessel (Figure 2-1c). This effectively results in an efficient, single-stage 
catalytic reaction in which the desired product is produced in a single step.  

In the case of alkane valorization, tandem one-pot, bio-chemo catalytic systems may 
experience practical limitations due to catalyst incompatibilities (Gröger and Hummel, 2014; 
Latham et al., 2016). These incompatibilities are usually a result of differing reaction conditions 
that are required to achieve optimal activity for each of the individual catalysts while 
simultaneously maintaining maximum conversion and selectivity. To counteract this and to 
achieve the required balance for optimal performance, strides have been made to alter both 
bio- and chemo- catalysts. Focus has been directed towards improving the robustness of 
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microbial bio-catalysts in the presence of organic substrates while simultaneously targeting 
efficient chemo-catalytic operations at near ambient conditions (De Vargas et al., 2004; 
Denard et al., 2013). Physical mechanisms such as the compartmentalization of reactions is 
considered as an alternative solution to catalyst incompatibility. This technique entails the 
separation of key reactions by a barrier. The isolated processes operate efficiently within each 
compartment of the vessel or reaction environment. Various compartmentalization techniques 
exist, namely biphasic systems, immobilization and size isolation membrane filtration (Table 
2-1; Latham et al., 2016; Wang et al., 2018). In this respect (Figure 2-1), semi permeable 
microbial supports may simulate immobilization techniques by acting as both efficient bio-
catalyst carriers while supporting fine metal nanoparticles to simultaneously exhibit 
characteristics of chemical catalysts. 

Table 2-1 Description of compartmentalization techniques  (Latham et al., 2016; Wang et al., 2018) 

Technique  Description  

Biphasic systems  This method uses the immiscibility of two liquid 
reagents to ensure a phase separation of reaction 
environments  

Immobilization  Enzymes can be bound to the same solid as the 
chemo-catalysts. Creating a localized, seamless 
catalytic environment.   

Size isolation membrane filtration  A semi-permeable membrane is used to select for 
particles of a particular size to be excluded. This can 
be used to isolate a catalyst yet still allow for free 
movement of reagents  

 

Apart from ensuring catalyst compatibility, an optimal catalytic system also entails considering 
aspects of the catalyst itself, including the metal type, the support type and reaction conditions. 

2.3  The metal catalyst  

Metal catalysts are universally used in the chemical industry for hydrogenation, halogenation 
and oxidation / reduction reactions. Such catalysts are predominantly used for their ability to 
reduce the activation barrier of the reaction without undergoing any lasting change in structure 
or composition (Murzin, 2013). The catalyst selected should be viable for industry, highly 
effective in the reaction while ensuring continued activity if combined with other catalysts in 
tandem systems.  

2.3.1  Heterogenous, homogenous and nanoparticle catalysis  

Homogeneous or heterogeneous are the main subcategories of catalysts and are distinctive 
based on the chemical and physical characteristics of the material. Homogeneous catalysts 
assume the same phase properties as the reagents and are usually indistinguishable in the 
reaction vessel. This direct contact between the reagents and the homogeneous catalyst 
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allows reactivity to be maximized. However, these catalysts are not easily recoverable due to 
its miscibility with the reagents. This hampers its effectiveness as a catalyst, as reusability in 
the industrial context is limited (Miedziak et al., 2011b). Conversely, heterogeneous catalysts 
have physical or chemical properties that allow them to be easily separated from their reaction 
environment and may be reused. However, these heterogeneous systems are hindered by 
reduced contact between the catalyst surface area and the reagents, compromising selectivity 
to the desired product. To avoid this, the catalyst size can be minimized to maximise the 
specific surface area available for reaction. This reduced particle structure creates a pseudo-
homogenous state, maximising contact between the catalyst active sites and the substrate 
while remaining recoverable from the solution (Astruc et al., 2005). The technique used for 
supported nanoparticle synthesis can dictate catalyst morphology and distribution of the 
catalytic material onto the support. Smaller, uniform particles that are equally distributed 
across the catalyst support are preferred as they directly improve catalyst activity (Creamer et 
al., 2007; Narayanan and Sakthivel, 2010). 

Nanoparticles are manufactured by two general techniques, namely top-down and bottom-up 
synthesis. The top-down method entails the reduction of bulk material to the required size via 
mechanical or physical means (Narayanan and Sakthivel, 2010). Some of the techniques used 
include attrition or ball milling and are commonly used methods for reducing bulk materials to 
a fine powder. Alternate methods include mechanical crushing, pulverization or pyrolysis 
(Tavakoli et al., 2007; Thakkar et al., 2010). A limiting factor of these top-down techniques is 
the inability for precise control of the nanoparticle size (Tavakoli et al., 2007). As an alternative, 
bottom-up approaches allow particles to be built up from a single atom using chemical 
reagents (Narayanan and Sakthivel, 2010; Tavakoli et al., 2007; Thakkar et al., 2010). The 
methods used to build these nanoparticles are dependent on the organic or inorganic catalytic 
material, such as silica or metal. A few common methods to generate metal-based 
nanoparticles include reduction, precipitation or deposition of the metal precursor onto the 
support of choice (Gawande et al., 2015). For this type of bottom-up synthesis, transition 
metals are preferred due to their unique catalytic properties and applicability in various 
reactions. 

2.3.2 Transition metals in chemo-catalysis  

Transition metals are metals characterized by their valence electron or d-orbital shell. This 
electron orbital structure promotes the loss or gain of electrons and allows for numerous 
oxidation states of these metals (Flint, 2017). The d-orbital shell also shields the atom core 
from reaction, ensuring minimal change to the metal. In most cases making them ideal 
catalysts. Of these d-block transition metals, interest lies largely in the group 10 and group 11 
elements as these metals possess unique catalytic characteristics when applied to the 
oxidation of alcohols (Peköz and Oymak, 2014).  
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Nickel  

Given their proximity on the periodic table, the group 10 metals, nickel (Ni), palladium (Pd) 
and platinum (Pt) exhibit similar catalytic activation mechanisms and are therefore, frequently 
applied in similar reactions systems. Ni-based catalysts are cheaper alternatives as primary 
reserves of this metal exceed those of Pd and Pt (Lin et al., 2004; Lok, 2015; Tasker et al., 
2014). Ni-based catalysts have been successfully applied  in organic synthesis, such as cross-
coupling reactions. Some examples of such reactions include the Suzuki, Tsuji-Trost and 
Mizoroki-Heck reactions (Bricout et al., 1998; Lam, 2011). When comparing the benefits of Pd 
over Ni-based catalysts, Lin et al. (2004) noted that oxidative addition in the Heck cross 
coupling system was quicker when using Ni. However, regenerating the Ni catalyst is difficult 
as the oxygen binds strongly to the surface generating multiple metal oxidation states. The 
unstable nature and multiple oxidation states of the metal can lead to the formation of 
unwanted, over-oxidized products that decrease process selectivity (Ananikov, 2015; Tasker 
et al., 2014). The unique ground state electronic configuration of the Pd metal with a full 4d 
orbital and an empty 5s orbital, allows only two possible oxidation states. The configuration 
allows for an energetically stable atom with unique catalytic, optical and conductive properties 
making this highly a desirable element across several industrial sectors (Hartings, 2012; 
Johnson and Matthey, 2017). Apart from improved stability, further benefits of both Pt and Pd 
are the reduced catalyst loading used to achieve the same activity as Ni (Lam, 2011; Lin et 
al., 2004). Although, Pd, and similarly Pt, are costly their unique catalytic properties make 
them more efficient catalysts. This is of particular importance in industry where achieving high 
activity and controlling selectivity can impact overall process economics. 

Platinum and Palladium  

The Platinum Group Metals (PGM) include platinum (Pt), palladium (Pd), iridium (Ir), rhodium 
(Rh), ruthenium (Ru) and osmium (Os). Pt is usually extracted from alluvial, copper/nickel ores 
or chromite in conjunction with the other PGM metals (U.S. Department of the Interior, 2017). 
A few countries dominate the global supply of these rare PGMs (Figure 2-2). 

 

Figure 2-2 Supply breakdown for palladium per country (Johnson and Matthey, 2019 ) 
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South Africa and Russia are the largest suppliers of PGMs (U.S. Department of the Interior, 
2017). South Africa contributes approximately 76% Pd and 30% Pt to the global supply 
(Bennett et al., 2016; Deplanche et al., 2011b). Due to increasing application of these metals, 
strain has been placed on a dwindling supply ( Figure-2-3).  

One of the more prominent applications of these metals is their use in catalytic converters in 
cars (Figure 2-4). From as early as 2008 the autocatalyst, commonly used to reduce carbon 
dioxide (CO2) emissions from motor exhausts, has become an important component in motor 
vehicle manufacture. The enforcement of stringent regulations on new motor vehicle 
emissions compounded the need for Pd and Pt. This has placed great strain on primary 
sources which have seen a declining over the past decade (Figure-2-3). The recycling of 
metals from waste or secondary streams, in comparison has been increasing since 2004 in 
an effort to supplement primary supply of the metals (Figure-2-3). 

Apart from use as autocatalysts in motor vehicles, the unique structure and properties of Pt 
and Pd lends itself to be applied in organic chemistry, petrochemical refining and in electronic 
appliances. The metal is also known to be integrated in jewellery and in medical devices, as 
illustrated in Figure 2-4 (Deplanche et al., 2011a; Johnson and Matthey, 2019). Although these 
metals have similar attributes, from a catalytic standpoint there are differences in activity. 
Griffin et al. (2002) compared the catalytic properties of both metals for the oxidation of 
alcohols. The investigation determined that Pt is preferred for aliphatic alcohols and Pd for the 
conversion of aromatic alcohols. In these aromatic reaction environments, the Pt catalyst is 
able to achieve high conversion, but selectivity to the desired product was poor. Whereas, the 
Pd catalyst exhibited low conversion as well as moderate selectivity for the aldehyde (Griffin 
et al., 2002). This finding was supported by Enache et al. (2007) for the oxidation of benzyl 
alcohol. The study noted that a 50% selectivity to the aldehyde was achieved using a Pd-
based catalyst with 50% of the benzyl alcohol being converted. For the oxidation of alcohols 
Pd is preferred over Pt, as over oxidation is more likely using the latter metal. Although, Pd 

A) B) 

  
Figure-2-3 Supply and demand for A) Pd and B) Pt. (Johnson and Matthey, 2019) 
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has limitations in terms of its susceptibly to sulfur poisoning, it is the cheaper alternative metal 
of the two and is able to achieve adequate activity. 

Precious metals (Silver and Gold) 

Silver (Ag), a valuable precious metal, has garnered wide interest for its applicability in water 
treatment as well as in targeted cancer treatments and opto-electric devices (He et al., 2003; 
Narayanan and Sakthivel, 2010). The applications of the metal nanocatalysts is a result of the 
antimicrobial, antifungal as well as anti-inflammatory properties of Ag nanoparticles. Similarly, 
gold (Au) also exhibits antibacterial properties  and is  inert in its bulk state limiting corrosion 
under oxygen (Meenakshisundaram et al., 2010; Okazaki et al., 2005). Due to its luster, non-
corrosive qualities and inert nature in its bulk form, Au is prominently used in jewellery 
production. A smaller percentage is utilised in electronics and medicinal treatments (Kitco, 
2015; World Gold Council, 2019). 

 

The application of Au in chemo-catalysis is limited by the inactivity of the metal in the bulk 
state. This is considered to be due to the low ionization energy and near-noble metal electronic 
configuration of the Au atom. The Au nanoparticles allow easier loss and gain of electrons. 
This results in various optical, electronic and catalytic properties of the metal nanoparticles 
(Haruta, 2003). Following this, Au nanoparticles have shown great success over the past two 
decades in catalysis (Meenakshisundaram et al., 2010). The renewed interest in Au 
nanocatalysts has increased the demand for the metal, contributing to significant stress on 
primary sources. Consequently, secondary supply streams, such as recycled gold from waste 
leachates, used catalysts and electronic waste streams are being repurposed to supplement 
nearly a third of the global Au supply (Kitco, 2015). The usually dilute metal ion concentrations 
noted in secondary streams are not easily recoverable. The precipitation of the metal ion as 
Au particles from these streams presents an opportunity to exploit this as a more effective and 
inexpensive recovery process. This secondary stream is a cheaper source for the catalytic 
material. The resulting nanoparticles can then be easily and directly applied in electronics, 
biosensor development, drug-delivery and nanocatalysis (Hutchings, 2007).  

 

Figure 2-4 Application of Au demand in 2015 (Kitco, 2015) 
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Activity of oxidation reactions facilitated by Au nanoparticles is challenging. Hutchings (1985) 
and Haruta et al. (1989) were pioneers in the oxidation of CO using Au nanocatalysts. Rossi 
and Pratti (1998) also demonstrated the suitability of these catalysts for the oxidation of 
alcohols. In this case, to ensure activity, an alkaline solvent was required to promote the 
catalytic reduction of the metal ion (Hutchings and Haruta, 2005).  Together with the Au 
nanoparticles newfound activity, the noble nature of this metal still ensures a resistance 
against catalyst poisoning and the prevention against over-oxidation (Mallat and Baiker, 2004; 
Prati and Rossi, 1998). These unique properties have thereby promoted interest in the 
application of gold in bimetallic systems to prevent catalyst deactivation.  

2.3.3 The combination of group 10 and 11 metals 

Monometallic catalysts are used extensively in industry and have shown to be highly effective 
at promoting oxidation and dehydrogenation reactions. Current monometallic catalysis using 
group 10 metals, face the challenge of over-oxidation and deactivation of the metal 
nanocatalysts resulting in poor selectivity. The addition of metals, such as Ag and Au, are 
proposed to improve the overall selectivity (Anderson et al., 2002; Astruc et al., 2005; 
Bernardotto et al., 2009; He et al., 2003; Zhu, 2014). Ferrando et al. (2008) reviewed various  
combinations of bimetallic catalysts, including interactions within the same periodic group (Cu-
Ag, Cu-Au, Au-Ag and Ni-Pd, Ni-Pt, Pt-Pd) and across periodic groups 10 and 11 (Ni-Cu, Ni-
Ag, Ni-Au, Cu-Pd, Cu-Pt, Pd-Ag, Pd-Au, Pt-Ag, Pt-Au) indicating unique interactions among 
these metals. Pd-Au interactions in particular, have garnered interest due to the unique 
synergy that exists between the metal atoms (Bhattarai et al., 2013). A fusion of atoms with a 
full 4d outer valance band, like those in the group 10, with group 11 atoms that have mostly 
empty outer valence orbitals allows for unique bonding. The electrons of both atoms are 
shared and the orbitals are filled to an extent that is not possible by the monometallic form 
(Rodriguez and Rodriguex, 1996; Sinfelt, 1977). The valence orbital interactions allow Au 
atoms to act as a promoter for active Pd. The charge transfer that occurs between the metals 
isolates the Pd sites. The increase of Pd selectivity is a result of the Au particles ability to 
inhibit oxygen deactivation of the metal (Chen et al., 2005; Gao and Goodman, 2012; Villa et 
al., 2015).  

The method of catalyst formation and the ratio of these metals determine the structure of the 
nanoparticles and thus the type of interactions these metals experience. Chen et al (2005) 
showed that the location of Au atoms relative to Pd atoms, have an effect on catalytic 
performance. A large cohesive energy and smaller atomic radius implies the Pd will most likely 
form the core of the nanoparticle. Whereas, the Au atom has a smaller surface energy, 
implying that Au will preferentially form as the surface shell of the particle. The bimetallic 
system, Pdcore-Aushell is thought to be the most thermodynamically stable form of the Au-Au 
nanocatalyst (Ding et al., 2010; Pittaway et al., 2009; Zhu, 2014). However, Ding et al. (2010) 
noted the preferred metal arrangement was dependent on the temperature used during 
nanoparticle synthesis. With lower reduction temperatures promoting the Aucore-Pdshell 
structure (De Corte et al., 2011b; Deplanche et al., 2012; Enache et al., 2007; Solsona et al., 
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2006). This Aucore-Pdshell can be more effective as the Pd active sites are exposed to reagents 
while the Au core reduced deactivation, leading to a greater selectivity and activity being 
realized during reaction.  

The optimal ratio of the metals in the bimetallic catalyst is dictated by the chemical reaction, 
and plays an important role in achieving optimal catalytic activity (Carter et al., 2016). A study 
performed by Enache et al. (2007b) examined the use of the mixed Au-Pd catalyst supported 
on  titanium dioxide (TiO2) for the oxidation reaction of benzyl alcohol. It was concluded from 
this study that an equivalent ratio of Pd to Au leads to the best catalytic activity. When 
investigating optimal activity for the oxidation of alcohol, Carter et al. (2016) further 
substantiated this claim. Optimal activity was reached at a 50 mol% Au content. Further 
addition of Au beyond this point resulted in over-oxidation of the aldehyde, decreasing 
selectivity and catalytic activity (Carter et al., 2016). Although, these metal interactions are 
essential for achieving optimal activity, the interactions between the metal and support are 
equally as important.  

2.4 Supports and scaffolds  

Heterogenous metal, nanocatalysts may form in free in solution or on a support medium. The 
nanoparticles that are free in solution have a greater tendency to clump due to attractive forces 
between the particles (Ashraf et al., 2018). The tendency for free particles to agglomerate 
limits the surface area to volume ratio of the nanoparticle, reducing the number of exposed 
active catalytic sites that negatively impacts activity (Ashraf et al., 2018). Nanoparticles bound 
to a support promote better control of the size, distribution, morphology and reusability of the 
particles. These properties are influenced by interactions amongst the metals as well as the 
metal and the support (Overbury et al., 2004).   

2.4.1 The types of biological scaffold 

Typically, the type of nanocatalyst support selected is based on availability, cost of catalyst, 
thermal and chemical stability and a high surface to volume ratio (Sakata et al., 2006). A strong 
metal-support interaction is crucial to prevent leaching of the metal into the reaction 
environment. This interaction depends on the catalytic material and support used (Mehrabadi 
et al., 2017). Catalyst supports are usually composed of synthetic materials like carbon, 
silicon, titanium, and alumina (Enache et al., 2006; Sun et al., 2017; Wang et al., 2015). The 
manufacture of these nanoparticles on such synthetic supports is usually energy intensive and 
makes use of hazardous capping agents and stabilizers (Hosseinkhani et al., 2012; Sobjerg 
et al., 2011; Wells et al., 2014). Conversely, the use of biological organisms as a support or 
scaffold is considered a green alternative to nanoparticle synthesis, with nanoparticles 
produced under ambient conditions with minimal energy input (Li et al., 2011). Various 
biological scaffolds, such as fungi, algae, bacteria, viruses, plants and plant extracts have 
been investigated (Ahmed et al., 2016; Nakajima, 2003; Narayanan and Sakthivel, 2010; 
Pantidos and Horsfall, 2014). Each with their own benefits and limitations, these bio-based 



Mivashya Govender  Literature review 

  15 

supports have been investigated due to their natural affinity for the adsorption of metals 
(Lesmana et al., 2009; Lovley, 1993; Pantidos and Horsfall, 2014). 

An advantage of fungi is that it has a large surface area that allows for a greater number of 
active sites and is easy to recover from the reaction solution. This microbial support has the 
ability to secrete proteins into solution promoting nanoparticle production (Pantidos and 
Horsfall, 2014). Plants and plant extracts have also been considered as potential scaffolds. 
Chitosan, a plant extract, has shown remarkable capability for metal nanoparticle formation 
due to the high proportion of amino functional groups present on the support that act as metal 
binding sites (Fujiwara et al., 2007). Biological supports, like bacteria, are also considered  as 
advantageous as a support, as these microorganisms are easily genetically modified, 
accessible, cheap and rapidly manufactured in bulk (Ahmed et al., 2016). These 
microorganisms form a stable matrix that prevents the aggregation of nanoparticles with 
certain strains stimulating efficient and rapid adsorption of metal ions (De Vargas et al., 2004).  

2.4.2 Bacteria as a support 

Various types of bacteria have been studied for their unique ability to adsorb metals. Bacteria 
such as Geobacter metallireduces, first discovered in 1993, was investigated for its ability to 
sequester metals such as of Fe (III) and MnO2 during anaerobic growth (Coleman et al., 1993). 
Sulfur-reducing bacteria (SRB) were also originally considered for their exceptional metal 
reduction capabilities and are prominent in biofabrication studies (Lovley and Phillips, 1988). 
Interactions between such microorganisms and metals can occur via assimilatory or 
dissimilatory mechanisms. 

Assimilatory adsorption mechanisms deal with the uptake of metal ions by the cell. Ordinarily, 
this uptake process occurs via three stages, namely bioaccumulation, energy generation or 
metal removal (Deplanche, 2008; Deplanche et al., 2011b; Torgeman, 2017). Typically, 
bioaccumulation in bacterial cells occurs in the presence of metals such as nickel (Ni), iron 
(Fe) and cobalt (Co). Such metals are used prominently for protein synthesis. It is thought that 
Pd can be adsorbed into the cell, in place of similar d-block metals like Ni (Torgeman, 2017). 
In the case of anaerobically grown microorganisms, the metal ion can be utilized as a terminal 
electron acceptor to generate energy to maintain the cellular metabolism (De Windt et al., 
2005; Yong et al., 2002a). However, if the metal ion concentration becomes toxic to the cell, 
detoxification can occur. This detoxification proceeds via methods, such as precipitation, that 
convert the toxic ions to its non-toxic solid form (Iravani, 2014). Cellular metabolic products 
may also indirectly influence metal precipitation. Other detoxification methods include 
structural changes in membrane transport and efflux systems that aid the cell in removing 
undesirable components (Deplanche, 2008; Ehrlich, 1997; Iravani, 2014; Lovley and Phillips, 
1988). Comparatively, dissimilatory metal reduction occurs independently of the cell activity. 
This dissimilatory reduction of the metal ion is a result of electrostatic forces near functional 
groups abundant on the cell wall that attract the metal cations (Bunge et al., 2010; Deplanche, 
2008; Rotaru et al., 2012). The quantification of the type and extent of the various mechanisms 
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for adsorption on bacteria are not well established. Determining features of this mechanism 
can aid in assessing the optimal conditions required for biofabricated catalyst manufacture. 

2.5 Adsorption of metals onto a bacterial support 

Biologically manufactured Pd nanoparticles are considered to form within three areas of the 
cell in varying sizes. Particles greater than 40 nm have been detected on the extra-cellular 
surface, while particles between 10-40 nm have been noted within the periplasmic space. 
Nanoparticles less than 10 nm have also been found to form within the intracellular space of 
the cell (Torgeman, 2017). Knowledge of the size and the location of these particles provide 
an indication of why this adsorption would occur. Various theories exist that attempt to explain 
adsorption of metal ions onto bacteria (Lloyd et al., 1998; Rotaru et al., 2012).  

2.5.1 Biosorption of the metal onto bacteria  

Biosorption is the first stage of nanoparticle formation on the bacterial support, which may be 
divided into passive and active adsorption of metal ions (Torgeman, 2017; Yong et al., 2002b). 
Passive adsorption occurs near functional groups abundant in the organic matrix, such as 
hydroxyl, amine, thiol and carboxyl groups (De Vargas et al., 2004; Rotaru et al., 2012). Rotaru 
et al. (2012) investigated adsorption of Pd and Au onto various biological scaffolds. The study 
established a non-enzymatic, passive mechanism of adsorption of these metals onto 
functional groups. Complex cell wall and membrane structures, with their associated ligands, 
such as cysteine are abundant in hydroxyl and thiol groups (Ahmed et al., 2016; Deplanche 
et al., 2008). The Pd ions are known to coordinate well with the hydroxyl and amine groups, 
while Au ions readily associate with the thiols (De Vargas et al., 2004; Rotaru et al., 2012). A 
deficiency in key enzymes can impact the number of binding sites available on the cell. Apart 
from this passive adsorption, active biosorption of metal ions also occurs. Intracellular 
nanoparticle formation strongly indicates that an active cell is required for transport of the 
metal ion through the cell membrane into the cell cytoplasm (Deplanche et al., 2011; 
Torgeman, 2017). This supports the theory that the cells may mistake and accumulate 
alternative cations, such as Pd in place of Ni, Fe or Co necessary for protein synthesis. Both 
active and passive adsorption occurring on the cell can be modeled by three typical stages of 
mass transfer. This is shown by Figure 2-5. 
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Figure 2-5 A schematic for adsorption of the adsorbate onto a support. (1) diffusion of the adsorbate from bulk to the support 
surface where adsorption onto active site (�) can occur, (2) diffusion of the adsorbate into the pores of the adsorbent and (3) 

sorption of the adsorbate onto active sites  

Figure 2-5  illustrates the process whereby the adsorbate (the metal ion) diffuses from the bulk 
solution to the external surface of the adsorbent (the bacterial cell). The adsorbate then 
undergoes internal diffusion to the active site. Adsorption occurs at the active site via physical 
or chemical interactions. Mathematically this process is described by Equation 2-1.  

 Equation 2-1 

where qt is the amount of metal ion adsorbed (mg/g) at time t (min), Ci is the initial metal ion 
concentration present in solution (mg/L), Ct is the metal ion concentration present in solution 
at time t (mg/L), M is the mass of the adsorbent (g) and V is the volume of metal ion solution 
(L). The stages of adsorption occur at different rates with the slowest stage considered rate 
limiting. This stage will have the greatest effect on the rate of adsorption. Most kinetic models 
are simplified based on the limiting stage and are effective for modelling adsorption (Qiu et al., 
2009). 

2.5.2 Adsorption kinetics  

Determining the kinetics of adsorption onto a support provides basic knowledge of the 
mechanism that promotes this phenomenon. By modeling the rate of adsorption, the rate-
limiting step can be deduced. A comparison of the adsorption kinetics of various absorbents, 
can provide insight into the effectiveness of a catalyst support (Inyinbor et al., 2016; Qiu et al., 
2009). An effective support is defined by rapid adsorption and a large metal capacity. A faster 
rate reduces the time for adsorption, and improves the efficiency of the adsorbent (Aljeboree 
et al., 2017).  

Various models, which are fundamentally based on the rate limiting step exist to describe the 
kinetics and rates of adsorption (Qiu et al., 2009). Of the many available options, four common 
models will be discussed in this study. These include the pseudo-first order model, the pseudo-
second order model, the Elovich model and the intra-particle diffusion model. Many of these 
models are commonly used to describe the removal or adsorption of pollutants (Ho and 
McKay, 1998a; Qiu et al., 2009).  

Bulk solution

Adsorbate
Adsorbent

(1)

(2)
(3)
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Pseudo-first order model  

The pseudo-first order kinetic model was first proposed by Lagergren in 1898 to describe 
liquid-solid adsorption (Ho, 2006). Assuming physisorption of the adsorbate onto the support, 
the rate was expressed as a function of the adsorption capacity at equilibrium (qe) and at a 
specific point in time, qt (Equation 2-2). 

 
Equation 2-2 

where qe is the amount of metal ion adsorbed at equilibrium (mg/g), and k1 is the pseudo-first 
order rate constant (min-1). The mathematical derivation depicting general adsorption of an 
adsorbate molecule (Equation 2-2) is only applicable when the initial metal concentration is 
high. This assumption is made such that the change in adsorbate concentration in the bulk 
solution is insignificant (Azizian, 2004). Equation 2-2 can be integrated at the boundary 
conditions (namely when t =0, qt=0 and t=t, qt= qt) and linearized to give Equation 2-3 (Inyinbor 
et al., 2016).   

 
Equation 2-3 

An assumption of pseudo-first order kinetic model is that the energy of adsorption is 
independent of the adsorption capacity of the support. It is further assumed that there are no 
interactions between adsorbed molecules on adjacent sites (Tan and Hameed, 2017).  

Pseudo-second order model  

The pseudo-second order model is another model that describes the kinetics of adsorption. In 
comparison to pseudo-first order, this model describes the chemisorption of the adsorbate 
onto the support (Qiu et al., 2009). The rate of this model is defined as a second order function 
in the difference between adsorption at equilibrium (qe) and adsorption at a specific point in 
time, qt (Equation 2-4).  

 
Equation 2-4 

where k2 is the pseudo-second order rate constant (g/mg.min). The pseudo-second order 
model assumes that chemisorption is rate limiting (Ho and McKay, 1998b; Senthil Kumar et 
al., 2010). In comparison to pseudo-first order, this model is independent of the equilibrium 
adsorption capacity in its linearized form. This is especially advantageous as this variable is 
not always easily determined experimentally (Qiu et al., 2009). From the general description 
of adsorption given by Azizian et al. (2004), this model is accurate when the change in the 
bulk metal ion concentration is considered significant. 
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Elovich model 

The Elovich model was established in 1934 by Roginsky and Zeldowitsch for gas adsorption 
onto a solid (Roginsky and Zeldovich, 1934). Typically, this model is ideal for describing 
chemisorption onto a support (Ho, 2006; Inyinbor et al., 2016; Ramachandran et al., 2011). 
The rate of adsorption is defined as an exponential function of surface coverage * and the 
adsorption capacity at any time point (qt) and is given below. 

 
Equation 2-5 

By linearizing and integrating Equation 2-5 at the boundary conditions defined previously and 
assuming that ), *, t >> 1, the equation below is obtained (Qiu et al., 2009; Ramachandran et 
al., 2011).  

 
Equation 2-6 

In Equation 2-5, * describes the desorption constant as well as defines a relationship with 
extent of surface coverage and the activation energy of chemisorption (g/mg), ) is the initial 
adsorption rate mg/(g.min) and t the time (min). This model is based on the assumption that 
the energy of adsorption is linear with respect to surface coverage. The bulk adsorbate 
concentration is also assumed to be constant (Largitte and Pasquier, 2016). Unlike pseudo-
first order, interaction amongst adjacent adsorption sites are assumed to occur using this 
model. Unrealistically, the model also suggests the support has an infinite adsorption capacity 
with time (Largitte and Pasquier, 2016; Tan and Hameed, 2017). 

Intra-particle diffusion model  

The intra-particle diffusion model is based on the three stages of adsorption. Namely, external 
diffusion, internal diffusion and the subsequent adsorption of the adsorbate (Qiu et al., 2009; 
Ramachandran et al., 2011). The model assumes adsorption capacity has a quadratic relation 
with time and is independent of equilibrium. Equation 2-7 below defines this model.  

 Equation 2-7 

where f is the intra-particle diffusion rate constant (mg/g.min0.5) and c provides insight into the 
thickness of the boundary layer. If c is large, there is a prominent film diffusion or boundary 
layer effect that is rate limiting. Upon analysis of experimental data, various regions of linearity 
may appear. In this case, if the data passes through the origin (c = 0) it suggests that two or 
more stages of adsorption prevail and intra-particle diffusion is likely to be the rate limiting step 
(Inyinbor et al., 2016; Osma et al., 2007; Özcan et al., 2005; Qiu et al., 2009; Ramachandran 
et al., 2011).  
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2.5.3 Adsorption isotherms 

Adsorption and desorption occur simultaneously on any support. After a period of time and 
under specific temperature conditions, the rate of adsorption and desorption stabilize. This is 
known as the point of equilibrium between the metal concentration at the surface and the bulk 
solution (Allen et al., 2004). The Langmuir, Freundlich, Temkin and the Dubinin-Radushkevich 
model are four commonly used isotherms that describe adsorption at equilibrium. These 
adsorption isotherms are built on various assumptions that clarify aspects of the mechanism 
of adsorption as well as maximum capacity of the support and the affinity of the support for 
the metal. 

The Langmuir model 

The Langmuir model developed by Irving Langmuir in 1918 is used extensively to describe 
adsorption of components onto solid supports (Langmuir, 1918). The model describes ideal 
adsorption of the adsorbate onto the support, assuming monolayer coverage. All binding sites 
using this model have equivalent energies of adsorption with no interaction occurring between 
the adjacent adsorbate molecules (Inyinbor et al., 2016; Ng et al., 2002). The model is defined 
by Equation 2-8 and linearized further in Equation 2-9. 

 Equation 2-8 

                                    Equation 2-9 

where Ce is the metal ion concentration at equilibrium (mg/L), Co the initial adsorbate 
concentration (mg/L) and qmax the maximum monolayer adsorption capacity of the adsorbent 
(mg/g) after which no further adsorption occurs (Allen et al., 2004). The Langmuir adsorption 
constant b relates the energy of adsorption on a volume to mass basis (L/mg) (Namasivayam 
and Kavitha, 2007; Ramachandran et al., 2011). These isotherm parameters once defined can 
be used to assess the RL parameter in Equation 2-10.  

 Equation 2-10 

This is a dimensionless parameter known as the equilibrium or separation parameter. It is 
used to assess whether adsorption is favourable, unfavourable, irreversible or linear (Table 
2-2).  
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Range Adsorption type 

0 < RL < 1 Favourable adsorption 

RL > 1 Unfavourable adsorption  

RL = 0 Irreversible adsorption  

RL = 1 Linear adsorption 

Favourable adsorption is expected when RL lies between zero and one, which is also a strong 
indicator of physisorption. Unfavourable adsorption, or desorption, occurs when RL is greater 
than one. Contrastingly, irreversible adsorption is defined when RL is equal to zero. This 
irreversibility describes extremely strong adsorption of the adsorbate onto the support. 
Alternatively, if RL is equal to unity then adsorption is considered to be linear (Ayawei et al., 
2017; Namasivayam and Kavitha, 2007).  

The Freundlich model 

The Freundlich model was proposed by Herbert Freundlich in 1906 and is often used in 
comparison to the Langmuir isotherm. Unlike the Langmuir model, this model is empirical in 
nature. It assumes that surface adsorption is not rate limiting and that multi-layer adsorption 
of the adsorbate occurs onto heterogeneous surfaces (Allen et al., 2004; Ng et al., 2002). 
Consequently, an exponential number of active sites may exist on the support (Equation 2-11).  

 
Equation 2-11 

where kf relates to factors that influence adsorption capacity and the extent of adsorption. The 
exponent 1/n relates to adsorption intensity and the degree of heterogeneity of the catalyst 
(Dada et al., 2012; Inyinbor et al., 2016). The inverse of the factor 1/n provides relevant 
information on the mechanism of metal adsorption. Like the Langmuir RL factor, n may be 
used to describe the type of adsorption in the system. Özcan et al., (2005) classified n as a 
measure of the deviation from linear adsorption. When n is equal to one, linear adsorption is 
noted and typically suggests adsorption is independent of concentration of the adsorbate. 
When n is less than one, adsorption is dictated by chemisorption and if n is greater than one, 
adsorption is favourable and occurs via physisorption (Dada et al., 2012). 

The Temkin model 

The Temkin model considers that interactions between adsorbed molecules occur, and 
assumes a linear decrease in the heat of adsorption, BT, in proportion to an increase in surface 
coverage (Tempkin and Pyzhev, 1940). The model is defined by Equation 2-12. 
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Table 2-2 The table depicts the meaning of the RL constant (Allen et al., 2004; Namasivayam and Kavitha, 2007; Padmesh et al., 2006) 
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 Equation 2-12 
where  

 
Equation 2-13 

and A or at is the Temkin isotherm constant and BT is the heat of adsorption constant (Inyinbor 
et al., 2016). This variable is related to the universal gas constant R (8.314 J/mol.K), the 
adsorption temperature T (K) and the Temkin constant bt (J/mol) (Equation 2-13). If the sign 
associated with BT  is positive, then the process of adsorption is considered to be exothermic 
and vice versa (Inam et al., 2017). 

The Dubinin-Radushkevich model 

The Dubinin-Radushkevich model is based on the adsorption of gas onto a solid and is ideal 
for microporous materials (Chen et al., 2014). This model assumes a heterogeneous 
absorbent surface and a Gaussian distribution of adsorption energies on the surface (Inyinbor 
et al., 2016; Özcan et al., 2005). The model is defined by Equation 2-14 and Equation 2-15. 

 
Equation 2-14 

 

 
Equation 2-15 

 

 
Equation 2-16 

where qD is the maximum adsorption capacity (mg/g), R the gas constant (8.314 J/mol.K) and 
T is the Temperature (K). * (mol2/J2) is the isotherm coefficient and used to define the mean 
sorption energy (kJ/mol) E in Equation 2-16.  This constant, E, represents the energy required 
to desorb a molecule from the active site (Inyinbor et al., 2016). The Polyani potential, ε, is a 
function of the equilibrium concentration Ce and the environment temperature T as presented 
in Equation 2-16. The Polyani potential is used to indicate the adsorption potential and was 
defined by Michael Polyani for an adsorption mechanism where a gradient in chemical 
potential exists between the adsorbate and the support (Xu et al., 2008). If the mean sorption 
energy is less than 8 kJ/mol, physisorption is the prevalent mechanism. If E is between 8-16 
kJ/mol adsorption occurs via ion exchange. Otherwise, if E > 16 kJ/mol then chemisorption is 
expected (Inam et al., 2017; Özcan et al., 2005; Ramachandran et al., 2011).  

2.6 Bioreduction and nanoparticle morphology  

Once the metal is absorbed onto the biological support an electron donor is added to promote 
bioreduction of the metal ion. Reduction ensures the conversion of the metal ions to its 
zerovalent form. The formation of zerovalent nanoparticles is usually indicated by a distinct 
colour change. For example, the reduction of Pd(II) to Pd(0) is noted by a solution colour 
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change from yellow to black/grey-black. In the case of Au(III) bioreduction, a colour change is 
noted from pale yellow to purple/red (Deplanche et al., 2008; Liz-Marzán, 2004; Lloyd et al., 
1998). These visual indicators, dictated by the size and shape of the particles, are a result of 
optical and quantum effects usually experienced when electrons are confined to the atomic 
scale (Liz-Marzán, 2004; Mulvaney, 1996). 

The bioreduction or detoxification process is mediated by metabolic proteins associated with 
the electron shuttle pathways in the cell (Brayner et al., 2007; Torgeman, 2017). These include 
enzymes such as nitrogenase and hydrogenase, which are prevalent under anoxic conditions 
(Pinske et al., 2011b). Both enzymes catalyse reactions to ensure a sufficient electron pool 
within the cell to be used for bioreduction (Deplanche et al., 2010; Lloyd et al., 1998; 
Mikheenko et al., 2008). Lloyd et al. (1998) utilized this natural cellular process to establish a 
successful protocol for Pd nanoparticle formation on E. coli. In this study, Lloyd et al. (1998) 
suggested that hydrogenase acts primarily as a site for Pd nanoparticle formation. The 
importance of these enzymes in bioreduction was further supported by Mikheenko et al. 
(2008). The study by Mikheenko et al. (2008) demonstrated the importance of specific types 
of hydrogenase in achieving uniform, monodispersed nanoparticles on the bacterial scaffold. 
The selective reduction of Au(III) in hydrogen indicated that enzymes, specifically 
hydrogenase, that catalyze hydrogen decomposition and generation of electrons are required 
for Au reduction (Deplanche and Macaskie, 2008; Kashefi et al., 2001; Konishi et al., 2006). 
Any deficiency of the hydrogenase should limit the formation of nanoparticles. However, Pd 
nanoparticle formation was evident when using both gaseous and chemical donors as well as 
on hydrogenase-deficient and denatured cells. In the absence of hydrogenase, agglomeration 
and non-uniformly distributed particles were observed (Bunge et al., 2010; Creamer et al., 
2007; Lloyd et al., 1998; Mabbett et al., 2006; Torgeman, 2017; Yong et al., 2002a). This 
contradicted the importance of the hydrogenase in metal reduction, suggesting additional 
pathways and/or a passive mechanism was in part responsible for metal reduction (Rotaru et 
al., 2012). Upon further analysis of the reduction capability of heat killed cells, Torgeman 
(2017) postulated that at low concentrations of the metal ion, reduction via non-biological 
means was suppressed. This indicated that the metal ion concentration could dictate the 
prominence of select bioreduction mechanisms. In the case of hydrogenase deficient bacterial 
strains, the cells were still active such that alternate redox pathways within the cell could 
promote metal ion reduction (Torgeman, 2017). Creamer et al. (2007) and Deplanche et al. 
(2008) suggested a secondary enzymatic mechanism that was assisted by hydrogenase. 
Nitrogenase, a nitrogen fixing enzyme in the cell, is a reducing agent that facilitates electron 
transfer to the electron acceptor. This enzyme is known to promote the generation of Ag 
nanoparticles (Brayner et al., 2007).  

Cytochrome c and NADPH are also considered to be key in assisting ion reduction (Ahmed et 
al., 2016; Chah et al., 2005). These components of the cell are commonly used to shuttle 
electrons within the cells. The pH of the surrounding solution influences folding and unfolding 
of the cytochrome c and the morphology of nanoparticles (Ahmed et al., 2016; Deplanche and 
Macaskie, 2008; Stoyanov and Browns, 2003). The effect of such conformational changes 
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were noted by Du et al. (2007) and Deplanche et al. (2008) resulting in Au nanoparticles that 
ranged in size from 20-50 nm on E. coli when solutions where at pH 6-7.  

2.6.1 Bacterial strain and hydrogenase enzyme activity  

Hydrogenase enzymes are metalloenzymes that are essential to certain cells during anaerobic 
and fermentative growth (Pinske et al., 2011b). Typically, the protein assists with the 
maintenance of cellular respiration and energy generation. The structure of the metalloenzyme 
usually consists of a transition metal center and complex, coordinating ligands. Common types 
of hydrogenases include [NiFe], [Fe], [FeFe] metal centered frameworks (Lloyd et al., 1998; 
Lukey et al., 2010). The type and abundance of each enzyme is dependent on the strain of 
bacteria. Particularly in E. coli, the [NiFe] type is abundant with four known sub-types of the 
[NiFe] centered hydrogenase (Lloyd et al., 1998; Lukey et al., 2010; Pinske et al., 2011b). Of 
these metal-centered enzymes only three have been well-studied, namely Hyd-1, Hyd-2 and 
Hyd-3. Each of these proteins are found in specific locations and have specialised functions 
within the cell (Deplanche et al., 2010; Lukey et al., 2010; Pinske et al., 2011b). Hyd-1 and 
Hyd-2 are ordinarily located on the cell membrane and typically face the periplasm. This 
unique position coincides with the location where Pd nanoparticles have been found in 
previous studies (Deplanche, 2008; Deplanche et al., 2010; Lukey et al., 2010; Mikheenko et 
al., 2008; Torgeman, 2017). These two enzyme subtypes, Hyd-1 and Hyd-2, account for 
approximately 10% of the total hydrogenase activity and catalytically promote the dissociation 
of hydrogen to generate electrons for transport. The Hyd-3 enzyme accounts for the remaining 
90% of total hydrogenase activity (Pinske et al., 2011b). This [NiFe]-centered enzyme is also 
membrane-bound but is cytoplasm facing. The position of these enzymes correspond to the 
intracellular nanoparticles noted previously (Deplanche et al., 2010; Deplanche and Macaskie, 
2008; Lukey et al., 2010; Omajali et al., 2017). The Hyd-3 protein forms a complex with formate 
hydrogenlyase (FHL) proteins. This is to aid in the production of hydrogen and carbon dioxide 
in fermentative and anaerobic systems (Lloyd et al., 1998; Peck and Gest, 1955; Pinske et al., 
2011a). As not all microorganisms have the ability to survive under anoxic conditions, the 
variation of bacterial strain can easily dictate the degree of reduction and morphology of metal 
nanoparticles. De Vargas et al. (2004) investigated different Desulfovibrio strains for the 
production of biofabricated Pd nanoparticles and suggested that notable hydrogenase 
variation across different strains can impact support capacity and rate of adsorption.  

The influence of bacterial strain on nanoparticle formation was initially considered insignificant 
(Deplanche et al., 2010). However, this was disregarded when the catalytic activity of various 
gram-negative and gram-positive bacterial supports were later investigated (De Vargas et al., 
2004; Deplanche et al., 2014). In these studies, gram-negative strains were found to exhibit 
greater catalytic activity than gram-positive bacteria. The activity is associated with the 
structure of the gram-negative cell wall. The abundance of proteins on the complex double 
membrane and the thin peptidoglycan layer of the gram-negative strain, allows for ample 
nucleation sites and ease of metal ion transport into the cell (Bunge et al., 2010; De Vargas 
et al., 2004; Yong et al., 2002b). Of the five gram-negative strains studied by Deplanche et al. 
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(2014), Desulfovibrio desulfuricans (D. desulfuricans) and Escherichia coli (E. coli) displayed 
the best catalytic activity. Although both bacterial strains presented favourably as catalyst 
supports, D. desulfuricans are SRB capable of generating hydrogen sulphide, which is a 
known catalyst poison (Deplanche et al., 2014). On the other hand, E. coli does not generate 
harmful metabolic products that affect catalyst performance (Yong et al., 2002a). These 
bacteria are also more accessible than SRB and are easier to manipulate with uniform, mono-
dispersed nanoparticles being formed on the cell surface, periplasmic space as well as within 
the cytoplasm (Deplanche et al., 2011a; Lloyd et al., 1998; Yong et al., 2002b).  

Most studies to date have focused on the biofabrication of nanoparticle catalysts using E. coli 
MC4100 as the support (Deplanche, 2008; Deplanche et al., 2011a; Deplanche and Macaskie, 
2008; Mabbett et al., 2006). Unlike Desulfovibrio sp., limited investigations have considered 
different E. coli strains as potential catalyst supports. As previously suggested, these different 
bacterial strains respond in different ways to anoxic environments which could be inherently 
related to varying hydrogenase activities (Table 2-3). 

Table 2-3 Hydrogenase activity of various strains of E. coli (Pinske et al., 2011) 

Strain of E. coli Specific hydrogenase activity (U/mg protein) 
MC4100 3.01 
BL21DE3 0.02 

 

Varying degrees of hydrogenase activity are displayed by different E. coli strains (Table 2-3). 
Considering the role of hydrogenase in the bioreduction process, the activity of the enzyme 
can be an important factor in assessing the suitability of a microbial support for nanoparticle 
formation. E. coli BL21DE3, a common carrier used for the CYP P450 bio-catalyst that is 
utilised for alkane activation, has a low hydrogenase activity.  In a tandem one-pot, single step 
process it would be ideal to use the same carrier bacteria as a scaffold for the subsequent 
oxidation reaction. This compartmentalizing technique isolates the reactions to different 
regions of the cell. With the bio-catalyst situated within the cell and the nano catalysts forming 
outside the cell, separated by a semi-permeable membrane. 

2.6.2 The effect of the electron donor  

Apart from the strain, the electron donor can also impact reduction efficiency and nanoparticle 
formation. Biofabrication studies have mainly focused on using electron donors such as 
formate and hydrogen gas for the formation of Pd and Au nanoparticles (Yong et al., 2002b, 
2002a). These donors are naturally produced by the cell under anoxic conditions (Pinske et 
al., 2011a). For the production of nanoparticles, chemical electron donors are preferred. This 
is because reduction may be controlled by the addition of known concentrations into the 
system while maintaining acceptable mixing to achieve uniformly distributed particles. 
However, reduction using chemical electron donors is not always successful. This was noted 
for Au (III) reduction onto a gram-negative facultative anaerobe (Husseiny et al., 2007). For 
Au(III), hydrogen was the only donor that could induce reduction (Kashefi et al., 2001; Konishi 
et al., 2006). Yong et al. (2002a) indicated that hydrogen is the preferred electron donor due 
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to the higher degree of reduction activity noted under acidic conditions (pH 2). The acidic 
environment is similar to that experienced in waste leachates or other secondary streams used 
for the recovery of precious metals. However, hydrogen gas does face the problem of mass 
transfer limitations between the gas and liquid reagents used for reduction (Deplanche et al., 
2010; Husseiny et al., 2007; Yong et al., 2002a). 

2.7 Oxidation of alcohol  

Oxidation reactions are common in chemical processing. In particular the oxidation of alcohols 
plays a crucial role in fine chemical and pharmaceutical manufacture (Ciriminna et al., 2015). 
These alcohols are of great interest as they are highly reactive and are cheap base reagents 
that are ideal for generating higher value products. Previous investigations on the bio-catalytic 
activation of alkanes used n-octane as a model compound to produce 1-octanol. Low 
conversion of the substrate was observed but high selectivity to the 1-octanol product was 
noted (Olaofe, 2013). To ensure an integrated tandem process for valorization of alkane 
activation it would be ideal to use 1-octanol oxidation to the aldehyde as the model reaction. 
However, the oxidation of aliphatic alcohols are often very difficult to achieve (Dimitratos et 
al., 2006). 

In the area of alcohol oxidation reactions, benzyl alcohol is a widely studied compound 
specifically for the conversion to the higher value benzaldehyde product. Oxidation of benzyl 
alcohol is often used as a control reaction to monitor catalyst activity and serves as a good 
baseline for more complex reactions (Gavriilidis et al., 2016). The aldehyde is widely used as 
an intermediary compound for more complex chemical synthesis and is used prominently in 
cosmetics as well as in the flavour and fragrance industries (Nagy et al., 2019). A challenge 
faced in applying such oxidation reactions in the fine chemical industry is the need for 
sustainable oxidants, while still maintaining high selectivity to the desired product (Hoeldericht 
and Kollmer, 2000). 

2.7.1 The alcohol oxidation reaction environment 

Although oxidation of alcohols may occur naturally, reagents are usually added in 
stoichiometric quantities and are used to facilitate the reaction (Mobley and Crocker, 2015; 
Ten Brink et al., 2000). These reagents include chromium-based compounds such as 
potassium dichromate, activated dimethyl sulfoxide (DMSO) and 2,2,6,6 – 
tetramethylpiperidin-1-oxidenyl (TEMPO) (Mallat and Baiker, 2004; Miedziak et al., 2011b; 
Nagy et al., 2019). However, the use of stoichiometric quantities of these reagents results in 
poor resource efficiency and waste in the form of metal salts. Due to a shift towards more 
environmentally sustainable processing, the need for green synthesis routes that limit waste 
and resource inefficiency is preferred (Sheldon et al., 2007). Instead of reagents, catalytic 
systems make use of oxygen or hydrogen peroxide as oxidants. Hydrogen peroxide has been 
shown to be a green and cheap alternative oxidant (Bhati et al., 2008; Ciriminna et al., 2016; 
Sadri et al., 2014). It is an oxidant that can be well mixed in the liquid phase and allows 
operation at mild conditions. A disadvantage of this chemical oxidant is that, in excess, it poses 
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a challenge to biologically facilitated one-pot tandem systems, as it can be toxic to the cells 
(Imlay and Linn, 1987). To ensure success in the tandem system, the ideal case for a more 
sustainable processing route would be to promote the use of air as an oxidizing agent (Nagy 
et al., 2019). Gaseous air reduces the cost of purchasing purified oxygen and eliminates the 
dangers associated with using pure oxygen in the presence of highly flammable hydrocarbons 
(Gavriilidis et al., 2016). 

Apart from the reagents, catalysts and oxidants, the reaction can also be performed in various 
reaction media and solvents. Such solvents generally promote interaction of the oxidant 
amongst itself and the catalyst as well as the other reagents in the system. In benzyl alcohol 
reaction systems, the generation of the carboxylic acid is promoted when water is used as the 
solvent. If an organic solvent, such as toluene, is used as the reaction medium the formation 
of the ester is favored (Dimitratos et al., 2006). Removing the dependency on either solvent is 
desired as milder less toxic conditions may be applied in processes where the catalyst can be 
easily separated and reused (Dimitratos et al., 2006; Nagy et al., 2019). In order to further 
facilitate operation at milder conditions, the effect of other system parameters need to be 
assessed. In addition to the solvent and base, parameters such as the temperature, catalyst 
loading, reaction time, oxidant concentration and pressure have also been investigated (Table 
2-4) 

Parameter  Disturbance Effect on X Effect on S 
Temperature  Increase + - 
Catalyst loading  Increase + - 
Reaction Time Increase + - 
Pressure  Increase + + 
Concentration  Increase + - 

 

From Table 2-4 it can be seen that a change in nearly all process parameters, apart from the 
pressure, impact the conversion and selectivity in a similar manner. The increase in these 
parameters cause an increase in conversion, while the selectivity to the aldehyde tends to 
decrease. The decrease in selectivity when increasing the temperature, catalyst loading, and 
the time of reaction can be attributed to over-oxidation (Deplanche et al., 2011a; Enache et 
al., 2007, 2006; Gavriilidis et al., 2016). Increasing the temperature provides sufficient energy 
to overcome the activation barrier for reaction to proceed unhindered. Similarly, in a system 
in which the reaction is allowed to proceed over longer periods, the likelihood of over-oxidized 
product being produced increases. The over-oxidation potential is also higher with increased 
chemical oxidant concentration as an excess of electron donors promotes the generation of 
other byproducts. Further, an increase in catalyst loading increases the number of active sites, 
which increases the likelihood of products binding to unoccupied sites. Contrastingly, if air or 
oxygen is used as an oxidant, a pressure increase improves both conversion and selectivity, 
as contact and mass transfer between the phases are improved. After evaluating the effect of 
these parameters on activity it can be stated that operating at milder reaction conditions such 

Table 2-4 The effect of changing process parameters on the performance of  the benzyl alcohol oxidation reaction (Ambili, 2011; De 
Corte et al., 2011a; Deplanche et al., 2011a; Enache et al., 2007, 2006). Where X is conversion and S is the selectivity 
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as at low temperature, catalyst loading, reaction time and a reduced concentration of the 
oxidant can be beneficial to selectivity but detrimental to conversion (Ambili, 2011; De Corte 
et al., 2011a; Deplanche et al., 2011a; Enache et al., 2007, 2006). Using atmospheric pressure 
conditions can significantly impact the performance of the system especially when using air 
as the oxidant. This is the result of oxygen only occupying 21% (v/v) of air. This low oxygen 
delivery can impact mass transfer, imposing a limit to the contact between the reagents and 
oxidant resulting in a reduced yield of the desired product (Deplanche et al., 2012; Miedziak 
et al., 2011b). 

2.7.2 Reaction and inhibitors for the oxidation of alcohols 

Benzyl alcohol reaction pathway 

Considering these reaction parameters and constraints, in the presence of either Pd, Au or 
Au/Pd catalysts the conversion of benzyl alcohol can proceed via the various reaction 
pathways (Figure 2-6 to Figure 2-8). 

 

Figure 2-6 Reaction scheme 1 for the oxidation of benzyl alcohol 
 

 
Figure 2-7 Side-reaction scheme 2 for the disproportionation of benzyl alcohol 

 

 
Figure 2-8 Side-Reaction scheme 3 for the Cannizarro reaction during benzyl alcohol oxidation in the he presence of a strong base  
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From Figure 2-6 to Figure 2-8, it can be seen that the reaction can proceed via 3 distinct 
pathways. The most plausible in the presence of oxygen being the main pathway for the 
oxidation of the alcohol to other oxygenates (Figure 2-6). Under specific conditions such as 
the absence of oxygen or addition of a strong base, disproportionation of the alcohol (Figure 
2-7) or the Cannizarro reaction can result (Figure 2-8) (Nagy et al., 2019; Zhu, 2014). 

Deactivation can occur as a result of byproduct contamination. For the oxidation of alcohols, 
the carboxylic acid readily occupies catalytic active sites. However, in the unique case of 
benzyl alcohol, this compound has a higher affinity for active catalytic sites. This hinders the 
binding of the byproducts to the catalyst, ensuring limited conversion of these byproducts to 
other unwanted chemicals (Sankar et al., 2014). 

1-octanol reaction pathway  

In comparison to aromatic compounds the conversion of the aliphatic alcohol proceeds via a 
similar pathway to reaction scheme 1 (Figure 2-9). 

 

Figure 2-9 Reaction scheme 4 for the oxidation of 1-octanol 

Over-oxidation of the primary alcohol is the main side reaction, with the formation of the ester 
possible after longer reaction periods (Figure 2-9). Unlike benzyl alcohol, limited studies 
consider the conversion of  the aliphatic alcohols, such as 1-octanol (van der Pol and van 
Hooff, 1993; Villa et al., 2009). This aliphatic compound is considered to be difficult to activate 
(Dimitratos et al., 2006). Conversions of 1-octanol, in similar reaction conditions to benzyl 
alcohol, have been repeatedly shown to be low (< 12%) (Dimitratos et al., 2006; Zhang et al., 
2015). This inactivity is largely thought to be a result of the octanoic acid being formed, 
occupying and deactivating active catalyst sites (Sankar et al., 2014). To counteract the 
observed deactivation, Sankar et al. (2014) added a base or a basic support material to bind 
the carboxylate. However, the addition of the base deviates from green process synthesis and 
limits the activity of the Pd metal in a bimetallic catalyst system (Dimitratos et al., 2006; Ishida 
et al., 2012). Knowledge of these reaction variables and resulting potential pathways assist in 
assessing appropriate conditions for aldehyde synthesis. 

2.7.3 Stability and reusability of the catalyst  

Apart from the catalyst being active, it should also be stable in the chosen reaction 
environment. The degree to which metal ions leach can cause catalyst deactivation and 
instability in reaction (Sádaba et al., 2015). This deactivation in solution determines the 
reusability of the catalyst. Such leaching of metals from the solid phase into the reaction 
solution is a continued challenge for current heterogeneous catalysis (Mallat and Baiker, 
2004). 
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Bennett et al. (2013) investigated the effectiveness of recycling biologically supported Pd 
nanoparticles on D. desulfuricans relative to an industry standard (activated) carbon supported 
nanoparticle catalyst. The study indicated that the carbon supported catalysts deactivated 
faster after each successive run, while negligible amounts of Pd ion was noted in solution 
upon reuse of the biofabricated Pd catalyst. The catalyst in these investigations could be 
reused 3-4 times before leaching 10% of the metal. In comparison, nearly 50% of the metal 
leached out of the carbon supported catalyst within the second reaction run. Sobjerg et al. 
(2011) noted similar stability of the biofabricated catalyst with yields in reaction at 95% 
maintained up to the fourth reaction run. Further in these studies, Bennett et al. (2013) was 
able to show that metal leaching had a detrimental effect on the nanoparticles size, which 
impacted deactivation significantly (Table 2-5) 

Table 2-5 The effect of reusing Pd catalysts on the nanoparticles size in oxidation reactions (Bennett et al., 2013) 
 
 

Catalyst Initial NP size [nm] NP size [nm] 

Pd/Carbon 2.3 23 * 

Pd/D. desulfuricans 4 20 ** 

*  the size of the nanoparticles was assessed after the reaction run 2  

** the size of the nanoparticles was assessed after the reaction run 6 

In their experiments, the authors noted that the Pd/C nanoparticle size increased 10-fold to 
23 nm after the first run, whereas a similar particle size was only achieved after the sixth run 
for the biofabricated Pd system. These large particles hinder activity due to its reduced active 
surface area (Table 2-5). As opposed to the biological support, the larger nanoparticles evident 
on the activated carbon support was a result of excessive leaching and precipitation of the 
metal back into solution, promoting autocatalytic particle growth. Although the loss of active 
metal sites was minimal for the biofabricated catalyst, it was necessary to minimise leaching 
to further extend the life of the catalyst. Synthetic catalysts undergo calcining to ensure metal 
does not leach from the support. This technique does not extend to biological supports as the 
cell can disintegrate under typical calcination conditions (> 400oC). Bennett et al. (2010) 
suggested that the leaching of metal from biological supports can be suppressed by adding 
ligands or using lower metal loadings (Ciriminna and Pagliaro, 2013). 
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2.8 Problem definition  

Alkanes, a petrochemical processing by-product that is undervalued and under-utilised, may 
be used as a cheap feedstock to the fine chemical industry. The stable nature of the terminal 
C-H bond of alkanes necessitates the use of extreme temperature and pressures to promote 
activity. CYP450 enzymes have shown great success for the bio-catalytic activation of alkanes 
at mild conditions. However, the low volume and value of the alcohol product upon bio-catalytic 
activation hinders process viability. To ensure an economically feasible process, higher value 
products like aldehydes or carboxylic acids are desired. Further oxidation of the alcohol 
product via chemo-catalysis is necessary to produce such high value chemicals. To support a 
resource efficient industry, biofabricated transition metal catalysts are considered as an 
alternative to the standard synthetic catalyst. Manufacture of metal nanocatalysts on synthetic 
supports often requires stabilizers or capping agents. Biological supports in comparison to 
synthetic alternatives have shown a natural affinity for metal nanoparticle formation. Using 
such inexpensive catalysts can ensure improved selectivity to the desired aldehyde product, 
generating greater value for the activation of the alkanes (Deplanche et al., 2012). The strict 
anaerobe D. Desulifuricans is the only bacteria that has been extensively studied. However, 
gram-negative E. coli, which has been previously shown to be the most efficient at forming 
metal nanocatalysts, has not been as widely studied as its predecessor. This results in limited 
understanding on the mechanisms of adsorption on this microorganism. Bioreduction of 
nanoparticles onto the bacteria is mainly due to the presence of electron donors like hydrogen 
and sodium formate. Although the gaseous and chemical donors have their individual benefits 
and limitations, no study has shown the direct impact these donors have on nanoparticle 
formation or activity. 

Valorization, following alkane activation, can potentially be achieved using a tandem bio-
chemo catalytic approach by ensuring good conversion and selectivity to higher value 
chemicals. For maximum economic returns, this tandem approach would be best achieved as 
a one-pot process. To ensure catalyst compatibility, near ambient operating conditions are 
needed to remain within the limits of bio-catalytic activation. For the alcohol oxidation reaction 
air is proposed as an oxidant as it is a cheaper alternative; only generating water as the major 
byproduct.  

Current work on bio-catalytic activation of alkanes is mainly centered on the conversion of n-
octane to 1-octanol. As such, this study will focus on the chemo-catalytic oxidation of 1-octanol 
to the corresponding high-value aldehyde product. However, due to the extremely stable 
nature of long chained linear alcohols, the conversion of this substrate is poor at mild reaction 
conditions and often very difficult to achieve. 

2.9 Objectives  

It is clear from the literature that there is limited understanding of the potential to exploit tandem 
catalysis as a means to valorise the products of activated alkanes. Previous studies have 
successfully shown that nanoparticles may be effectively produced with E. coli when using 
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various electron donors. However, limited knowledge on the metal-microbe interactions and 
the kinetics of adsorption exists. Further, there is no clear evidence that indicates which 
combination of microbial support and electron donor would result in the most active 
biofabricated nanocatalyst. Although activity has been noted on benzyl alcohol, the application 
of these biofabricated catalysts to linear alcohol systems is unknown.  

The objective of this study is to determine the efficacy of three different gram-negative E. coli 
strains, E. coli DH5), E. coli ATCC25922 and E. coli BL21DE3, as well as the efficiency of 
two common electron donors, hydrogen and sodium formate, to biofabricate Pd and Au 
nanoparticles. The activity of the biofabricated catalysts will thereafter be determined via the 
oxidation of both aromatic and aliphatic alcohols. The scope of this investigation will include 
the production and characterisation of the newly synthesised catalysts on the aforementioned 
E. coli strains. The investigation will further include the hydrogenase deficient E. coli BL21DE3 
strain, which is commonly used as a carrier for CYP153A6 enzymes that bio-catalytically 
facilitate the activation of linear alkanes. The objective is to determine the potential of recycling 
these cells as biological supports for Pd or Au nanoparticles that may be used in a combined 
one-pot bio-chemo tandem reaction. The overall aim of this proof of concept study will be to 
provide insight to the effectiveness of the biofabricated catalysts to convert alcohols to the 
desired aldehyde using air as the primary oxidant. Activity of the catalyst will be tested within 
fixed set of operating parameters with optimization being considered in a future study.  

2.10 Hypothesis  

Gram-negative E. coli with sufficient hydrogenase activity, such as E. coli MC4100, have 
previously been shown to be an effective support for the biofabrication of metal nanocatalysts. 
This type of bacteria is preferred over gram-positive bacteria due to the double-layered cell 
membrane, which introduce more available binding sites. In these investigations, hydrogen 
was shown to be an effective electron donor for metal reduction. This is a result of the electron 
donor being effective at lower pH, and is not limited by Cl- ions that are typically associated 
with metal salt precursors. This gas is also known to reduce Au ions with greater efficiency 
than chemical reducing agents in the presence of biological cells.  

It is therefore hypothesized that gram-negative E. coli DH5) and E. coli ATCC25922, without 
any known hydrogenase deficiency, will grow well under anoxic conditions as opposed to 
hydrogenase deficient E. coli BL21DE3. A deficiency in these enzymes will impact the 
uniformity, location and distribution of metal nanoparticles associated with the cells. This is 
because hydrogenase enzymes play an important role in maintaining the metabolic activity of 
the cells as well as in the transport and generation of electrons for reduction. In the case of 
palladium, the formation of these nanoparticles have generally been linked to similar locations 
as periplasmic and cytoplasmic hydrogenases. The use of hydrogen as the electron donor will 
therefore promote the activation of anaerobic pathways in the cell and will allow for rapid 
formation of uniform, mono-dispersed nanoparticles on the biological support. The 
effectiveness of hydrogen is likely linked to hydrogenase enzymes, which typically aid in the 
heterolytic cleavage and dissociation of hydrogen that promote the transport of electrons 
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within the cell. An excess supply of the donor will lead to a large pool of electrons that are 
available for reduction; ex-situ of the cell. Although sodium formate may be less efficient than 
hydrogen, the slower reduction will limit agglomeration. In this case, the metal ions biosorb 
over a longer period and will attach onto available binding sites rather than result in rapid 
reduction of the ion in solution that leads to the autocatalytic growth of nanoparticles. 

The Pd and Au nanoparticles formed on an  E. coli strain rich in hydrogenase enzymes in the 
presence of hydrogen will result in the feasible production of higher value aldehyde products. 
These nanoparticle catalysts will allow improved selectivity to the desired product compared 
to similar reactions on their synthetically produced counterparts.  

2.11 Key questions 

Therefore, it follows that the key questions of the study are: 

• Which adsorption mechanism can be used to best describe Pd(II) and Au(III) ion 
adsorption onto the selected biological supports? 

• Can Pd and Au ions be reduced using sodium formate and/or hydrogen as the electron 
donors? 

• What is the impact of the electron donor on the physical characteristics of the nanoparticles 
that are formed?  

• What characteristics, such as size and shape, result in the most active biofabricated 
nanocatalyst? 

• Does the E. Coli strain type affect metal adsorption, reduction and the nanoparticles size 
and shape?  

• Can the biofabricated catalysts be used to facilitate the oxidation of alcohols to aldehydes 
while achieving high selectivity? 

Following these key questions, this thesis will firstly describe the materials and methods used 
during all experiments. This section will consider the anaerobic growth of the biomass in 
preparation for adsorption, the reduction of the metal ions onto the support and the subsequent 
characterization of these nanoparticles, and the approach to testing the catalysts activity for 
the oxidation of alcohols. Upon consideration of the methodology, the results and discussion 
is then divided into three sections namely the adsorption characteristics of Au and Pd onto the 
three selected E. coli strains, reduction and characterization of the nanoparticles and the 
structural change in supports, and the activity of these catalysts for the oxidation of alcohols. 
From these results, conclusions and recommendations are made on the most suitable 
microbial strain and electron donor for the conversion of 1-octanol to octanal and production 
of bimetallic catalysts. 
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Chapter 3 

3 Methodology 

This chapter seeks to investigate three main characteristics that influence catalyst synthesis 
and activity. These include examining the effectiveness of the support for adsorption, the effect 
of different electron donors and support strains on nanoparticle formation and the application 
of these catalysts to the oxidation of aromatic and aliphatic compounds. As such, an 
experimental approach was developed that considered the production of the biomass, the 
manufacture of Au and Pd catalysts under different conditions, the assessment of adsorption 
of the aforementioned metals onto the microorganisms, the characterization of the catalyst 
and analysing the activity of the catalyst.  

 

3.1 The production of biomass as a scaffold  

3.1.1 Strain selection for scaffolds  

In this study, select E. coli bacteria were used as biological scaffolds for the manufacture of 
nanoparticles. Current studies investigating the synthesis of Au-Pd catalysts using biological 
scaffolds have focussed on the E. coli MC4100 strain as a support. Although not explicitly 
stated, its use was partly due to its known hydrogenase activity. This study will be considering 
various strains of E. coli as potential scaffolds due to their varied hydrogenase activity; these 
include E. coli BL21DE3, E. coli DH5α and E. coli ATCC25922. These bacterial cells are 
common strains that assist in the expression of enzymes and can also potentially be used as 
host cells for the cytochrome P450 bio-catalysts used for alkane activation to primary alcohols.  

3.1.2 General growth procedure for the microorganisms  

Growth of the E. coli was subdivided into three main sections: the preparation of the growth 
medium, the cultivation and maintenance of the starter culture and the bulk growth of biomass 
(Figure 3-1).  



Methodology 06 June 2021 

36   

 

 
Figure 3-1 Flow diagram of the procedure for biomass growth. Stage 1: was the inoculation of the glycerol stock culture into the 5 ml 
aerobic preculture in  LB media, the culture was incubated at 37oC overnight at 120 rpm. Stage 2: the aerobic culture was then use 

used to inoculate the anaerobic 100 ml supplemented LB preculture in the serum bottles. This preculture was incubated for 4-6 hours 
at 37oC at 120 rpm to ensure the cells are in the exponential phase. Stage 3: the exponential phase preculture was then used to 

inoculate the main 1L LB supplemented media in the modified Schott bottle. The main culture was incubated  37oC and left to stand 
over12-17 hours before harvesting  

 

Figure 3-1  describes the multiple stages of pre-culture growth required to ensure maximum 
bulk cell growth under anaerobic conditions. Such pre-cultures were essential to ensure robust 
cell development during aerobic and anoxic growth conditions. 

Preparation of the growth medium 

To facilitate the growth of E. coli, Luria Bertani (LB) broth was used. This complex broth has 
sufficient nutrients to maintain good cell growth and is often used for this type of bacteria 
(Sezonov et al., 2007). All aerobically grown bacteria were grown in sterilised LB medium. In 
cultures grown anaerobically, the LB medium was first supplemented with 0.4% (w/v) sodium 
fumarate dibasic and 0.5% (v/v) of 100% (v/v) glycerol solution before sterilisation. These 
supplements were used as a terminal electron acceptor and an additional carbon source to 
assist cell cultivation under the anoxic environment (Appendix A.1). 

The aerobic pre-culture was made in 20 ml McCartney bottles that contained 5 ml of sterile 
LB medium. To ensure an aerobic environment the headspace was four to five times the 
volume of the media (Will, 2015). In preparation for anaerobic pre-culture growth, 100 ml of 
the supplemented LB medium was added to 120 ml borosilicate-glass serum bottles and 
sealed with butyl rubber stoppers (Figure 3-1). The sealed media were autoclaved at high 
pressure and temperature (at 15 psi and 121oC for 20 min) to establish sterile, oxygen-free 
conditions, similarly achieved by sparging with nitrogen. For bulk anaerobic bacterial growth, 
large volume Schott bottles were modified to mimic the seals used in serum bottles (Figure 
3-2).  

Glycerol stock Aerobic 
pre-culture

Anaerobic 
pre-culture

Anaerobic
bulk culture

Schott bottle  

Stage 1 Stage 2 Stage 3
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Figure 3-2 Schematic of the modified Schott bottle used for bulk biomass growth 

The Schott bottle lids were cut to fit a metal plate that included two ports (Figure 3-2). One 
port was used for inoculation and sampling of the culture and the other for the release of any 
accumulated gas, such as carbon dioxide, hydrogen or methane, released during anaerobic 
respiration (Figure 3-2). A rubber seal was added around the rim of the metal cap to prevent 
any oxygen from entering the system. The Schott bottles, having a total volume of 
approximately 1.2 L, were filled with 1 L of supplemented LB medium. This minimised the 
head space in the vessel and reduced the likelihood of oxygen in the environment. To further 
ensure the absence of oxygen, the media was autoclaved under the same conditions as the 
pre-cultures.  

Preparation of glycerol stock cultures  

Glycerol stocks were used as starter cultures for the growth of biomass (Figure 3-1). These 
were prepared in bulk to minimise variation across experiments. Stock cultures were made by 
streaking a viable culture onto a LB agar plate. After incubation overnight at 37oC (an optimal 
growth temperature for the bacteria) a single colony from the plate was selected to inoculate 
into 5 ml of sterile LB medium within the McCartney bottle. This pre-culture was grown 
aerobically for 6-7 hours at 37oC on a platform shaker at 120 rpm and was thereafter used to 
inoculate 50 ml of sterile LB medium. The culture was then grown aerobically overnight at 
37oC on the same shaker. After this final incubation, fresh stock cultures were prepared by 
adding 1 ml of the liquid biomass culture to 1 ml of sterilised 50% (v/v) glycerol solution. The 
2 ml glycerol stocks were then stored at -60oC to preserve the cells for later use. This method 
made a maximum of 40-50 glycerol stocks and ensured sufficient seed cultures for large 
volume experiments.  

 

Culture sample port (60 ml syringe) Headspace sample port (60 ml syringe)
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Clamps
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Bulk E. coli culture growth  

The bulk growth of biomass for nanoparticle production was initiated by inoculating the 5 ml 
aerobic medium with a pre-made glycerol stock (Figure 3-1, Stage 1). To achieve high cell 
densities, the seed culture was grown aerobically overnight at 37oC on a platform shaker at 
120 rpm. The supplemented anoxic pre-culture medium in the serum bottle was thereafter 
inoculated with 5 ml of the aerobic pre-culture  from the McCartney bottle and left at 37oC at 
120 rpm for 4 to 6 hours (Figure 3-1, Stage 2). This reached optical densities between 0.5 to 
0.7, which was indicative of exponential growth (Appendix A:). Under such anaerobic 
conditions the E. coli expresses hydrogenase enzymes that are known to assist in nanoparticle 
formation (Pinske et al., 2011a). 

Approximately 50 ml of this anaerobic pre-culture was used to inoculate the 1 L anoxic medium 
within the modified Schott bottle (Figure 3-1, Stage 3). The 1 L stationary culture was then 
allowed to grow overnight at 37oC. Limiting the stirring of the culture inhibited any oxygen 
transfer within the system, maintaining an anaerobic environment. After incubation for 12 to 
17 hours, the culture entered the stationary growth phase. The Gensys UV-Vis 
spectrophotometer was used to measure the optical density (OD) of the biomass at 600 nm. 
This reading was used to confirm the dry cell weight (DCW) of the biomass as predicted from 
previously obtained OD-DCW correlations (Appendix A.2 and B.3). The resting cells, of a 1 L 
total volume, were then harvested via centrifugation at 7000 rpm for 10 minutes at 4oC  using 
a Beckman Avanti J-E or Avanti J-25 centrifuge with JA-10 rotor. Under such conditions the 
shear on the cells and enzyme deactivation was prevented.  

Once the cells were separated from the supernatant, the cell pellet was washed three times 
in 20 mM of MOPS-NaOH buffer (pH 7) to ensure that remaining salts or other impurities were 
not attached to the pellet (Bunge et al., 2010; Deplanche et al., 2010; Lloyd et al., 1998; 
Torgeman, 2017). This MOPS-NaOH buffer was prepared beforehand and degassed via 
sonication while the cell pellet was being harvested (Appendix B.1). The cell pellet was then 
resuspended in a MOPS-NaOH buffer that was five times less than the growth culture volume 
(Torgeman, 2017). The cell pellet in MOPS buffer was mixed using a vortex to establish a 
pseudo-homogeneous solution. The mixture was stored on ice at 4oC to prevent denaturing 
of the enzymes and cell death. Biofabrication of the metal nanoparticles on the biological 
supports were performed on the day of harvesting to ensure maximum viability of the cells. 
(Deplanche et al., 2011a; Torgeman, 2017; Zhu, 2014) 

3.2  Metal nanoparticle preparation  

Nanoparticle catalysts were prepared following a series of steps tailored according to the 
selected metal (Figure 3-3). 
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Figure 3-3 Flow diagram showing the process of forming biofabricated Pd, Au and Au-Pd nanoparticle catalysts  

In synthesising the biofabricated catalysts a stepwise approach was followed. Initially the 
metal precursor was solubilised and then added to the microbial cells to facilitate biosorption. 
Depending on the metal, the electron donor was added either after the addition of the cells or 
before cell addition to ensure the saturation of the solubilised ion solution. The addition of the 
electron donor in either case promoted metal ion reduction before the resulting biofabricated 
catalysts were harvested (Figure 3-3).  

3.2.1 Metal salt precursor preparation  

The metal salt precursor used during nanoparticle formation was first dissolved in acidified 
water to promote the dissociation of the metal ions in solution. The acidified water was 
prepared in bulk (500 ml) by adjusting the pH of deionized water to 2.3 using 0.1 M nitric acid 
(HNO3). An aqueous 2 mM Pd(II) ion solution was generated by dissolving sodium 
tetrachloropalladate (Na2PdCl4) in the required volume of acidified water. Similarly, 1 mM 
aqueous Au(III)-solution was prepared by dissolving gold(III) chloride trihydrate 
(HAuCl4.3H2O) in newly prepared acidified water. A sample calculation may be found in the 
Appendix B.2 (Deplanche et al., 2011a; Torgeman, 2017; Zhu, 2014) 
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3.3 Forming biofabricated nanoparticles: metal adsorption and reduction 

3.3.1 Pd nanocatalysts 

Once the metal precursor was prepared, a pre-determined volume of the cell/MOPS-NaOH 
buffer suspension and a corresponding volume of 2 mM Pd(II) precursor solution was added 
to 120 ml borosilicate, serum bottles. The amount of metal ion solution added to the buffer 
was determined by the ratio of the metal weight to the cell dry weight required to achieve the 
desired biofabricated catalyst metal loading (Table 3-1). An extended sample calculation is 
provided in Appendix B.4. 

Table 3-1 Relationship of metal weight and cell mass to obtain the specified metal loading. The cell pellet is suspended in a 20 mM 
MOPS-NaOH buffer (at pH 7). The provided metal precursor volumes are based on the reduction of 2 mM Pd(II) and 1 mM Au(III) on 0.1 g 

of E. coli ATCC25922. In the case of a bimetallic catalyst, a 1:1 ratio of Pd to Au (by weight) was considered  

Ratio Metal loading 

% (w/w) 

Volume of cell 

buffer (ml) 

Volume of Pd(II) 

precursor (ml)  

Volume of Au(III) 

precursor (ml) 

1:38.5 2.5% 2.7 12.4 13.3 

1:19 5% 2.7 25.0 26.9 

1:9 10% 2.7 52.9 56.8 

1:4 25% 2.7 118.9 127.9 

 

To form the Pd nanocatalyst, the cell-Pd(II) ion suspension was sparged with nitrogen (N2) for 
approximately 1 minute immediately after the cells were added to the serum bottle. Once 
sparged, the vessel was sealed with a butyl rubber stopper to maintain an anoxic environment. 
The sealed serum bottles were left to stand at 30oC for 30 minutes during which time 
biosorption of the Pd(II) ions onto the microbial supports occurred. After biosorption, the 
residual metal ion concentration in solution was determined via the stannous chloride 
colourmetric assay (Section 3.4.1). Thereafter, a chemical (sodium formate) or gaseous 
(hydrogen) electron donor was introduced to the system.  

When using the chemically based electron donor, 50 mM sodium formate solution was added 
to the adsorbed ion mixture so that a 20 mM final concentration of the chemical donor was 
achieved. Alternatively, a 10% (v/v) hydrogen (H2) to argon mixture was used when introducing 
the gaseous electron donor. This electron donor was sparged into the metal ion solution at 
200 ml/min to 300 ml/min for 20 minutes (Zhu, 2014). Any gas built up in the serum bottle was 
released into a water trap as illustrated in Figure 3-4. 
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Figure 3-4 Schematic of the hydrogen electron donor sparging system. The gaseous electron donor was sparged in solution to allow for 

maximum contact between the gas and the metal ion precursor  

In this system (Figure 3-4), access of air into the vessel was restricted once the gas cylinder 
was closed. After sparging, the metal-cell mixture was left to stand overnight at 30oC to allow 
for the solids to settle under gravity. During this period, a colour change of the solution from 
yellow to grey-black occurred indicating the reduction of Pd(II) to Pd(0). The Pd(0) 
nanoparticles bound to the cell were then harvested via centrifugation at 7000 rpm for 10 
minutes at 4oC (Beckman Avanti J-E or Avanti J-25 centrifuges with JA-20 rotor). For the 
monometallic catalysts, the solid cell-Pd(0) pellet was then washed two to three times with 
deionised water and once with acetone to remove any excess reagents. The cell-Pd(0) pellets 
were then resuspended in 5 ml of acetone and left to dry overnight in air at atmospheric 
conditions (Deplanche et al., 2011a; Torgeman, 2017; Zhu, 2014). 

3.3.2 Au nanocatalysts 

To form Au nanocatalysts, the solubilised gold metal salt precursor volume, determined by the 
required metal loading in Table 3-1, was sealed in a clean serum bottle and sparged with 
nitrogen. Sparging of the serum bottles ensured anoxic conditions before adding 50 mM 
sodium formate to a final concentration of 20 mM. When hydrogen was used as the electron 
donor, the gold solution was sparged with the 10% (v/v) (H2/Ar gas mixture at 200 ml/min to 
300 ml/min for 60 minutes using the same configuration as illustrated in Figure 3-4. Sparging 
over this extended period ensured that the metal ion solution was saturated with hydrogen. 
The longer time required for hydrogen sparring is due to the fact that metals in group 10 of the 
periodic table (Cu, Au and Ag), unlike other transition metals, have weak interactions between 
the metal and hydrogen (Yu et al., 2013).  Saturation with hydrogen ensures Au-H binding to 
some extent. After introducing the electron donor, the cell-buffer solution was transferred into 
the same serum bottle. Once the Au(III) ions adsorbed onto the biological support, the residual 
ion in solution could be assessed using the thiamine-nitrate assay (Section 3.4.2). During 
incubation at 30oC the serum bottles were agitated overnight at 120 rpm to promote the 
reduction of Au(III) to Au(0) on the bacteria. A colour change from pale yellow to an intense 
purple/dark-red confirmed Au(0) nanoparticle formation. The reduced nanoparticle catalysts 
were recovered via centrifugation at 7000 rpm for 10 minutes at 4oC. Similar to the Pd 
nanoparticle preparation, cell-Au(0) pellets were washed three times with deionised water, 
once in acetone and re-suspended in 5 ml of acetone and left to dry overnight in air.  

Gas in

Water trap

Gas out

Metal ion solution

(from gas cylinder mixture) (to water trap)
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3.4 Spectrophotometric assays  

3.4.1 The stannous chloride (SnCl2) assay for detecting residual Pd(II) ions 

The SnCl2 assay was used to detect the amount of residual Pd(II) ion in solution, in accordance 
to previous investigations for similarly prepared biofabricated catalysts (Ayres and Alsop, 
1959; De Vargas et al., 2004; Deplanche et al., 2014). The required reagent was prepared by 
dissolving 1 g of SnCl2 powder in 16.7 ml of 2 M HCl. In a plastic cuvette the assay was 
initiated by adding 0.2 ml of samples from either the reduction or adsorption supernatant to 
0.8 ml of the SnCl2 reagent. The 4 ml cuvettes were placed back into the cuvette box to prevent 
spillage and then incubated at 30oC for one hour at 120 rpm. During incubation, the chloride 
ions (Cl-) from SnCl2 binds to available Pd(II) ions creating a complex as described by the 
mechanism in Equation 3-1. 

0123 + 267, + 8923 	→ 	0123 + 89<67 Equation 3-1 

The formation of the Pd0Cl complex in Equation 3-1 turned the solution green in colour. The 
intensity of the solution increased with increasing temperature and time. Absorbance was 
monitored after the recommended incubation period using the Gensys UV-Vis 
spectrophotometer at 463 nm. A calibration curve showing the relationship between 
absorbance and metal ion concentration is provided in the Appendix C.1.1. A blank was 
similarly prepared replacing the metal ion with acidified water. The assay accounted for the 
dilution of the residual metal ions as a result of biosorbent and buffer addition (see Appendix 
C.1.1) (Ayres and Alsop, 1959; Deplanche et al., 2014). 

3.4.2 The thiamine-phloxine assay for detecting residual Au(III) ions 

The thiamine-phloxine assay was used to determine residual Au(III) ion in solution. The assay 
was performed on 0.2 ml samples from either the reduction or adsorption supernatant. To this 
sample various reagents were added; namely 0.2 ml of 10 mM thiamine nitrate, 0.2 ml of 1 
mM phloxine B solution, 0.9 ml of deionised water and 0.4 ml of an EDTA-citrate buffer. EDTA 
(in the form of the trisodium salt) and citric acid were combined to achieve 0.05 mM EDTA and 
0.1 mM citric acid in the stock to achieve a final pH of 4.6. In addition to these chemical 
reagents, 0.1 ml of 0.5% (w/v) methylcellulose (MC 25) was added to the assay vessel. 
Methylcellulose was carefully prepared using a procedure outline in Appendix C.2 to ensure 
that the reagent remained in solution (Deplanche and Macaskie, 2008; Fujita et al., 1999).  In 
preparation, the gold ion initially binds with the thiamine ligand. After the phloxine dye is added, 
a Au:thiamine:phloxine complex is produced at a molar ratio of 1:2:2, respectively. The 
formation of this complex brings about a colour change in solution that is detected by the 
spectrometer. The buffer in this assay is used to regulate pH, while the surfactant MC 25 
prevents the precipitation of the complex (Fujita et al., 1999). 

Once the solutions were prepared at the required pH and concentration, the relevant quantities 
were transferred into cuvettes and then incubated at 40°C for 20 minutes and 120 rpm. The 
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presence of Au(III) ions was indicated by the solution turning from a pale yellow to an intense 
purple/red colour. Absorbance of the aqueous gold samples was measured using the Gensys 
UV-Vis spectrometer at 570 nm; and was comparatively measured against a blank prepared 
in the same manner as the experimental sample replacing the ion solution with acidified water. 
The concentration of residual Au(III) in solution was determined using a calibration curve 
showing the relationship between absorbance and metal ion concentration (viz. Appendix 
C.2).  

3.5 Adsorption kinetics and equilibrium isotherms 

3.5.1 Assessing adsorption kinetics  

Adsorption was initiated by the addition of the biosorbent to the ion solution. For this 
experiment a 5% and 25% (w/w) metal loading was used on all supports. To accurately 
observe adsorption onto the bacteria, samples were taken from the reaction vessel over an 
extended 60 minute biosorption period at 30oC without agitation. Over the one hour period, 
samples were taken every 5 minutes for the first 30 minutes and then approximately every 10 
minutes thereafter. The collected samples were centrifuged at 13000 rpm for 2 minutes at 4oC 
to separate the pellet and supernatant in a Eppendorf 5418R microcentrifuge. The supernatant 
was thereafter decanted and stored at 4oC. In the absence of an electron donor, removal of 
the pellet at low temperatures (4oC) limited any influence that promoted reduction of the 
residual metal ions in the stored sample solution. 

3.5.2 Assessing adsorption at equilibrium  

Adsorption at equilibrium provides an essential understanding of the maximum capacity of the 
various supports and provides insight into the mechanism of adsorption of metals such as Pd 
and Au. A similar reaction system setup to the kinetic experiments was used to assess 
adsorption at equilibrium (Section 3.5.1). However, for this investigation the initial metal ion 
concentration was varied from 1 mM, 2 mM, 5 mM, 7 mM and 10 mM. The effect of varying 
this initial ion concentration on biosorption was observed by taking samples from the reaction 
vessel after the fourth day to validate equilibrium. As with the samples extracted during the 
kinetics experiments, the samples were centrifuged after which the liquid was extracted and 
stored at 4oC. The residual metal ion concentration of the samples were analysed using either 
the stannous chloride (Pd) or thiamine-phloxine (Au) colorimetric assays.  

3.6 Characterisation techniques  

Biofabricated catalysts using the techniques outlined in Section 3-1-3.5 were developed on E. 
coli DH5α, E. coli ATCC25922 and E. coli BL21DE3 supports using multiple metals (Pd and 
Au), electron donors (sodium formate and hydrogen) and metal loadings (5% - 25% w/w) as 
outlined in Table 3-2. 
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Table 3-2 Summary of all possible catalyst made under various metals, metal loadings, microorganisms and electron donors  

Metal  Metal loading (w/w) Microorganisms  Electron donor  

Pd  5% E. coli DH5α  Sodium formate  

Pd  5% E. coli DH5α Hydrogen  

Pd  5% E. coli ATCC25922 Sodium formate  

Pd  5% E. coli ATCC25922 Hydrogen  

Pd  5% E. coli BL21DE3  Sodium formate  

Pd  5% E. coli BL21DE3  Hydrogen  

Pd  25% E. coli DH5α  Sodium formate  

Pd  25% E. coli DH5α  Hydrogen  

Pd  25% E. coli ATCC25922 Sodium formate  

Pd  25% E. coli ATCC25922 Hydrogen  

Pd  25% E. coli BL21DE3 Sodium formate  

Pd  25% E. coli BL21DE3 Hydrogen  

Au  5% E. coli DH5α  Sodium formate  

Au  5% E. coli DH5α Hydrogen  

Au  5% E. coli ATCC25922 Sodium formate  

Au  5% E. coli ATCC25922 Hydrogen  

Au  5% E. coli BL21DE3  Sodium formate  

Au  5% E. coli BL21DE3  Hydrogen  

Au  25% E. coli ATCC25922 Hydrogen  

These nanoparticle catalysts were characterised according to their particle size, distribution 
and morphology using multiple analytical techniques. These included Transition Electron 
Microscopy (TEM), Scanning Electron Microscopy (SEM), Fourier Transform Infrared 
Radiation (FTIR) and Inductively Coupled Plasma (ICP) analyses. 

3.6.1 TEM analysis and preparation  

TEM analysis provides a cross-sectional view of the samples and was used to determine the 
size, distribution and the morphology of the nanoparticles and the support. Energy dispersive 
X-ray (EDX), often used in conjunction with TEM, was used to confirm the elemental  
composition of the nanoparticles present within the support.  

Preparing biofabricated catalysts for TEM analysis is challenging as bacterial cells are 
composed of 20% solids with the remainder made up of water contained within a permeable 
membrane (Feijó Delgado et al., 2013). Consequently, vacuum conditions applied during 
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analysis rupture the cell, negatively affecting the results (Kiruthika, n.d.; National diagnostics, 
n.d.). To prevent this from occurring the cells need to be turgid with all water removed. A 
further challenge of TEM analysis included the vast difference in the composition between the 
biological support and the metallic component. As the cell is carbon-based, it has a lighter 
atomic weight compared to the metal nanoparticles. This results in the support being less 
defined under electron microscopy. Dye staining is therefore required to adequately define the 
support structure (Kiruthika, n.d.; National diagnostics, n.d.). TEM sample preparation 
therefore included (1) fixing the biologically supported catalysts to ensure turgidity of the cell 
walls or proteins, (2) dehydration of the cell, (3) incorporating the sample into a resin and (4) 
sectioning of the sample into thin segments. 

Fixing of the biofabricated catalyst support  

Before washing and drying the catalyst, 0.1-0.2 ml samples of the suspended nanoparticles 
were extracted into 2 ml Eppendorf tubes. These samples were washed two to three times in 
deionized water, and then in a fixative solution composed of 2.5% (w/v) glutaraldehyde 
solution in phosphate-buffered saline (PBS) buffer. The catalyst-buffer solution was left at rest 
to incorporate overnight at 4oC. During this period the cell structure was stabilised by the cross-
linking of proteins, promoted by the fixative. After the stabilization period, the mixture was 
centrifuged under ambient temperatures for 2 minutes at 13000 rpm to remove the fixative. 
The solid catalyst sample was then washed with pre-made PBS buffer. Thereafter, the pellet 
was re-suspended in approximately 0.5 ml of PBS buffer and an equal volume of 1% (w/v) 
osmium tetraoxide (OsO4) fixative solution. This fixative solution was left to incorporate for one 
hour after which the osmium tetraoxide mixture was centrifuged to separate the suspended 
particles from the liquid phase at 13000 rpm for 2 minutes at ambient temperature. The 
remaining pellet was washed twice in PBS buffer and then in deionised water to remove any 
excess osmium and PBS present. 

Dehydration and resin incorporation 

Once the cell was fixed, dehydration of the cell was performed serially using increasing 
concentrations of ethanol (at 30%, 50%, 70%, 80%, 90%, 95%, 100% v/v) followed by a final 
wash in 100% (v/v) acetone. Gradual dehydration was performed to ensure the cells were not 
shocked by the immediate introduction of high ethanol concentrations that may contribute to 
the disruption of the cell structure. Serial dehydration followed a repeated procedure of 
resuspending the cells in a small volume of ethanol that sufficiently covered the pellet. The 
suspended cells were then left to stand, at rest, for 5 min at ambient temperature after which 
the mixture was centrifuged at 13000 rpm to separate out the ethanol supernatant for 2 
minutes at ambient temperatures. This process was repeated for each of the increasing 
ethanol concentrations up to 95% (v/v). For the 100% (v/v) ethanol and 100% (v/v) acetone 
solutions the aforementioned procedure was repeated twice.  

After the final acetone wash, the pellet was gradually introduced to the resin by resuspending 
the dehydrated pellet in a mixture of equal volume of Spurr’s resin and 100% (v/v) acetone 
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and placed on a roller at room temperature. The concentration of the resin was gradually 
increased to 100% (v/v) resin over 2-3 days allowing the steady incorporation of the resin into 
the cells. After incorporating the resin within the cells, labelled plastic tubes were used to 
create resin moulds of the sample.  A drop of approximately 0.1 ml of 100% (v/v) resin was 
placed at the bottom of each plastic tube ensuring that no air bubbles were formed. Any air 
bubbles present were removed with the aid of a hypodermic needle and syringe. Once all air 
bubbles were removed, approximately 5-10 mg of the resin-incorporated catalyst was added 
to the mould. The mould was then filled to the brim with resin and left overnight in an oven at 
60oC, to harden. Each catalyst sample was prepared in duplicate.  

Staining and sectioning of samples  

In preparation for TEM analysis the hardened catalyst-resin moulds were cut to provide a 
cross-section through the catalyst. A  trapezium 1.0 x 0.75 =m in size containing catalyst was 
cut out of the tip of the mould and sectioned using a diamond knife. The diamond knife is used 
as it is a robust material which is resistant to micro-scratches and thus ensures precise and 
smooth images. The thin trapezium sections were then placed on a copper grid for viewing 
under TEM. For the purpose of viewing the cell structure, sample sections were stained with 
1% (v/v) osmium tetraoxide. As staining impairs the visibility of smaller nanoparticles (< 5 nm) 
on the cell (Torgeman, 2017), duplicate sections of the samples that were not stained were 
prepared. The unstained sample sections were used for particle size distribution analyses 

All analysis was performed with the assistance of Mr. Mohamed Jaffer, at the Electron 
Microscope Unit, University of Cape Town. The analysis was conducted on either the FEI F20 
CYRO FEGTEM or FEI F20 TEM. 

3.6.2 SEM analysis and preparation  

SEM analysis was used to image the exterior surfaces of the biofabricated nanoparticle 
catalysts. Images using this technique are generated as a result of an incident electron beam 
interacting with the catalyst sample (Nebraska Center for Materials and Nanoscience, n.d.). 
This produces secondary as well as a backscattering of electrons (BSE). The BSE allows for 
the classification of elements based on their atomic number with higher atomic number 
elements showing up as brighter regions on the final image (Nebraska Center for Materials 
and Nanoscience, n.d.).  

If any particles were noted on the exterior of the cell during TEM imaging, the sample was 
then sent for SEM analysis. Following drying with acetone during catalyst formation, the 
samples were then spread onto graphite tape to dry further until all visible moisture was 
absent. Any non-conductive materials such as the microbial cells, were coated with graphite 
to improve instrument detection. Energy Dispersive Spectrometry (EDS) is often 
complimentary to SEM analysis. Each periodic element has a specific layer of electrons that 
act uniquely when the electrons are excited allowing the elemental composition of the metals 
present to be identified the sample (Nebraska Center for Materials and Nanoscience, n.d.). 
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3.6.3 Assessing support functional groups using FTIR  

Hydroxyl, amine and thiol functional groups present on the microorganisms are considered to 
play a vital role in the adsorption of metals onto the cell (Bunge et al., 2010; Deplanche, 2008; 
Rotaru et al., 2012). The abundance of functional groups could vary depending on the strain 
and is essential to quantify. Molecules and functional groups can exhibit vibrations, rotational 
changes and jumps in electron energy once they have been subjected to electromagnetic 
radiation at a specific frequency (Reusch, 2013; Soderberg, 2020). Infrared radiation excite 
the electrons, to promote vibrational energy changes. Each functional group has a specific 
wavelength under which stretching and bending are observed. These vibrational changes 
present as strong sharp or broad bands with varying intensity on the FTIR spectrum (University 
of California Department of Chemistry, n.d.; University Of Missouri–St. Louis, 1997). 
Stretching of particular functional groups appear at known wavelengths that are easily 
identified using the available databases.  

Functional groups associated with different support strains were assessed using crushed 
catalyst for powder FTIR-ATR with the assistance of Associate Professor Greg Smith, 
Department of Chemistry, University of Cape Town. For this analysis, the catalyst was 
streaked onto a glass plate and left to dry in acetone at 37oC prior to the catalyst being ground 
to a fine powder using a pestle and mortar (Deplanche et al., 2011a; Torgeman, 2017; Zhu, 
2014). Approximately 5 mg sample of each of the catalysts was used for analysis for each of 
the E. coli strains (BL21DE3, DH5α, ATCC25922) considered.  

3.6.4 Assessing metal loading using ICP 

Confirmation of the composition of the metal present on the support was required to ensure 
that the intended concentration of metal was reduced and maintained on the bacteria. ICP 
analysis was preformed using the Varian 730 ES ICP-Optical Emission Spectrophotometer. 
The samples were analyzed by S. Klink, S. Nyimbinya and R. Geland in the Analytical 
Laboratory in the Department of Chemical Engineering at the University of Cape Town. Initially 
10 mg of the crushed catalyst in McCartney bottles was dissolved using 4-5 drops HNO3 
(0.1M) and suspended in 20 ml of deionized water. As 0.1 M HNO3 was not strong enough to 
leach the metal, a stronger acid was used. The samples in the McCartney bottles were 
resuspended in a new vessel using 5 ml of Aqua Regia. An additional 10 ml of Aqua Regia 
was added to the new vessel with the sample. The solution (15 ml in total) was boiled down 
on a hot plate to decrease the volume and until the solid samples could not be visually 
detected. The sample was filtered using a 0.2 μm filter and 2.5 ml of the sample was then 
added to a 25 ml volumetric flask. The remaining volume in the flask was made up using a 2% 
(by weight) HNO3 solution. A similar method was used to prepare standards of the metal ion 
at 0.2, 0.5, 1, 2, 5 and 10 ppm. 
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3.7 Catalyst activity tests  

Once the various catalysts had been effectively characterized, activity tests were conducted. 
The activity tests were done to assess the performance and applicability of the catalyst to an 
industry relevant reaction. This activity was defined by the ability of the catalyst to promote the 
conversion of the alcohol to the corresponding aldehyde with high selectivity. 

3.7.1 Radley reactor activity testing  

After inactivity of the catalyst in the Amber vial system at ambient conditions, the Radley 
reactor was used to determine the activity of the catalyst. This reactor system had a maximum 
pressure rating of 1 psi (0.069 bar). Unlike the amber vials, direct supply of the oxidant to the 
reagents could be achieved in these reactors. The Radley reactor system consisted of several 
glass reaction vessels, a temperature probe, a carousel reactor with a hot plate as well as a 
cooling system and gas inlet port (Figure 3-5) 

 
Figure 3-5 Schematic of the front view of the reactor setup (A) and the top view of the carousel with six reactor vessel slots (B) 

To perform the reaction, each reactor vessel was assigned a specific role in all experiments. 
The vessels were set up to ensure each catalyst was analysed in duplicate with two additional 
vessels allocated as a negative control and a control for monitoring the operating temperature 
of the reaction solution (Figure 3-5.B). The negative control was operated in the absence of 
the catalyst, containing only the reactant. This eliminated the potential for any catalytically 
promoted product being formed. The temperature control vessel was filled halfway with water 
to monitor the operating temperature  and to ensure it was maintained at the specified reaction 
conditions throughout the experiment. Within the Radley reactor, activity testing conditions 
were performed by loading the catalyst in 10 ml of substrate, either benzyl alcohol or 1-octanol 
(see Appendix D.2 for reagent details). Benzyl alcohol, unlike the aliphatic alcohol, was 
selected as the control reaction as it has been well established in literature and can serve as 
a way to compare the activity of the biofabricated catalyst to other catalyst systems. However, 
as previous investigations considered n-octane as the model compound for the bio-catalytic 
activation of alkanes the resulting 1-octanol product would be the ideal feed for an integrated 
tandem valorization approach. To ensure the most active catalyst was selected, the control 
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reaction was used as a screening method whereby the most active catalyst was chosen for 
the oxidation of 1-octanol.  

Each reaction was performed at 90oC and 250 rpm with a continuous supply of air over a 6 
hour period at 1 bar. At the higher metal loading the volume of reagent was reduced to 4 ml 
to keep the percentage catalyst loading constant.   

3.7.2 Reaction sampling for product analysis  

After the completion of each reaction, approximately 1 ml of sample was extracted from each 
reactor vessel into an Eppendorf tube to identify the products formed. The Eppendorf tube 
was kept on ice to halt the reaction and limit the loss of any volatile products. To extract the 
liquid product, the catalyst-liquid mixture was centrifuged to separate the supernatant from the 
catalyst pellet. Once separated, the supernatant was decanted into a fresh Eppendorf tube. 
The supernatant sample was centrifuged once more to ensure settling of any catalyst still 
present. All centrifugation was performed at 13000 rpm for 5 min at 4oC. After the liquid 
component was decanted into a new Eppendorf tube, the sample was kept on ice to be 
analysed by gas chromatography (GC).  

3.7.3 Liquid phase gas chromatography  

GC analysis was used to determine the products formed during activity testing. The Varian 
3900 CP-8410 equipped with a flame ionization detector (FID) was used for the quantification 
of these products. The Agilent J & W column (VF-5 ms, Part number CP8961) was found to 
be suitable for detecting hydrocarbons. The dimensions of the column were set at 60 m x 0.32 
mm x 0.25 =m (L x W x D). For this analysis the column consisted of a 5% phenyl-
methylpolysiloxane stationary phase while nitrogen gas was used as the mobile phase. To 
ensure an accurate analysis and identification of any products, samples were prepared as 
illustrated in Figure 3-6. 

 

 

Figure 3-6 Schematic of the preparation process for GC analysis of reaction samples 

For the preparation of samples for analyses, 0.8 ml of the stored supernatant sample was 
added to an eppendorf tube together with an 0.2 ml of internal standard consisting of 2 mM of  
1-decanol in ethyl acetate (Figure 3-6). The 1-decanol compound (of a known retention time) 
was selected as the internal standard. The sample, internal standard and solvent were mixed 
for approximately 10 seconds using the vortex. Lastly, 200 =l of this mixture was extracted 

Mix 
(using 
vortex)

0.8 ml 
sample

0.2 ml 
internal std

GC vial

Inserts 



Methodology 06 June 2021 

50   

into GC inserts within vials and sealed for analysis. The GC program used for the analysis of 
alkanes and other hydrocarbons is provided in Table 8-8 (see Appendix D.1). 

Standard curves were generated for all of the products identified and are presented in 
Appendix D.3. This was done using the same preparation and GC protocols used for the 
reaction samples  From the conversion of benzyl alcohol and 1-octanol various products were 
detected each with a specific retention times (Table 8-9 in Appendix D.2). The products 
described in Table 8-9, were identified by injection of the near pure compound into the GC 
and comparing the retention achieved to those produced in reaction sample chromatograms. 
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 Chapter 4  

4 Biosorption of Pd and Au on E. coli  

4.1 Chapter Overview  

In this chapter biosorption characteristics of Pd(II) and Au(III) onto E. coli DH5α, E. coli 
ATCC25922 and E. coli BL21DE3 were investigated to determine the most suitable strain to 
biofabricate nanoparticle catalysts. Predictive models were used to further understand the 
mechanism of ion adsorption and to establish parameters that best describe metal adsorption 
under varying conditions, such as precursor concentration, and support type. The kinetic and 
equilibrium adsorption characteristics of the selected E. coli strains for Pd(II) and Au(III) ions 
were also considered. 

4.2 Adsorption of Pd onto E. coli scaffolds 

4.2.1 Adsorption kinetics and equilibrium isotherm analysis  

The adsorption of metals by bacteria can occur primarily via bioaccumulation to be used within 
the cell or for the detoxification of the cell environment. The manner in which metals interact 
with the bacteria depend on the type of microorganism and strain (De Vargas et al., 2004; 
Deplanche et al., 2014). In this study, the degree to which the bacteria can accumulate metal 
ions was assessed for three different E. coli strains, namely E. coli DH5α, E. coli ATCC25922 
and E. coli BL21DE3. Using the protocols outlined in Chapter 3, kinetic experiments were 
performed anaerobically at 30oC with a starting solution pH of 5.6. Aliquots of approximately 
0.5 ml were extracted every 5 minutes for the first 30 minutes and every 10 minutes thereafter. 
These samples were then analysed using the SnCl2 assay to determine the Pd(II) 
concentration (Section 3.4.1). The amount of metal adsorbed was normalized on a dry cell 
mass (g) basis, ensuring comparison across different absorbates (Figure 4-1, Figure 4-2).  
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Similar Pd(II) ion adsorption characteristics were observed for the three E. coli strains (Figure 
4-1). A rapid initial adsorption of the adsorbate occurred within the first 5 minutes of exposure 
followed by a plateau. This plateau was indicative of an equilibrium being reached between 
adsorption and desorption of the metal ions at the surface of the adsorbent. For all microbial 
strains, near-complete adsorption of Pd(II) was achieved, with E. coli DH5α accumulating ca. 
99.7% of the metal ions from solution while E. coli ATCC25922 and E. coli BL21DE3 adsorbed 
94.4% and 93.4% of the Pd ions, respectively (Figure 4-1a). A maximum capacity between 
45.6 to 50.6 mgPd(II) adsorbed/gDCW was achieved across all microbial strains.   

To further assess the adsorption capabilities of the three microbial strains, a higher metal 
loading was considered. The higher metal loading ensures a greater driving force for 
adsorption. However, depending on the metal (and its use within the bacterial cell) a higher 

a) b) 

  
Figure 4-1 Adsorption of Pd(II) on E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 (�) performed at 30oC and 120 rpm. Where a) is the percentage 
of Pd ions adsorbed over time and b) is the adsorption capacity qt (mgPd(II) adsorbed/gDCW) with time. A 2 mM sodium tetrachloropalladate solution (pH2.3) was used 
as the metal precursor. A constant dry cell weight (DCW) of 0.2 g was maintained  at the 5% (w/w) Pd loading 

a) b) 

  

Figure 4-2 Adsorption of Pd(II) onto E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 (�) was performed at 30oC and 120 rpm. Where a) is the percentage 
of Pd ions adsorbed over time and b) is the adsorption capacity qt (mgPd(II) adsorbed/gDCW) with time. A  2 mM sodium tetrachloropalladate solution (pH 2.3) was 
used as the metal precursor. A constant dry cell weight (DCW) of 0.07 g was maintained at the 25% (w/w) Pd loading 
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loading could impair the metabolic state and may influence the adsorptive properties of the 
bacterial cells. To determine the influence of a higher metal loading on the adsorption kinetics 
of E. coli DH5α, E. coli ATCC25922 and E. coli BL21DE3 the amount of Pd was increased 
from 5% (w/w) to 25% (w/w). The kinetics of the system was observed under similar conditions 
to those used previously at the 5% (w/w) metal loading (Figure 4-2). 

Table 4-1 The initial rate of adsorption on E. coli DH5α, E. coli ATCC25922 and E. coli BL21DE3 at a 25% (w/w) Pd loading 

Microbial strain Initial rate of adsorption 

 (mgPd(II) adsorbed/gDCW.min) 

E. coli DH5α 222.8 

E. coli ATCC25922 177.8 

E. coli BL21DE3 162.5 

At a 25% (w/w) loading of Pd(II) all three E. coli strains experienced similar rapid adsorption 
within the first 0-2 minutes of metal exposure (Figure 4-2 and Table 4-1). The fast uptake 
noted across both Pd loadings indicated that all microbial strains exhibited a strong affinity for 
the metal. E. coli ATCC25922 and E. coli BL21DE3 had similar rates of adsorption (170.1 ± 
10.8 mgPd(II) adsorbed/gDCW.min) while the rate of adsorption by E. coli DH5α was 1.3 times faster 
than the aforementioned strains (Table 4-1). Unlike the 5% (w/w) loading (Figure 4-1) where 
equilibrium was achieved on all strains after the initial rapid accumulation of metal ions, a 
plateau in the amount of Pd(II) ions adsorbed was not noted on E. coli DH5α and E. coli 
BL21DE3 at the higher loading (Figure 4-2). E. coli DH5α and E. coli BL21DE3 reached a 
maximum capacity of 133.4 mgPd(II) adsorbed/gDCW and 140.0 mgPd(II) adsorbed/gDCW after the 
biosorption period. The capacity of the two strains was approximately 2.6-2.8 times higher 
than what was noted at the lower metal loading. However, at the 25% (w/w) loading the amount 
of Pd ion adsorbed on E. coli DH5α and E. coli BL21DE3 was approximately halved (to 44.4% 
and 53.5% respectively) from the  near complete adsorption at the 5% (w/w) loading (Figure 
4-1, Figure 4-2).  

Although the initial capacities of all the microbial strains were similar (112.5 ± 4.4 mgPd(II) 

adsorbed/gDCW), the capacity of E. coli ATCC25922 dropped by 14.5% after initial exposure to the 
metal, lowering the percentage of Pd adsorbed to 27.9% from 42.4% over 5 minutes (Figure 
4-2.a). The decrease in capacity was indicative of desorption of the Pd(II) ion from the 
microbial support and was likely due to the activation of detoxification pathways within the 
bacterial cells to maintain metabolic activity. This rapid decline in capacity was not noted at 
the 5% (w/w) Pd loading on E. coli ATCC25922 where the strain achieved 94.4% adsorption 
of the Pd ion. After the desorption of Pd(II) ions from E. coli ATCC25922 an equilibrium was 
reached that corresponded to a maximum capacity of  78.3 mgPd(II) adsorbed/gDCW. This capacity 
was only 1.6 times greater than at the 5% (w/w) loading. The limitation in the amount of Pd 
adsorbed at the 25 % (w/w) loading indicated that the active sites available on the cells were 
over saturated. 
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To quantify the maximum capacity and tolerance of each of the E. coli strains for Pd(II), the 
adsorption of Pd(II) at equilibrium was investigated. In generating these equilibrium isotherms, 
biosorption protocols in Section 3.3.2 were followed. The initial metal ion precursor was varied 
between 1 mM and 10 mM (1 mM, 2 mM, 5 mM, 7 mM and 10 mM) maintaining a constant 
volume-to-mass ratio of the metal ions in solution and the cell mass. The resulting microbe-
metal complexes were incubated under anoxic conditions at 30oC and 120 rpm. Initial 
equilibrium was established within 5-10 minutes, after which point a slight shift in equilibrium 
capacity was still possible. Previous investigations of similar adsorption environments showed 
that stabilization of the ion adsorbed only occurred after 4 days (De Vargas et al., 2004). As 
such, biosorption was extended over the same period to ensure that the system achieved a 
stable equilibrium point. This is referred to as the true equilibrium (De Vargas et al., 2004). 
After this period samples were extracted and the residual metal ions in solution were 
determined using the SnCl2 assay. From this, the relationship between the Pd(II) adsorbed 
onto the support and the residual metal ion concentration in solution at equilibrium was 
established (Figure 4-3). 

 
Figure 4-3 Equilibrium adsorption of Pd(II) on E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 (�). The initial Pd ion 
concentration was varied from 1 mM, 2 mM, 5 mM, 7 mM, 10 mM (pH 2.3) as indicated. The dry cell weight (DCW) was kept constant (0.028 
g) across all concentrations.  The residual metal ion concentration was determined after a 4 day incubation period at 30oC and 120 rpm. 

Upon analysing the biosorption characteristics of each of the microbial strains E. coli  
ATCC2592 appeared to be the least efficient at accumulating Pd(II) ions in solution at the 5 
mM and 7 mM concentrations. E. coli BL21DE3 had the lowest capacity at the 10 mM 
concentration (187.5 mgPd(II) adsorbed/gDCW, Figure 4-3). In comparison, at an initial metal ion 
concentration of 10 mM Pd(II), E. coli ATCC25922 and E. coli DH5α strains had a maximum 
capacity of 192.4 mgPd(II) adsorbed/gDCW and 237.5 mgPd(II) adsorbed/gDCW, respectively. These two 
microbial strains did not reach a stable plateau when exposed to similar concentrations of ion 
precursor. This indicated that these two scaffolds potentially had capacity to further adsorb 
metal cations from solution. In a similar study, De Vargas et al. (2004) noted that D. 
desulfuricans was the most effective strain in both capacity and efficiency of adsorption than 
any of the other Desulfovibrio strains investigated. D. desulfuricans was able to adsorb 90% 
of Pd(II) in less than 15 minutes to reach a maximum capacity of 160 mgPd(II) adsorbed/gDCW. 
Although similar to the efficiency and rapid adsorption noted on the strains investigated in 
Figure 4-3, the E. coli scaffolds in this study surpassed what was previously achieved by De 
Vargas et al. (2004). This establishes E. coli as a more effective bacterial scaffold. Of the three 
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microbial strains E. coli DH5α had the greatest affinity for the Pd ion. In the context of 
bioremediation this strain would be the most efficient as it can remove more metals from 
solution per gram of cells.  

4.2.2 Model fitting for Pd adsorption on E. coli 

Predictive adsorption models are related to the mass transfer of the adsorbate onto the 
adsorbent (Section 2.5). Common kinetic models include the Pseudo-first order, Pseudo-
second order, Elovich and Intra-particle diffusion (IPD) models. These are typical L-shape 
models that are used mainly to determine the rate of removal of pollutants from waste streams. 
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich (D-R) are predictive models that 
define adsorption at equilibrium and further consider the type of interactions that occur 
between the adsorbate and adsorbent. These models are often described using the general 
linear form given in Equation 4-1 and are summarized by the equations in Table 4-2.  

> = @A + B Equation 4-1 

where Y is the dependent variable and X the independent variable. 
 

Table 4-2 Summary of predictive kinetic and equilibrium model equations that describe adsorption. All model constants (qt, k1, k2, qe(exp), *, 
), f, c, qmax, b, kf, n, bt, BT, at/AT,*+,- qD) are defined in the glossary  

Model Equation 

Pseudo-first order  

Pseudo-second order 
 

Elovich 
 

Intra-particle diffusion  

Langmuir 
 

Freundlich  

Temkin 
 

Dubinin-Radushkevich  

These models may be used to predict the influence of altering reaction environments on 
adsorption as well as provide an insight into the mechanism of adsorption; and the suitability 
of the selected strain as a support for the biofabrication of nanoparticles. The affinity of Pd to 
the different E. coli strains was determined based on the capacity of the cells and the rate at 
which the metal absorbed to the cells. This provided a common reference for comparison 
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across the various supports. In this investigation, the difference between the predictive model 
and the observed results was quantified by the sum of squared errors (SSE; Equation 4-2). 
The SSE is used to measure the goodness of fit of the model output. Similarly, the model 
parameters were determined by minimising the difference between the experimental and 
modelled data points using non-linear least square regression. The Chi-squared test, a 
normalization of Equation 4-2, was further used to determine statistical significant difference 
between the observed results and the predictive model (Equation 4-3) 

00C = 	D(>FGH − >IJKFL)
2

NOP

NO<

 Equation 4-2 

Q2 = 		D
(>FGH − >IJKFL)

2

>IJKFL

NOP

NO<

 Equation 4-3 

In Equation 4-2 and Equation 4-3 Ymodel is defined as the dependent variable in the model 
equation (Table 4-2) and Yexp is the corresponding value obtained after experimental analysis. 
Once regression was performed, the fit of the model was assessed according to the co-
efficient of determination (R2, Equation 4-4) and the average absolute relative deviation 
(AARD, Equation 4-5) 

R2 = 1 −
∑(>FGH − >IJKFL)

2

∑( >FGH − >UVW)
2

 Equation 4-4 

 

(XXRY) =
100

1
[
>IJKFL − >FGH

>FGH
[ Equation 4-5 

where R2 is the variation in the regressed values from the experimental data points and n is 
the number of data points obtained during the experiments. The AARD assesses the 
dispersion of experimental data providing an indication of variability. These factors also 
provided a measure of the effectiveness of the model at predicting the applied case.  

Using this regression technique, the kinetic data was analyzed and a suitable model was 
selected to describe adsorption of Pd(II), for both metal loadings, on all E. coli strains (Table 
4-3, Table 4-4, Table 4-5). With coefficients of determination R2 close to 1.0, a minimized Chi-
squared and AARD, the Elovich, Pseudo-first and Pseudo-second order models were all good 
fits and therefore appropriately representative of the type of adsorption that occurred across 
all strains at the 5% (w/w) Pd loading (Table 4-3). These three models were similarly 
representative of the adsorption that occurred at higher Pd(II) concentrations (25% w/w 
loading, Table 4-4). However, the randomness in the residuals for the non-linear Elovich model 
indicated that this model was more suitable in describing the adsorption of the metal ion onto 
the different supports. A pitfall of this model is that it cannot predict adsorption at the initial 
time point, (t = 0). However, of the three models, it was the only model that adequately 
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described the desorption of Pd that was observed with E. coli ATCC25922 at the 25% (w/w) 
loading (Figure 4-7). 

The Elovich, Pseudo-first and Pseudo-second order models are  inherently similar in that each 
model has the underlying assumption that chemisorption of the adsorbate occurs onto the 
heterogenous adsorbent surface. According to Bunge et al. (2010) and Rotaru et al. (2012), 
the Pd ions passively adsorb on amine and hydroxyl functional groups on the cell surface. 
Consequently, the availability of binding sites for each of the microbial strains was assessed 
using FTIR to determine whether there was any significant difference in accessible functional 
groups (Figure 4-4). 

 

Figure 4-4 FTIR analysis of the microbial strains E. coli DH5α ( ), E. coli ATCC25922 ( ) and E. coli BL21DE3 (• • •)  

FTIR analysis on the E. coli showed similar profiles across each of the strains indicating that 
the functional groups on the cell surfaces are similarly distributed. A stretch between 3500 – 
3000 cm-1 on the FTIR spectrum confirmed that hydroxyl and amine groups are prevalent on 
E. coli (Figure 4-4). As the intensity of the peaks is a function of type and volume of binding 
sites that exist across the microbial strains, all microbial scaffolds have similar composition 
and volume of function groups. As a consequence, all the microbial strains investigated had 
similar adsorption capacities at the 5% (w/w) metal loading that likely occurred via 
chemisorption (Figure 4-1).  

From the adsorption isotherm models considered, it was clear that adsorption of Pd(II) on  E. 
coli DH5α, E. coli ATCC25922, and E. coli BL21DE3 at equilibrium was best described by the 
Temkin model (Table 4-6). This model accounts for any interactions between adjacently 
adsorbed metal ions and assumes that the heat of adsorption, BT, increases or decreases 
linearly with surface coverage. For Pd on E. coli DH5α, E. coli ATCC25922, and E. coli 
BL21DE3, BT was positive therefore the heat of adsorption increased with coverage on the 
support (Table 4-6). Although both the Langmuir and the Freundlich models reasonably fit the 
data, these were not applicable as these models do not account for any potential interactions 
that may occur between adsorbed molecules. 
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 Pseudo-first order Pseudo-second order 
 k1 (min-1) qe (exp) 

(mg/g) 
Residual 
pattern !" R2 AARD k2 

qe (exp) 
(mg/g) 

Residual 
pattern !"	 R2 AARD 

E. coli DH5$ 0.7 51.0 Uncertain 7.7x10-4 1.0 0.9% 0.3 51.0 Uncertain 5.1x10-4 1.0 0.6% 
E. coli ATCC25922 3.6 50.0 No 7.4x10-3 1.0 2.7% 0.4 50.0 No 6.4x10-3 1.0 2.6% 

E. coli BL21DE3 0.7 46.0 Yes 5.8x10-3 1.0 2.4% 0.1 46.0 Uncertain 1.7x10-3 1.0 1.2% 
 Elovich model (@ Boundary conditions) Intra-particle diffusion 
 % (g/mg) $ 

(mg/g.min) 
Residual 
pattern !" R2 AARD f  

(mg/g.min0.5) C Residual 
pattern !"	 R2 AARD 

E. coli DH5$ 2.2 3.7x1046 No 1.9x10-4 1.0 0.4% 5.7 23.6 Yes 0.7 0.5 13.7% 
E. coli ATCC25922 2.3 3.7x1046 Uncertain 1.5x10-3 1.0 1.1% 4.2 27.3 Yes 0.9 0.4 13.5% 

E. coli BL21DE3 0.6 1.0 x1011 No 3.3x10-3 1.0 1.2% 4.0 23.8 Yes 0.7 0.5 11.8% 
 
 

A)         B)        C)  

  

 

Figure 4-5 Fit of  Pseudo-first order (   • ), Pseudo-second order (• • • •) Elovich ( ) and the Intra-particle diffusion ( ) kinetic models to experimentally determined adsorption of Pd ions (¨) at a 5% (w/w) loading onto A) E. coli DH5α 
, B) E. coli ATCC25922 C) E. coli BL21DE3 scaffolds. The fit of the model was achieved by using the model parameters obtained after non-linear regression analysis.  

 
 

Table 4-3  Kinetic model fit to the experimental adsorption of Pd(II) at a 5% (w/w) loading onto the various E. coli strains.  Where model constants k1, k2, qe (exp), ' , (, f and c were determined by non-linear regression  
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 Pseudo-first order Pseudo-second order 
 k1 (min-1) qe (exp) 

(mg/g) 
Residual 
pattern !" R2 AARD k2 

qe (exp) 
(mg/g) 

Residual 
pattern !" R2 AARD 

E. coli DH5$ 3.2 140.0 Yes 0.1 0.9 7.1% 0.05 140.0 Yes 0.1 0.9 6.8% 
E. coli ATCC25922 8.9 109.0 Uncertain 0.2 0.8 6.7% 40.0 109.0 Uncertain 0.2 0.8 6.7% 

E. coli BL21DE3 3.0 124.0 Yes 3.4x10-2 1.0 5.5% 0.05 124.0 Yes 2.9x10-2 1.0 5.4% 
 Elovich model (@ Boundary conditions) Intra-particle diffusion 
 % (g/mg) $ 

(mg/g.min) 
Residual 
pattern !"	 R2 AARD f 

(mg/g.min0.5) C Residual 
pattern !"	 R2 AARD 

E. coli DH5$ 0.9 1.9 x1048 Yes 2.8x10-2 1.0 5.5% 12.5 64.9 Yes 0.2 0.6 11.4% 
E. coli ATCC25922 1.4 3.7 x1050 Uncertain 2.1x10-1 0.8 13.6% 3.4 59.7 Uncertain 0.5 0.1 8.9% 

E. coli BL21DE3 0.5 2.0 x1026 Yes 5.0x10-2 1.0 7.7% 10.4 62.4 Yes 0.2 0.5 11.7% 
 

     A)       B)      C)  

   

Figure 4-6  Fit of  Pseudo-first order (   • ), Pseudo-second order (• • • •) Elovich ( ) and the Intra-particle diffusion ( ) kinetic models to experimentally determined adsorption of Pd ions (¨) at a 25% (w/w) loading onto A) E. coli DH5α , 
B) E. coli ATCC25922 C) E. coli BL21DE3 scaffolds. The fit of the model was achieved by using the model parameters obtained after non-linear regression analysis.  

 
 
 
 

Table 4-4 Kinetic model fit to the experimental adsorption of Pd(II) ions at a 25% (w/w) loading onto the various E. coli strains. Where the model constants k1, k2, qe (exp), ' , (, f and c were determined by non-linear regression  
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 Pseudo-first order Pseudo-second order 
 k1 (min-1) qe (exp) (mg/g) Residual 

pattern !" R2 AARD k2 qe (exp) (mg/g) Residual 
pattern !" R2 AARD 

L1 91.7 109.0 - - 1.0 - 40.0 109.0 - - 1.0 - 
L2 6.0 109.0 - 0.1 0.6 26.9% -0.5 109.0 - 0.1 0.04 28.0% 
L3 0.05 109.0 - 1.1 -0.5 31.3% 0.02 78.0 - 0.5 0.0 40.6% 

Overall   Yes 1.2 0.5 30.2%   Uncertain 0.6 0.5 37.5% 
 Elovich model (@ Boundary conditions) Intra-particle diffusion 
 % (g/mg) $ 

(mg/g.min) 
Residual 
pattern !" R2 AARD f (mg/g.min0.5) C Residual 

pattern !" R2 AARD 

L1 0.1 3.7 x106 - -0.1 1.0 - 109.0 4.0 - -0.1 1.0 - 
L2 -0.1 -6.4 x10-2 - 1.5x10-2 1.0 4,8% -29.8 138.0 - 1.5x10-2 1.0 0,6% 
L3 0.3 4.5 x109 - 6.5x10-3 0.7 1,8% 1.4 68.5 - 6.5x10-3 0.6 2,0% 

Overall   No 2.2x10-2 1.0 2,6%   No 2.2x10-2 1.0 2,1% 

 

 

Figure 4-7 Fit of Pseudo-first order (   • ), Pseudo-second order (• • • •) Elovich ( ) and the Intra-particle diffusion ( ) kinetic models to experimentally determined  adsorption of Pd ions (¨) at a 25% 
(w/w) loading onto E. coli ATCC25922. The fit of the model was achieved by using the model parameters obtained after non-linear regression analysis. The kinetic trend was sectioned in regions L1, L2 and L3 

Table 4-5 Kinetic model fit to the experimental adsorption of Pd(II) ions at a 25% (w/w) loading onto the E. coli ATCC25922. Where the model constants k1, k2, qe (exp), ' , (, f and c were determined by non-linear regression  
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Table 4-6 Isotherm model fit to the experimental adsorption of Pd(II) at equilibrium. Where the model constants qmax, b, kf, n, bt BT, at/AT, ' and qD were determined by non-linear regression  
 Langmuir Freundlich 
 b 

(L/mg) qmax (mg/g) Residual 
pattern !" R2 AARD n kf 

Residual 
pattern !" R2 AAR

D 
E. coli DH5$ 5.6 245 Yes 87.3 0.9 24.0% 3.3 187.1 Yes 13.5 1.0 21.6% 

E. coli ATCC25922 3.2 202 Yes 29.2 0.9 21.7% 3.1 127.1 Yes 4.8 1.0 12.3% 
E. coli BL21DE3 4.7 203 Yes 9.88 1.0 17.9% 3.0 143.0 Yes 36.9 0.8 33.7% 

 Temkin Dubinin-Radushkevich 
 BT 

(J/mol) AT/at 
Residual 
pattern !" R2 AARD % (mol2/J2) qD (mg/g) Residual 

pattern !" R2 AAR
D 

E. coli DH5$ 36.8 198.2 Uncertain 11.6 1.0 16.8% 1.5x10-8 206.1 Uncertain 22.5 0.9 20.1% 
E. coli ATCC25922 31.9 87.4 Uncertain 1.3 1.0 3.9% 2.2x10-8 167.3 Uncertain 9.6 0.9 9.6% 

E. coli BL21DE3 41.0 46.2 Uncertain 15.0 0.9 21.2% 3.4x10-8 200.0 Uncertain 4.9 1.0 11.7% 
 

 

    A)   B) C) 

   
Figure 4-8   Fit of Langmuir (   • ),  Freundlich (• • • •)   Temkin ( )  and the  Dubinin-Radushkaveich ( ) isotherm models to experimentally determined  adsorption of Pd ions (¨) onto A) E. coli DH5α , B) E. coli ATCC25922 C) E. coli BL21DE3 
scaffolds. The fit of the model was achieved by using the model parameters obtained after non-linear regression analysis.  



Biosorption of Pd and Au on E. coli 06 June 2021 

62   

4.3 Adsorption of Au on E. coli scaffolds  

4.3.1 Adsorption kinetics and equilibrium isotherm analysis  

The affinity of E. coli strains for Au(III) was also investigated by observing the kinetics and 
maximum capacity of the microbial strains for this cation. Au(III) adsorption was initiated by 
the addition of a constant mass of cells to a predetermined volume of Au(III) ion precursor in 
accordance with methods outlined in Section 3.3.2. During the incubation period, 0.5 ml 
aliquots were extracted and analyzed using a colorimetric thiamine-phloxine B assay to 
quantify the residual metal ion concentration in solution. From these analyses the amount of 
Au(III) adsorbed by each of the microbial strains was determined over time (Figure 4-9, Figure 
4-10).  

a) b) 

  

Figure 4-9 Adsorption of Au(III)  on E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 (�) was performed at 30oC and 120 rpm. Where a) is 
the percentage of Au(III) ions adsorbed over time and b) is the adsorption capacity qt (mgAu(III) adsorbed/gDCW) with time. A 1 mM gold(III) tetrachloroaurate 
trihydrate solution (pH 2.3) was used  as the metal precursor. A constant dry cell weight (DCW) of 0.14 g was maintained at a 5% (w/w) Au loading, 

From Figure 4-9, it was clear that the adsorption of Au(III) ions at the lower loading onto the 
various E. coli strains occurred within 2-4 minutes of exposure after which a maximum capacity 
was reached as the adsorption approached a plateau. For each of the strains considered, the 
adsorption capacity did not exceed more than half of the total ions in solution (Figure 4-9.a). 
E. coli ACC25922 showed the greatest affinity for Au(III) by adsorbing ca. 45.6% of the cations 
from solution with a maximum capacity of 28.2 mgAu(III) adsorbed/gDCW. This was followed 
by E. coli DH5α, with a maximum adsorption capacity of 22.3 mgAu(III) adsorbed /gDCW, which was 
equivalent to 31.1% of Au(III) in solution. In contrast to these two scaffolds, only ca. 4.0% of 
Au(III) was adsorbed by E. coli BL21DE3, which achieved the lowest capacity of 2.4 mgAu(III) 

adsorbed/gDCW.  

An investigation by Nakajima (2003) similarly noted kinetic and equilibrium adsorption 
parameters for Au(III) on E. coli IAM 1264. In comparison to the current study, E. coli IAM 
1264 achieved a maximum capacity of 64 mgAu(III) adsorbed /gDCW, more than twice as much as 
what was achieved by E. coli ATCC25922 at the corresponding metal loading. From these 
results, it was evident that the selected cell strain for the adsorption of Au(III) had a direct 
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impact on the adsorption efficiency and capacity. The results showed that E. coli BL21DE3 
has a very low affinity for Au(III), indicating that at this loading the microbial  strain would not 
be suitable as a scaffold for the biofabrication of Au nanocatalysts. However, the low affinity 
noted across each of the E. coli strains for this metal may have also been likely as a result of 
the low Au loading, which limits the driving force for mass transfer of the ions to the support. 

To determine the influence of a higher Au(III) loading on the adsorption capabilities of the three 
microbial strains, the metal loading was increased to 25% (w/w) (Figure 4-10). 

a) b) 

  

Figure 4-10 Adsorption of Au(III) on E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 (�) was performed at 30oC and 120 rpm. Where a) is 
the percentage of Au(III) adsorbed over time and b) is the adsorption capacity qt (mgAu(III) adsorbed/gDCW) with time. A 1 mM gold tetrachloroaurate solution (pH 
2.3) was used as the metal precursor. A constant dry cell weight (DCW) of 0.07 g was maintained at a 25% (w/w) Au loading  

As with the 5% (w/w) metal loading, a rapid initial adsorption was also noted at the 25% (w/w) 
loading for Au(III) on E. coli DH5α, E. coli ATCC25922 and E. coli BL21DE3 between 0-2 
minutes (Figure 4-10). During this time, E. coli DH5α achieved a rate that was almost 2.3-3.3 
times faster than the other microbial strains (Table 4-7). However, a sudden release of the 
precursor back into solution was observed following the initial adsorption from the E. coli DH5α 
and E. coli ATCC25922 strains. This desorption of Au decreased the amount of the metal 
adsorbed onto E. coli DH5α from 85.9% to 48.4% and from 63.7% to 33.7% on E. coli 
ATCC25922 (Figure 4-10.a). This final amount adsorbed was only approximately 10% higher 
than the Au ion absorbed at the 5% (w/w) loading. The maximum capacities for E. coli DH5α 
and E. coli ATCC25922 were therefore limited to 161.7 mgAu(III) adsorbed/gDCW and 88.6 mgAu(III) 

adsorbed/gDCW, respectively (Figure 4-10.b).  

Elevated concentrations of the Au metal ion in solution appears to trigger a detoxification 
response in E. coli DH5α and E. coli ATCC25922. This expulsion of the ion is to avert any 
compromise in metabolic activity. In comparison, E. coli BL21DE3 retained the majority of the 
Au(III) at the 25% (w/w) metal loading, adsorbing 72.1% of the metal ion while maintaining a 
capacity of 197.4 mgAu(III) adsorbed/gDCW. The capacity was nearly 82 times greater than the 
capacity at the 5% (w/w) Au loading for this strain (Figure 4-9).  
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Table 4-7 The initial rate of adsorption on E. coli DH5α E. coli ATCC25922 and E. coli BL21DE3 at a 25% (w/w) Au loading 

Microbial strain 
Initial rate of adsorption 

 (mgAu(III) adsorbed/gDCW.min) 

E. coli  DH5α 783.6 

E. coli ATCC25922 235.7 

E. coli  BL21DE3 335.6 

At lower loadings  preferential adsorption of Pd(II) onto E. coli occurs by active bacterial cells 
that mistakenly absorb Pd in place of similarly structured Ni cations commonly used during 
protein synthesis (Torgeman, 2017). In contrast, a vastly different adsorption mechanism for 
the Au metal is observed. Establishing a potential mechanism as well as the tolerance of 
microbial strains to Au(III) was therefore investigated by varying the initial precursor 
concentration between 1-10 mM (1, 2, 5, 7 and 10 mM). From this the residual metal ion 
concentration at equilibrium was assessed (Figure 4-11). 

 

Figure 4-11 Equilibrium adsorption of Au (III) on E. coli DH5α (l), E. coli ATCC25922 (n) and E. coli BL21DE3 (�). The initial Au (III) 
ion concentrations was varied from 1 mM, 2 mM, 5 mM, 7 mM, 10 mM (pH 2.3). The dry cell weight (DCW) was kept constant (0.028 g) 
across all concentrations. The residual metal ion concentration was determined after 4 days of incubation at 30oC and 120 rpm.  

From Figure 4-11 it was evident that, apart from the 1 mM and 5 mM concentrations, E. coli 
DH5α had the highest capacity for Au(III) for all metal precursor concentrations. It was 
expected that Au adsorption isotherms would exhibit similar characteristics to those observed 
for Pd. However, in comparison to Pd(II), where L-shaped adsorptive behaviour for each of 
the strains was observed, S-shaped isotherms were noted for Au(III). This indicated that the 
mechanism for the adsorption of Au(III) differed from that of Pd(II) (Figure 4-3, Figure 4-11). 
Corresponding to findings by Nakajima (2003), the Au(III) concentration range clearly 
impacted adsorption. As the metal ion concentration was increased a sigmoidal isotherm 
similarly evolved in this study with the maximum capacity for Au(III) appearing to continuously 
increase with increasing ion concentration (Giles et al., 1922; Kumar et al., 2011; Limousin et 
al., 2007; Nakajima, 2003). This S-shaped trend was presumed to be a product of co-operative  
adsorption. In an attempt to model this non-uniform behaviour of the Au ions onto the biological 
supports, the four kinetic and isotherm models used to describe the affinity of Pd to the 
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microorganism surfaces was similarly applied to determine the kinetic parameters for Au 
(Figure 4-9, Figure 4-10, Figure 4-11) 

4.3.2 Model fitting for Au adsorption on E. coli  

Predictive models were used to gain insight into the underlying mechanisms regulating the 
adsorption of the Au(III) ions onto the E. coli scaffolds. Through the process of non-linear 
regression, kinetic model fits were assessed by comparing the R2, AARD, Chi-squared and 
residuals for the Pseudo-first order, Pseudo-second order, Elovich and  IPD models (Table 
4-8, Table 4-9, Table 8-10, Table 8-11). 

At the higher metal loading, multiple areas of linearity observed upon adsorption onto E. coli 
ATCC25922 and E. coli DH5α (Figure 4-14 a and b), indicated that adsorption was governed 
by different stages of mass transfer to and from the support. As such, the observed adsorption 
trends were segmented into three regions L1, L2, and L3 to gain clearer understanding of this 
non-uniform behaviour (see Figure 4-12 and Appendix E:). Thereafter, kinetic models were 
applied over each region. Of the four kinetic models, the Elovich model was found to be the 
most appropriate for predicting the adsorption of Au(III) onto E. coli DH5# and E. coli 
ACC25922 at both loadings (Figure 4-12, Table 4-8, Table 4-9, Table 8-10, Table 8-11).  In 
comparison to E. coli ATCC25922 and E. coli DH5#, none of the investigated models were 
suitable in describing the adsorption of Au(III) onto E. coli BL21DE3 at the lower metal loading. 
This was likely due to the negligible amount of Au(III) adsorbed onto this microbial strain 
(Figure 4-10). As noted with Pd adsorption, although the Elovich model appropriately 
described adsorption onto E. coli DH5# and E. coli ACC25922, the model could not effectively 
predict the instantaneous adsorption observed near time zero. 

 

With an R2 close to 1, and a minimized AARD and Chi-squared, the Pseudo-First order and 
Pseudo-Second order models also achieved a representative fit for the adsorption of Au(III) 
onto E. coli ACC25922 and E. coli DH5# at the lower loading, and similarly for E.coli BL21DE3 
at the higher loading  (Table 4-8,  Figure 4-13 a and b). Given that Au(III) adsorption followed 
the Elovich, Pseudo-First order and Pseudo-Second order kinetics, a common assumption 

A) B) 

  
Figure 4-12 Fit of  Pseudo-first order (   • ), Pseudo-second order (• • • •) Elovich ( ) and the Intra-particle diffusion ( ) 
kinetic models to experimentally determined adsorption of Au ions (¨) at a 25% (w/w) loading onto A) E. coli DH5α , B) E. coli ATCC25922 
scaffolds. The fit of the model was achieved by using the model parameters obtained after non-linear regression. The kinetic trend was 
sectioned in regions L1, L2 and L3. 
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across these models is that chemisorption was likely the governing mechanism of adsorption 
onto these scaffolds. Au(III) ions are known to coordinate to functional groups such as thiol 
which are abundant in the cell (De Vargas et al., 2004; Rotaru et al., 2012). Upon assessment 
of the model fits at the higher metal loading (Figure 4-9), the pseudo second order model 
equation was not able to adequately predict desorption of Au(III) from E. coli ACC25922 and 
E. coli DH5# (Figure 4-14. a and b). Despite the challenges in modeling adsorption near t=0, 
the Elovich model was still effective in describing adsorption after this time point as well as 
desorption at the higher Au loading (Figure 4-14). However, none of the models considered, 
including the Elovich model was universally applicable at either precursor loading. A better 
understanding of the mechanism of adsorption of Au can be obtained at equilibrium (Table 
4-10, Figure 4-15) 
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Table 4-8 Kinetic model fit to the experimental adsorption of Au(III) ions at a 5% (w/w) loading onto the various E. coli strains. Where the model constants k1, k2, qe (exp), β , α, f and c were determined by non-linear regression 
 

 Pseudo-first order Pseudo-second order 
 k1 (min-1) qe (exp) (mg/g) Residual pattern #$ R2 AARD k2 qe (exp) (mg/g) Residual 

pattern #$ R2 AARD 
E. coli DH5% 0.5 23.0 No 4.4x10-2 1.0 5.3% 0.05 23.0 No 2.1x10-2 1.0 3.4% 

E. coli ATCC25922 1.5 29.0 No 1.2x10-2 1.0 3.4% 0.1 29.0 No 9.6x10-3 1.0 2.9% 
E. coli BL21DE3 0.1 2.5 Yes 0.4 0.5 29.2% 0.07 2.5 Yes 0.3 0.6 25.5% 

 Elovich model (@ BC) Intra-particle diffusion 
 & (g/mg) %	(mg/g.min) Residual pattern #$ R2 AARD f (mg/g.min0.5) C Residual 

pattern #$ R2 AARD 
E. coli DH5% 0.2 35.6 No 0.1 0.9 8.0% 2.7 6.9 Yes 0.6 0.6 11.5% 

E. coli ATCC25922 2.3 1.5 x1026 Uncertain 1.4x10-3 1.0 0.9% 1.0 24.0 Yes 0.9 0.2 4.6% 
E. coli BL21DE3 4.0 10.2 No 0.4 0.7 22.6% 0.2 0.5 Yes 0.7 0.4 26.9% 

 

 

    A) 

 

   B)    C) 

   

Figure 4-13 Fit of Pseudo-first order (   • ), Pseudo-second order (• • • •) Elovich ( ) and the Intra-particle diffusion ( ) kinetic models to experimentally determined adsorption of Au ions (¨) at a 5% (w/w) loading onto A) E. coli 
DH5α , B) E. coli ATCC25922 C) E. coli BL21DE3 scaffolds. The fit of the model was achieved by using the model parameters obtained after non-linear regression analysis.  
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Table 4-9 Kinetic model fit to the experimental adsorption of Au(III) ions at a 25% (w/w) loading onto the various E. coli strains. Where the model constants k1, k2, qe (exp), β , α, f and c were determined by non-linear regression 
 

 Pseudo-first order Pseudo-second order 
 k1 (min-1) qe (exp) (mg/g) Residual 

pattern #$ R2 AARD k2 qe (exp) 
(mg/g) 

Residual 
pattern #$ R2 AARD 

E. coli DH5% 200.1 235.0 Yes 0.9 0.3 47.9% 10.0 235.0 Yes 0.9 0.2 47.9% 
E. coli ATCC25922 100.0 157.0 Yes 1.1 0.2 58.9% 40.0 157.0 Yes 1.1 0.2 58.9% 

E. coli BL21DE3 6.6 201.0 No 6.2x10-3 1.0 2.2% 0.2 201.0 No 5.8x10-3 1.0 2.2% 
 Elovich model (@ Boundary conditions) Intra-particle diffusion 
 & (g/mg) % 

(mg/g.min) 
Residual 
pattern #$ R2 AARD f (mg/g.min0.5) C Residual 

pattern #$ R2 AARD 

E. coli DH5% 0.6 5.0 x1050 Yes 0.3 0.7 25.7% 2.8 180.2 Yes 1.2 0.7 28.3% 
E. coli ATCC25922 1.5 3.3 x1062 Yes 0.3 0.7 13.7% 0.6 96.2 Yes 0.9 0.7 14.2% 

E. coli BL21DE3 0.1 7.9 x1011 No 1.7x10-2 1.0 2.9% 0.1 195.1 No 1..0 1.0 1.1% 

 

 

 

      A)       B)         C)  

   

Figure 4-14  Fit of  Pseudo-first order (   • ), , Pseudo-second order (• • • •) Elovich ( ) and the Intra-particle diffusion ( ) kinetic models to experimentally determined adsorption of Au ions (¨) at a 25% (w/w) loading onto A) E. 
coli DH5α , B) E. coli ATCC25922 C) E. coli BL21DE3 scaffolds. The fit of the model was achieved by using the model parameters obtained after non-linear regression analysis.  



Mivashya Govender  Biosorption of Pd and Au on E. coli 

  69 

Table 4-10  Isotherm model fit to the experimental adsorption of Au (III) at equilibrium. Where the model constants qmax, b, kf, n, bt BT, at/AT, ( and qD was determined by non-linear regression analysis  

 

 Langmuir Freundlich 
Support b (L/mg) qmax (mg/g) Residual pattern #$ R2 AARD n kf Residual pattern #$ R2 AARD 

E. coli DH5% 0.6 314.6 No -360.0 0.2 67.4% 0.4 55.0 No 299.6 0.6 27.7% 
E. coli ATCC25922 0.8 232.0 Uncertain 222.7 0.3 372.9% 0.5 31.8 No 886.4 0.4 93.4% 

E. coli BL21DE3 0.3 427.0 Yes 218.4 0.7 57.1% 0.6 24.2 Yes 548.2 0.6 30.2% 
 Temkin Dubinin-Radushkevich 

Support BT (J/mol) at Residual pattern #$ R2 AARD & (mol2/J2) qD(mg/g) Residual pattern #$ R2 AARD 
E. coli DH5% 7.7 1.2 No 214.1 0.6 32.0% 8.1 x10-7 732.4 No 245.4 0.6 33.2% 

E. coli ATCC25922 17.3 1.8 No 224.3 0.6 251.1% 5.5 x10-7 334.3 No 384.8 0.5 161.1% 
E. coli BL21DE3 14.0 1.1 Yes 159.6 0.8 32.3% 6.9 x10-7 315.0 Yes 153.4 0.8 34.7% 

 

A)  B)  C)  

   

Figure 4-15  Fit of  Langmuir (   • ),, Freundlich(• • • •),  Temkin ( ) and the Dubinin-Radushkaveich ( ) isotherm equilibrium models to experimentally determined adsorption of Au ions (¨) onto A) E. coli DH5α , B) E. coli ATCC25922 C) 
E. coli BL21DE3 scaffolds. The fit of the model was achieved by using the model parameters obtained after non-linear regression analysis.  
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From Table 4-10, it is apparent that none of the isotherm models considered are adequate to 
model the adsorption of Au onto any of the microbial scaffolds at equilibrium (Figure 4-15). As 
an S-class isotherm was noted on all strains, none of the models account for what is likely co-
operative adsorption of Au. Consequently, an alternative model, such as, the Fowler-
Guggenheim model that considers interactions between adsorbate molecules was applied. 

The Fowler-Guggenheim model was first developed by Fowler and Guggenheim (1956) and 
incorporates the lateral interaction of adsorbed molecules on the support (Beltrán-Heredia and 
Sánchez-Martín, 2009; Hamdaoui and Naffrechoux, 2007). The model describes the 
concentration of the adsorbate at equilibrium (Ce) as a function of coverage of the adsorbate 
in relation to the heat of adsorption (Equation 4-6 and Equation 4-7).  

 
Equation 4-6 

and  

 
Equation 4-7 

where kFG (L/mg) is the model equilibrium constant, w (kJ/mol) is the interaction energy 
between adsorbed molecules, R (kJ/mol.K) the universal gas constant and T (K) is the 
temperature of adsorption. In this model ! is dimensionless and defined as the coverage of 
the adsorbate on the support (Equation 4-6). The coverage is  as a function of the fraction of 
the total amount adsorbed at equilibrium qe relative to the maximum adsorption capacity qmax 
(Equation 4-7). Since w determines the interaction between absorbed species, a positive value 
indicates attractive interactions whereas a negative value indicates repulsive interaction 
between the adsorbed molecules. If the w value is zero the model reduces to the Langmuir 
model where no lateral interactions between molecules are assumed to occur (Ayawei et al., 
2017; Beltrán-Heredia and Sánchez-Martín, 2009; Hamdaoui and Naffrechoux, 2007).  
 
By incorporating lateral interactions between adsorbed Au(III) molecules, the Fowler-
Guggenheim model was able to achieve a reasonable fit to the experimental data across all 
microbial strains (Table 4-11). 

Table 4-11 Fowler-Guggenheim isotherm model fit to the experimental adsorption of Au(III) at equilibrium. Where !, qe, qmax, Ce, kFG, w, 
R and T are defined after non-linear regression analysis  

 Fowler-Guggenheim  
Support  kFG (L/mg) w (kJ/mol) qmax Residuals  "# R2  AARD 

E. coli DH5$ 0.07 -6.3 302.2 No 0.02 1.0 6.3% 
E. coli ATCC25922 0.03 -8.0 237.6 No 1.1 1.0 35.2% 

E. coli BL21DE3 0.04 -6.6 257.5 Uncertain -0.1 1.0 10.7% 
 

As the interaction energy w was negative for each of the strains, repulsive lateral interactions 
were likely observed between the adsorbed molecules. The equilibrium constants kFG in all 
cases were low and within the same magnitude. The low equilibrium constant in this model 

ln #
$%(1 − #)

= ln+,-.) −
20
12 #

! = #$
#%&'
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and the limited capacities observed for this metal (Figure 4-9, Figure 4-10), indicated that 
these microbial strains have a low affinity for Au ions in solution. 

In summary, it was shown that Pd and Au adsorption on all microbial strains occurred almost 
instantaneous as the cells were exposed to the precursors. E. coli ACC25922 had the greatest 
capacity for both Pd and Au at the 5% (w/w) loading. However this strain seemed to be least 
tolerant to higher metal loadings as rapid desorption of both metals occurred on this microbial 
strain. Kinetic modelling indicated that adsorption of the metals to the various E. coli cells was 
mostly likely by chemisorption onto functional groups of the cells’ organic matrix. Isotherm 
modelling also indicated that interactions between adsorbate molecules have an impact on 
the mechanism. The decline in the amount of Pd adsorbed from the 5% (w/w) to the 25% 
(w/w) loading (Figure 4-1, Figure 4-2) indicated that the bacterial cells were over saturated. 
Conversely, a greater affinity for adsorption was noted for the Au ions at the higher metal 
loading. Unlike Pd adsorption at equilibrium, a plateau was not reached for this noble metal. 
Rather a S-shaped isotherm was noted for Au adsorption. This indicated that the mechanism 
of adsorption was influenced by lateral interaction between the absorbed ion molecules 
thereby limiting efficient adsorption of this metal to each of the E. coli strains investigated. 
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Chapter 5 

5 Bioreduction and characterization  

5.1 Chapter Overview 

Several studies have considered the effect of electron donor as well as the influence of the 
variation of functional groups and hydrogenase activity on reduction across a range of 
microorganisms  (Deplanche et al., 2014; Deplanche and Macaskie, 2008; Kashefi et al., 2001; 
Yong et al., 2002a). It was noted that these factors impact reduction timeframes, influence the 
size and morphology of nanoparticles formed as well as the distribution of nanoparticles 
across the cell surface.  

Chemical and gaseous electron donors such as lactate, formate, and hydrogen are commonly 
used in the biofabrication of nanoparticles (Liamleam and Annachhatre, 2007). Hydrogen is 
the preferred electron donor in acidic metal ion solutions, such as metal-rich waste leachates, 
as it is closely associated with the maintenance of hydrogenase activity in acidic environments 
(Yong et al., 2002a). The choice of microorganism or microbial strain dictates the availability 
of crucial electron shuttle enzymes required for reduction. These include hydrogenase and 
nitrogenase proteins. The significance of hydrogenase is noted during the reduction of Pd(II) 
ions on hydrogenase-deficient microorganisms. A deficiency of these proteins results in the 
slower reduction timeframes, an irregular distribution of nanoparticles, and larger metal 
agglomerate formation (Deplanche et al., 2010; Mikheenko et al., 2008; Torgeman, 2017). 
The impact of the interaction of the electron donor with the microbial strain on reduction can, 
however, be specific to the metal considered. For example, the reduction of Au ions tends to 
be more successful in the presence of gaseous electron donors as compared to chemical 
based forms (Kashefi et al., 2001; Konishi et al., 2006). Previous investigations show the 
formation of 5 nm spherical Pd nanoparticles as compared to biofabricated Au nanoparticles 
that range from 20 – 50 nm in size that are often irregularly shaped (Deplanche et al., 2008; 
Du et al., 2007). High catalyst activity is often observed when nanoparticles are 
morphologically uniform, mono-dispersed and have an approximate size range of less than 5 
nm (Deplanche et al., 2010).  Considering the impact of these factors, the influence of electron 
donor, metal loading, and microbial strain on the shape, size and distribution of biofabricated 
nanoparticles during metal reduction are explored.  

5.2 5% (w/w) metal loading  

5.2.1 Formation of monometallic Pd nanoparticles 

The formation of Pd nanocatalysts following biosorption was initiated by a chemical 
(HCOONa) or gaseous (H2) electron donor (Section 3.3.1). Reduction of the metal-cell pellet 
complex was performed at 30oC and confirmed by a colour change of the solution from yellow 
to black (Figure 5-1).  
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      A)         B) 

  

Figure 5-1 Image of observed colour change in solution upon successful Pd(0) formation. Where A) is the initial Pd ion solution before 
reduction B) is the final solution after donor addition and bioreduction at 30oC 

Although this change was observed on all microbial strains and electron donors, varying 
reduction timeframes were noted across the two donors. Hydrogen-assisted reduction on E. 
coli exhibited a colour change within 20 to 30 minutes of sparging. Comparatively, sodium 
formate-induced reduction was only detected after overnight incubation. Negative controls, 
without any of the microbial strains present were  incubated under similar conditions. After 
electron donor addition, the control similarly exhibited a colour change from yellow to clear 
with a black precipitate. Some of this black participate was suspended in solution while heavier 
aggregates settled to the bottom of the vessel. Similar colloidal aggregate formation in the 
control was observed by Torgeman (2017), who attributed the precipitation to the presence of 
the MOPS-NaOH buffer. It is likely this interaction of buffer and metal ion also occurs in the 
presence of the bacterial cell.  However, as the cell is abundant in functional groups like amine, 
these groups act as stabilizers for particle growth and allow for the regular distribution of 
colloids onto a support (Monai et al., 2018). Ultimately, these colloids bind to the cell to further 
act as seeds for further Pd(0) formation.  

Although a colour change signalled the formation of Pd(0), it was important to verify the 
formation of nanoparticles on, or within, the E. coli scaffolds. Analytical techniques, such as 
ICP, TEM, EDX and SEM, were used to confirm the composition, metal loading as well as to 
define the size, shape and distribution of the nanoparticles on the microbial scaffolds (Section 
3.6). Using these findings, a comparison of the physical and chemical characteristics of the 
nanoparticles was made to determine the most suitable electron donor and microbial strain for 
monometallic Pd(0) production.  

Influence of electron donor and microbial strain  

TEM imaging was used to assess the size, shape, distribution as well as the interactions 
between the nanoparticles and the microbial cells. Samples were prepared for TEM by 
embedding the biofabricated Pd catalysts in resin and thereafter sectioning the samples 
(Section 3.6.1).  These sectioned samples were subsequently stained to highlight the structure 
of the cell. Analysis of the resulting stained images provided further  indication of how microbial 
strains were affected upon exposure to the metal. Cell stress was noted by morphological 
changes such as lysing, large vacuoles or outer membrane vesicles (OMV). TEM image 
processing software was used to generate a representative average particle size distribution, 
with error, for all samples (Figure 5-2 to Figure 5-4). 
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                       E. coli DH5α                   E. coli ATCC25922                     E. coli BL21DE3 

A) 

    

B) 

   

 
Figure 5-2 TEM imaging of 5% (w/w) Pd catalysts on the three E. coli strains using sodium formate as the electron donor.  Biofabricated catalysts were washed in water and 2.5 % (w/v) glutaraldehyde (in PBS) and fixed with 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter dried in ethanol, fixed in epoxy resin and then 
sectioned. Row A) are the unstained biofabricated Pd samples that were used to determine particle size distribution B) the biofabricated Pd samples that were stained with 1% (w/v) OsO4 and used for quantifying cell structure. Where lysed cells, cell vacuoles, distended or disrupted cell walls and blebbing or OMV’s are denoted by w, x, 
y and z, respectively. Note that 200 nm = 0.2 "m.  

 

x 

x 

z 

y 

w 



Bioreduction and characterization 06 June 2021 

76   

                        E. coli DH5#                    E. coli ATCC25922                      E. coli BL21DE3 

A) 

   

B) 

   

 Figure 5-3 TEM imaging of 5% (w/w) Pd catalyst on the three E. coli strains using hydrogen as the electron donor.  Biofabricated catalysts were washed in water and 2.5 % (w/v) glutaraldehyde (in PBS) and fixed with 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter dried in ethanol, fixed in epoxy resin and then sectioned. 
Row A) are the unstained  biofabricated Pd samples that were used to determine particle size distribution B) the biofabricated Pd samples that were stained with 1% (w/v) OsO4 and used for quantifying cell structure. Where cell vacuoles, distended or disrupted cell walls and blebbing or OMV’s are denotated by x, y and z, respectively 
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 E. coli DH5#     E. coli ATCC25922      E. coli BL21DE3 

A) 

   

B)  

   

 
Figure 5-4 Average particle size distribution of 5% (w/w) Pd nanoparticles on the three E. coli strains when using A) sodium formate and B) hydrogen as the electron donor 
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From image analysis, it was clear that Pd nanoparticles bind to all microbial strains irrespective 

of the reducing agent (Figure 5-2 and Figure 5-3). The resulting nanoparticles had a near-

spherical shape with an average circularity factor ranging between 0.9-1 (1 indicates complete 

circularity) (Figure 5-3). For each microbial strain, the nanoparticles were mainly located within 

the cytoplasm with clustering only evident in the periplasm of E. coli ATCC25922 and E. coli 
BL21DE3. Agglomeration was likely caused by the autocatalytic adsorption and reduction of 

residual Pd(II) ions in solution that resulted in concentrated Pd(0) seeds being formed on these 

strains. 

Clusters within the periplasm of E. coli ATCC25922 have been further attributed to Hyd-1 and 

Hyd-2 or other such membrane-bound proteins. These proteins are abundant in amine 

functional groups (Figure 4-4) that stimulate electron transfer and thus may promote 

agglomeration at specific cell locations (Lukey et al., 2010; Pinske et al., 2011a). Clustering of 

particles less that 50 nm in size were also sporadically noted along the periplasm of E. coli 
BL21DE3 (Figure 5-2 and Figure 5-3). As this E. coli strain is deficient in these periplasmic 

hydrogenase (Pinske et al., 2011a), it is likely that other key electron transport enzymes also 

assist in reduction.  

Average particle size was used as an indicator of reductive potential and the prominence of 

aggregation. Using the TEM images and size distribution analysis of nanoparticles formed on 

E. coli DH5α, E. coli ATCC25922 and E. coli BL21DE3 (Figure 5-4), the average particle size 

was determined (Table 5-1) 

Nanoparticles produced in the presence of sodium formate on each of the E. coli strains 

resulted in particles with a mean size between ca. 3.5 – 5.0 nm (Table 5-1). In comparison, 

hydrogen induced reduction resulted in well-distributed, uniform Pd nanoparticles between 3.0 

- 3.5 nm in diameter across all microbial strains within 30 minutes of electron donor addition  

(Table 5-1 and Figure 5-4). This observation indicated that hydrogen is more efficient over 

sodium formate as an electron donor for effective nanoparticle formation within the desired 

particle size range (<5 nm) to produce nanocatalysts with high activity. When comparing the 

reduction across the selected E. coli strains, E. coli DH5α outperformed E. coli ATCC25922 

and E. coli BL21DE3 by generating well-distributed, uniform particles across the scaffold. This 

strain appeared to be more robust over its counterparts as this level of consistency across the 

support is often difficult to achieve (Figure 5-2 and Figure 5-3). 

Agglomeration on E. coli ATCC25922 and E. coli BL21DE3, hinders the potential of these E. 
coli as ideal supports. However, as seen in Table 5-1 the resulting agglomeration noted in 

Figure 5-2 and Figure 5-3 does not greatly influence the average nanoparticle size for either 

of these strains. Consequently, either of these strains may potentially be used as an alternative 

Table 5-1 Average size of the 5% (w/w) Pd(0) nanoparticles formed across the various E. coli strains and electron donors 
 Average particle size (nm) 
E. coli strain Sodium formate Hydrogen 
E. coli DH5α 3.6 ± 0.4 3.5 ± 0.5 

E. coli ATCC25922 4.7 ± 0.7 3.5 ± 0.3 

E. coli BL21DE3 4.1 ± 0.3 3.0 ± 0.6 
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scaffold to E. coli DH5α for the biofabrication of nanoparticles. Reduction on previously studied 

hydrogenase-deficient microorganisms, like  E. coli BL21DE3, were described to be slow, 

promoting a poor distribution of nanoparticles with a high degree of agglomeration on the 

exterior cell surface (Deplanche et al., 2010; Mikheenko et al., 2008). In contrast to these 

findings, most of the nanoparticles formed within E. coli BL21DE3 in this study were 

indistinguishable in size and shape compared to those observed on E. coli ATCC25922 and 

E. coli DH5α. The similarity between the nanoparticles suggests a secondary mechanism for 

reduction, potentially through other active electron shuttle pathways, with hydrogenase playing 

a less prominent role than suspected (Torgeman, 2017). 

Bacterial cell morphology  

Even though strain type had little impact on the nanoparticle structure, the metal did have an 

effect on the morphology of the microorganisms (Figure 5-2.B and Figure 5-3.B).. Microbial 

cells in the presence of metal ions respond to the stress by either bioaccumulation or 

detoxification of the ions from its environment  (Deplanche, 2008; Lloyd et al., 1997; 

Torgeman, 2017).  

The presence of large vacuoles, elongated and lysed cell walls, the formation of blebbing and 

OMVs were indicative that the bacterial cells were indeed under stress once exposed to the 

metals ions in solution (viz. stained TEM images in Figure 5-2.B and Figure 5-3.B). OMVs 

formed as a result of leaking of cell contents through perforated microbial cell walls. Such 

perforations were likely due to an accumulation and the active transport of metal ion 

particulates within the cells. Large vacuole formation was prominent across all three microbial 

strains, regardless of the electron donor. In the case of  E. coli DH5α, the formation of 

nanoparticles resulted in a slight distention of the cell wall. OMV development was prominently 

noted in the presence of hydrogen. Similarly upon Pd reduction on E. coli ATCC25922, 

distention of the cell walls, and in some cases perforations, were detected leading to leaking 

of internal cell contents. For this microbial strain, production of OMVs were minimized with 

hydrogen reduction, however these artefacts were still evident. In this case it is postulated that 

rapid adsorption and nanoparticle formation using hydrogen, as compared to slower reduction 

using sodium formate, leads to the greater degree of perforation. The slower reduction with 

sodium formate is in part due to the cell needing to convert this molecule to hydrogen before 

contributing to the electron pool used for ion reduction. The enzyme deficient E. coli BL21DE3 

strain showed the least signs of lysis, cell wall distention or OMV formation compared to the 

other microbial strains, indicating that the cell was the most tolerant to the Pd(II) ions.  

5.2.2 Formation of monometallic Au nanoparticles  

As with Pd(II), Au(III) reduction was initiated by incubating the metal ion precursor with the 

various E. coli strains overnight at 30
o
C in the presence of the selected electron donors. 

Successful reduction of the Au(III) ions to Au(0) was verified by a colour change of the solution 

from a pale yellow to a bright purple-pink – typically indicative of nanoparticle synthesis (Figure 

5-5) (Deplanche and Macaskie, 2008; Kashefi et al., 2001; Konishi et al., 2006; Liz-Marzán, 

2004). 
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        A)      B) 

  

Figure 5-5 Image of the expected colour change in solution upon successful Au(0) formation. Where A) is the initial Au ion solution before 
reduction and B) is the final solution after donor addition and bioreduction overnight at 30oC  

This distinctive colour change was only noted on E. coli ATCC25922 when the ion solution 

complex was pre-saturated and incubated overnight with hydrogen (Figure 5-5). A slight colour 

change to grey-purple in solutions containing either E. coli BL21DE3 or E. coli DH5α was 

noted under similar reduction conditions. However, these changes were only evident after 

extending the incubation period by a further four to five days. A similar colour change was not 

noted upon addition of  the sodium formate electron donor, even when extending the reduction 

period over four to five days. Negative controls, without any of the microbial strains present, 

also exhibited a change in solution colour from yellow to clear with a red precipitate. Some of 

the resulting particles remained suspended in solution while heavier aggregates settled to the 

bottom of the vessel. Similar to the Pd ion controls, this reduction was induced in the presence 

of the buffer. 

Influence of electron donor and microbial strain 

TEM imaging analyses of approximately 0.1 ml of biofabricated Au catalyst (5% w/w) samples 

were used to assess the physical characteristics of the nanoparticles and microbial strains. 

Using the same procedures outlined for monometallic Pd nanoparticles, these samples were 

fixed, dried in an epoxy resin and then cut into thin sections, providing a cross-sectional view 

of the samples (Figure 5-6).  
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                     E. coli DH5!                  E. coli ATCC25922                 E. coli BL21DE3 
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B)    

 

 

 

 

 

 

 

 

 

 

Figure 5-6 TEM imaging of 5% (w/w) Au catalyst on the three  E. coli strains using hydrogen as the electron donor. Biofabricated catalysts were washed in water and 2.5 % (w/v) glutaraldehyde (in PBS) and fixed with 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter dried in ethanol, fixed in epoxy resin and then sectioned. 
Row A) are the unstained biofabricated Au samples that were used to determine particle size distribution B) the biofabricated Au samples that were stained with 1% (w/v) OsO4 and used for quantifying cell structure. Where lysed cell, cell vacuoles, distended or disrupted cell walls and nanoparticle clusters are denotated by w, x, y and 
P, respectively.  
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Analysis of the TEM images indicated that biofabricated Au(0) nanoparticles were formed on 
all microbial strains when the metal ion precursor was saturated with hydrogen (Figure 5-6). 
However, as noted earlier, this was not observed when sodium formate was used as the 
electron donor. Large clusters of irregularly shaped Au(0) nanoparticles, with an average 
circularity factor between 0.6-0.8, were evident on the interior membrane of the periplasm of 
E. coli DH5α and E. coli ATCC25922 when using hydrogen. On these microbial strains an 
average of 3-6 nanoparticles between 20 - 40 nm in size were noted sporadically across the 
cells, which was consistent with findings by Deplanche and Macaskie (2008), Liz-Marzán 
(2004) and Torgeman (2017). These agglomerates were not detected on every cell and were 
not uniformly distributed along the scaffolds. As such, the distribution of nanoparticles across 
cells were not reproducible with the size deviating from ideal catalyst characteristics (Liu and 
Corma, 2018). Slight clustering of the reduced Au(0) nanoparticles was also detected within 
the cytoplasm of E. coli BL21DE3 ranging between 20 - 40 nm in size. On closer inspection of 
this microbial strain additional finer particles (< 5 nm) were distributed throughout the cell 
cytoplasm (Figure 5-7). 

A size distribution analysis on the TEM images indicated that the cytoplasmic nanoparticles 
had an average size of 1.6 ±	0.2 nm (Figure 5-7). Particles of this size were not noted within 
the E. coli DH5α and E. coli ATCC25922 strains. A similar variation in adsorption capacity of 
Au across the microbial strains was also observed (Section 4.3). This suggested that the 
mechanism for Au nanoparticle formation is dictated by a biological factor that differs across 
these microbial strains. Previous studies on reduction of Au indicate that the mechanism for 
nanoparticle formation is a product of enzymes involved in the cell’s electron transport chain 
(Ali et al., 2019; Deplanche et al., 2008; Gahlawat and Choudhury, 2019; Kashefi et al., 2001). 
Electron transport enzymes such as nitrate reductase, redox mediators (such as NADH) and 
cytochrome c proteins are known to facilitate the bioreduction process (Ahmed et al., 2016; 

 A)       B) 

Figure 5-7 TEM imaging of the 5% (w/w) Au nanocatalyst on E. coli BL21DE3 using hydrogen as the electron donor. Biofabricated Au 
samples were fixed in 2.5 % (w/v) glutaraldehyde (in PBS) and 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter  dried in 
ethanol, fixed in epoxy resin and left to dry before sectioning using an ultramicrometre. The unstained biofabricated Au samples in figure 
A) were used for particle size distribution analysis of biofabricated Au nanoparticles as shown in figure B).  
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Brayner et al., 2007; Rotaru et al., 2012; Torgeman, 2017). These enzymes are produced 
during cell growth under conditions, such as oxygen limitation, that induce oxidative stress 
(Kadenbach et al., 2004). In an oxygen limited environment these proteins normally assist in 
the shuttling of electrons to generate energy and maintain the cell’s metabolism. In this study, 
growth of E. coli BL21DE3 was poor under such anoxic conditions which is attributed to a lack 
of the FNR gene that governs the production of key electron shuttle enzymes like hydrogenase 
and nitrate reductase (Pinske et al., 2011b). Small nanoparticles in the cytoplasm of E. coli 
BL21DE3 were similarly observed by Gahlawat and Choudhury (2019) for microorganisms 
lacking the cytochrome c protein. As a consequence, it was postulated that the deficiency of 
key Au reductase enzymes in E. coli BL21DE3 resulted in poor active site availability for 
adsorption resulting in a low-density distribution of circular nanoparticles (shape factor of 0.9-
1) with reduced size and limited impact on the cell integrity.   

Oxidative stress may also be induced upon exposure of cells to high concentrations of metals, 
thus promoting the production of enzymes necessary for Au(0) formation. However, excessive 
levels of cytochrome c can induce cell death. The degree of cell death depends on the 
tolerance of the microorganism to Au ions in solution (Ali et al., 2019; Chah et al., 2005; 
Gahlawat and Choudhury, 2019). Torgeman (2017) found that for E. coli MC4100, Au(III) 
concentrations greater than 0.7 mM resulted in complete cell death. It is evident that 
regardless of metal reductase availability, the excessive ion concentration for this particular 
metal brings about similar apoptosis in the cells (Figure 5-6). Where fine nanoparticles were 
detected, E. coli BL21DE3 cells were shielded from complete rupturing. A consequence of the 
minimal uptake of Au(III) ions (ca. 2.4% w/w) noted for this strain. 

 Bacterial cell morphology  

Analysis of TEM images in Figure 5-6 showed that the clustering of Au(0) nanoparticles were 
prevalent on the inner-periplasmic membrane of the microbial strains as well as within the 
cytoplasm of E. coli BL21DE3 (P in Figure 5-6). These agglomerations were associated with 
the distinctive distending of the cell walls (y in Figure 5-6). In some cases, the cells were 
completely ruptured or lysed (w in Figure 5-6). These artifacts were considered to be a result 
of the interaction of larger Au(0) nanoparticles with the cell cytoplasm that caused severe 
morphological alterations. Under the stress of metal toxicity, microorganisms often respond 
by undergoing apoptosis. One way of bringing about such apoptosis is by the production of 
reactive oxygen species (ROS) in cells. The presence of ROS, such as intracellular hydrogen 
peroxide produced through the autooxidation of redox enzymes, leads to increased levels of 
cytochrome c that then initiates degradation and pit formation of the cell wall (Kadenbach et 
al., 2004; Shah et al., 2016; Wang et al., 2017). Although this enzyme is required for metal 
reduction, high levels of cytochrome c can promote complete rupturing and leakage of the 
cell’s metabolic content (Shah et al., 2016; Wang et al., 2017). This disintegration was noted 
across all strains and indicated that cell viability was compromised upon exposure to Au. Cell 
death resulted in deactivation of key enzymes, resulting in slow reduction as well as 
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agglomeration of Au(0) nanoparticles with poor uniformity and distribution across on the 
biological scaffolds (Figure 5-6). 

5.3  25% (w/w) metal loading 

TEM images at the lower metal loading showed that Pd(0) nanoparticles were present within 
the cytoplasm and on the exterior surface of E. coli ATCC25922 and E. coli BL21DE3. Such 
Pd(0) nanoparticles were identified by several researchers in similar locations using E. coli 
MC4100 as supports  (Deplanche and Macaskie, 2008; Macaskie et al., 2012; Penfold et al., 
2003; Torgeman, 2017; Zhu, 2014). In contrast to these findings, extracellular Pd(0) 
nanoparticles were not noted on E. coli DH5α in this study. Nanoparticles on this microbial 
strain were mono-dispersed and evenly distributed displaying attributes of an ideal catalyst 
support for Pd and potentially for the development of bimetallic catalysts (Figure 5-2.A and 
Figure 5-3.A). Although these properties were predominant at lower metal loadings, it was 
necessary to demonstrate whether these characteristics would be persistent at higher metal 
loadings when reduced with the identified electron donors (Figure 5-8 to Figure 5-10).   

 A) B) 

 

  

C) 

 

 
Figure 5-8 TEM images of 25% (w/w) Au on E. coli ATCC25922 using hydrogen as the electron donor. Biofabricated Au samples 
were extracted and fixed in 2.5 % (w/v) glutaraldehyde (in PBS) and 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter 
dried in ethanol, fixed in epoxy resin and left to dry before sectioning using an ultramicrometre. Where A) is the unstained 
biofabricated Au samples used to determine the particle size distribution B) the biofabricated Au sectioned samples that were 
stained with OsO4 and used for quantifying cell morphology and  C) the average size distribution of Au nanoparticles. 
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                      E. coli DH5α                   E. coli ATCC25922                     E. coli BL21DE3 

A) 

    

B) 

   

 
Figure 5-9  TEM imaging of 25% (w/w) Pd  catalyst on the three E. coli strains using sodium formate as the electron donor.  Biofabricated catalysts were washed in water and 2.5 % (w/v) glutaraldehyde (in PBS) and fixed with 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter  dried in ethanol,  fixed in epoxy resin and then 
sectioned. Row A) are the unstained biofabricated Pd samples that were used to determine particle size distribution B) the biofabricated Pd samples that were stained with 1% (w/v) OsO4 and used for quantifying cell structure.  Where lysed cells, cell vacuoles, distended or disrupted cell walls and blebbing or OMV’s are denotated by w, 
x, y and z, respectively  
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                   E. coli DH5α                   E. coli ATCC25922                     E. coli BL21DE3 

A)    

B)    

 Figure 5-10  TEM imaging of 25% (w/w) Pd catalyst on the three E. coli strains using hydrogen as the electron donor.  Biofabricated catalysts were washed in water and 2.5 % (w/v) glutaraldehyde (in PBS) and fixed with 1% (w/v) osmium tetraoxide (OsO4) solution and thereafter dried in ethanol, fixed in epoxy resin and then sectioned. 
Row A) are the unstained  biofabricated Pd samples that were used to determine particle size distribution B) the biofabricated Pd samples that were stained with 1% (w/v) OsO4 and used for quantifying cell structure. Where lysed cells, cell vacuoles and blebbing or OMV’s are denotated by w, x and z, respectively 

 

z 

x 

x 

w z 

x 



Mivashya Govender  Bioreduction and characterization 

  87 

 

                       E. coli DH5α                   E. coli ATCC25922                     E. coli BL21DE3 

A) 

  

 

 

B) 

   

 Figure 5-11  Average particle size distribution of 25% (w/w) Pd nanoparticles on the three E. coli strains when using A) sodium formate and B) hydrogen as the electron donor 
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The impact of the higher metal loading was established by analysing TEM images of the 

biofabricated catalysts (Figure 5-9, Figure 5-10). Similar to the 5% (w/w) Pd-loaded catalyst, 

nanoparticles predominantly formed in the cytoplasm of the cells with instances of 

agglomeration on the exterior cell surface when the Pd loading was increased to 25% (w/w). 

The limited clustering noted upon all three strains (Figure 5-9) when using sodium formate 

was attributed to the extended overnight reduction. The longer reduction period promoted the 

gradual absorption of the metal ions with 50-70 % (w/w) of the Pd ions remaining in solution 

(Section 4.2). In comparison to the chemical donor, the use of the hydrogen gas induced Pd 

ion reduction within 20-30 minutes across all three microbial strains. This rapid reduction did 

not allow for the absorption of the remaining Pd ions into the cell but rather rapid reduction of 

the ions remaining in solution and then the autocatalytic growth of the nanoparticles on the 

cell. This self-organizing growth of the metal particle was induced through further reduction of 

ions in solution onto Pd(0) seeds resulting in larger nanoparticle formation as prominently 

noted on E. coli ATCC25922 and E. coli BL21DE3 (Figure 5-10). These clusters often ranged 

in size between 20-200 nm, were irregularly shaped (shape factor of 0.7-0.8), and mainly 

formed within the periplasmic space and on the exterior cell surface. More uniformly shaped 

(shape factor of 0.9-1.0), well distributed nanoparticles were evident in the cytoplasm of the 

cells (Table 5-2). 

 Average particle size (nm) 
E. coli strain  Sodium formate Hydrogen 
E. coli DH5α. 3.9 ± 0.9 nm 4.8 ± 1.0 nm 

E. coli ATCC25922 3.6 ± 0.3 nm 3.9 ± 2.1 nm 

E. coli BL21DE3  2.9 ± 0.8 nm 9.3 ± 4.2 nm 

From TEM Imaging the size distribution as well as the average particle size was determined 

(Table 5-2, Figure 5-11). Nanoparticles identified within the cytoplasm, on average, ranged 

between 3.9-4.8 nm on E. coli DH5α. and E. coli ATCC25922 when using hydrogen as the 

donor. A similar size distribution was observed within the cytoplasm of E. coli BL21DE3, 

however, clustering on the cell surface skewed the average particle size to larger fractions. 

The standard deviation in the Pd(0) nanoparticle size on E. coli ATCC25922, and more so on 

the E. coli BL21DE3 microbial support, was an indication of the variation in the nanoparticles 

that formed. In comparison to the gaseous donor, the sodium formate induced nanoparticles 

achieved a similar particle size to those at the 5% (w/w) metal loading and maintained a 

smaller average size (2.9-3.9 nm) than the hydrogen-induced nanoparticles (Table 5-2).  

5.3.1 Elemental analysis  

With the similarity in morphology (shape factor of 0.9-1.0) between the 5% (w/w) and the 25% 

(w/w) nanoparticles noted upon TEM analysis (Figure 5-9, Figure 5-10), it was necessary to 

confirm if the intended metal loading was achieved on the microbial strains following reduction 

(Table 5-3, Table 5-4). 

 

Table 5-2 Average size of the 25% (w/w) Pd(0) nanoparticles formed across the various E. coli strains and electron donors 
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Table 5-3 ICP-OES analysis of the composition of the expected 5% (w/w) Pd(0) and 5% (w/w) Au(0) nanoparticles on the three E. coli 
strains using either hydrogen or sodium formate as the electron donors 

 % (w/w) Palladium % (w/w) Gold 

E. coli Strain Sodium Formate Hydrogen  Sodium Formate  Hydrogen  

E. coli DH5∝ 4.8% 3.1% - - 

E. coli ATCC25922 6.1% 4.6% - 2.5% 

E. coli BL21DE3 5.9% 5.0% - - 

 

Table 5-4 ICP-OES analysis of the composition of the expected 25% (w/w) Pd(0) and 25% (w/w) Au(0) nanoparticles on the three E. coli 
strains using either hydrogen or sodium formate as the electron donors 

 % (w/w) Palladium % (w/w) Gold 

E. coli Strain Sodium Formate Hydrogen  Sodium Formate Hydrogen  

E. coli DH5∝ 16.2%  18.7% - - 

E. coli ATCC25922  24.0% 26.7%  - 12.4% 

E. coli BL21DE3 21.8% 22.9%   - - 

With the exception of E. coli DH5∝, the expected 5% (w/w) and 25% (w/w) Pd loadings were 

reached when performing reduction with either electron donor (Table 5-3, Table 5-4). 

However, the calculated metal loadings for E. coli ATCC25922 and E. coli BL21DE3 were 

slightly higher with an average of 22.4-25.4% (w/w) across the two donors. For either of these 

strains, clustering was prevalent upon reduction (Figure 5-9, Figure 5-10). In contrast, E. coli 
DH5α achieved a loading lower than the expected 5% (w/w) and 25% (w/w) Pd with either 

electron donor. The difference between the expected and calculated metal loading (between 

0.2-2.8% w/w) was attributed to the loss of nanoparticles during the washing of the catalyst. 

During the harvesting of the biofabricated catalysts, the wash liquid was grey/black in colour 

which was indicative of Pd(0) in solution. As detached nanoparticles were noted in solution 

and a loss of mass was detected via ICP, it was apparent that E. coli DH5α could not strongly 

bind Pd(0) nanoparticles. Potentially a blockage or inaccessibility of amine functional groups, 

upon which Pd ions coordinate, resulted in nanoparticle detachment with this strain (De 

Vargas et al., 2004; Rotaru et al., 2012). 

The ICP-OES analysis of the Au nanoparticles formed overnight in the presence of hydrogen 

on E. coli ATCC25922, confirmed the presence of the metal (Table 5-3, Table 5-4). At both 

the expected 5% (w/w) and 25% (w/w) loadings the donor and microbial strain used was only 

able to reduce half of the initial metal ion present. This suggested that the reduction 

mechanism for these two metals on the cells were more amenable to Pd ions than Au ions. 

5.4 Selection of a suitable catalyst scaffold 

In an effort to determine the most appropriate scaffold for the biofabrication of nanocatalysts, 

the morphology of the nanoparticles and microbial supports were compared across the two 

donors for either of the metals (Table 5-5).  
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Table 5-5 Summary of the characteristics of Pd(0) and Au(0) nanoparticles formed on the three E. coli strains when using either sodium formate or hydrogen as the  
electron donors. 

Support Metal Character Electron donor 
Sodium formate Hydrogen 

- Pd Reduction Overnight 20-30 minutes 

E
. c

ol
i D

H
5
α 

5% (w/w) 

Pd 

Average size 3.6 ± 0.4 nm 3.5 ± 0.5 nm 
Shape 0.96, circular 0.95, circular 

Location Cytoplasm, Periplasm Cytoplasm, Periplasm 

Agglomeration 
(% of total particles) 

Present, Low quantity 

(1-3%) 

Present, Low quantity 

(1-3%) 

% Reduced metal (w/w) 4.8% 3.1% 

Cell integrity Moderate damage Moderate damage 

25% (w/w) 

Pd 

Average size 3.9 ± 0.9 nm 4.8 ± 1.0 nm 

Shape 0.95, circular 0.8-9, circular 

Location Cytoplasm, Periplasm 
Cytoplasm, Periplasm, 

protruding on cell wall 

Agglomeration 
(% of total particles) 

Present, Low quantity 

(1.2%) 

Present, Low quantity 

(0.8%) 

% Reduced metal (w/w) 16.2% 18.7% 

Cell integrity Low damage Low damage 

E
. c

ol
i A

T
C

C
2

5
9

2
2

 

5% (w/w) 

Pd 

Average size 4.7 ± 0.7 nm 3.5 ± 0.3 nm 

Shape 0.95, circular 0.95, circular 

Location Cytoplasm, Periplasm, 

exterior cell wall 
Cytoplasm, Periplasm 

Agglomeration 
(% of total particles) 

Present, low levels, 

localized to exterior 

cell wall (1-3%) 

Present, moderate 

levels, localized to 

particular region of 

periplasm (1-3%) 

% Reduced metal (w/w) 6.1% 4.6% 

Cell integrity Moderate damage Moderate damage 

25% (w/w) 

Pd 

Average size 3.6 ± 0.3 nm 3.9 ± 2.1 nm 

Shape 0.93, circular 0.92, circular 

Location Cytoplasm, Periplasm 
Cytoplasm, Periplasm 

exterior cell wall 

Agglomeration 
(% of total particles) 

Present, low levels, 

localized to cytoplasm 

(0.7%) 

Present, moderate 

levels, localized to 

particular regions 

around the cell surface 

and periplasm (3.4%) 

% Reduced metal (w/w) 24.0% 26.7% 

Cell integrity Low damage Low damage 
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Support Metal Character Electron donor 
Sodium formate Hydrogen 

- Au Reduction - Overnight 

E
. c

ol
i A

T
C

C
2

5
9

2
2

 5% (w/w) 

Au 

Average size - 31.0 ± 5.2 nm 
Shape - 0.75, Irregular 

Location - Periplasm, cytoplasm 

Agglomeration 
(% of total particles) - 

Present, moderate 

levels 

% Reduced metal (w/w) - 2.5% 

Cell integrity - Extensive damage 

25% (w/w) 

Au 

Average size - 22.0 ± 0.8 nm 

Shape - 
0.6-0.8, Irregular, 

triangular 

Location - Extra cellular 

Agglomeration 
(% of total particles) - Present, excess levels 

% Reduced metal (w/w) - 12.4% 

Cell integrity - Minimal damage 

E
. c

ol
i B

L
2

1
D

E
3

 

5% (w/w) 

Pd 

Average size 4.1 ± 0.3 nm 3.0 ± 0.6 nm 

Shape 0.94, circular 0.94, circular 

Location Cytoplasm, periplasm, 

exterior cell wall 

Cytoplasm, periplasm, 

exterior cell wall 

Agglomeration 
(% of total particles) 

Present, low levels, 

localized to exterior cell 

wall (1-3%) 

Present, low to 

moderate levels, 

localized to periplasm 

and exterior cell wall 

(1-3%) 

% Reduced metal (w/w) 5.9% 5.0% 

Cell integrity Low damage Low damage 

25% (w/w) 

Pd 

Size 2.9 ± 0.8 nm 9.3 ± 4.2 nm 

Shape 0.92, circular 0.81, circular 

Location Cytoplasm, periplasm, 

exterior cell wall 

Cytoplasm, periplasm, 

exterior cell wall 

Agglomeration 
(% of total particles) 

Present, low levels, 

localized to exterior cell 

wall (0.8%) 

Present, low to 

moderate levels, 

localized to periplasm 

and exterior cell wall 

(8.7%) 

% Reduced metal (w/w) 21.8% 22.9% 

Cell integrity Low damage Low damage 

 

InTable 5-5 cell integrity was related to structural artefacts in the bacterial cell that resulted 

from metal reduction. The degree of damage to the cell was determined by a combination of 

the morphological changes (cell lysis, large vacuoles, distended cell walls, OMVs) on the E. 
coli support. Minimal to low damage was assumed when ≤ 1 of the morphological changes 
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were identified. Moderate damage was defined when 2 morphological changes occurred and 

extensive damage was noted when 3-4 morphological changes were identified.  

Nanoparticles with the required Pd composition, regular distribution and morphology, with a 

particle size less than 5 nm were predominant in the cytoplasm of E. coli ATCC25922. 

Although there was visible clustering of the nanoparticles on this strain, agglomeration was 

localised to specific areas of the cells. From the TEM images in Figure 5-3 and Figure 5-10 it 

was noted that at a 5% (w/w) and 25% (w/w) metal loading, hydrogen induced reduction 

resulted Pd(0) nanoparticle agglomeration, to some degree, on the exterior surfaces of E coli 
ATCC25922. Clusters ranged between 20 - 400 nm in size with an average nanoparticle size 

of 3.5 ± 0.3 nm and 3.9 ± 2.1 nm at both loadings; with some nanoparticles also detected 

within the cytoplasm. However, for either electron donor the cells were noticeably stressed 

with clear distending and lysis when exposed to the metal.  

Similar to the 5% (w/w) metal loading, Au(III) reduction was only noted in the case of E coli 
ATCC25922 with an intensified colour change in solution when the Au metal loading was 

increased to 25% (w/w). Au nanoparticles formed at these loadings were mainly located within 

the extracellular spaces between cells. Even though similar large clusters were observed at 

the 5% (w/w) Au loadings, most clusters at the higher loadings were not bound to the cells 

(Figure 5-8). Triangular, spherical as well as irregular shaped clusters (circularity factor 0.6-

0.8 nm) were detected within this environment with an average size of approximately 22.4 

±	0.8 nm. Although the Au nanoparticles formed extracellularly, vacuoles and OMV’s were still 

visible within the cells (Figure 5-8.C). However, lysing and disruption noted at the 5% (w/w) 

Au loading of the cells was limited at the 25% (w/w) loading. Maintenance of the cell integrity 

at these elevated gold concentrations was not expected. This was likely due to the limited 

interaction between the microbial support and the extracellularly produced nanoparticles. 

In summary (Table 5-5), the imaging analyses of the 5% (w/w) and 25% (w/w) metal-loaded 

catalysts showed that nanoparticles were bound to the cell. Uniform Pd(0) formation was noted 

on all strains and donors with minimal instances of agglomeration on the surface of E. coli 
ATCC25922 and E. coli BL21DE3. E. coli DH5α, although initially considered to be ideal in 

terms of size and distribution, exhibited a loss between 0.2-2.8% (w/w) of Pd(0) after reduction. 

This loss of active metal sites could bring about lower activity when applied in oxidation 

reactions. Unlike Pd(II), Au(III) reduction was only detected when using hydrogen as an 

electron donor on E. coli ATCC25922. Upon characterization, it was evident that rather than 

a uniform morphology and distribution of particles, aggregates ranging between 20-50 nm in 

size were formed mainly on the cell surface. This irregular morphology and poor distribution 

decreased the exposed active surface area of the Au catalyst, which could hinder the oxidation 

reactions. Cytoplasmic particles were evident on some cells and were often accompanied by 

instances of cell rupture. This metal ion had a more disruptive effect on the bacteria, 

regardless of the strain. However, upon closer inspection of E. coli BL21DE3, fine (2.8 ± 0.3 

nm), near spherical nanoparticles were noted in the cytoplasm of some cells due to a limited 

Au(III) ion uptake over a longer reduction period. 
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The fact that E. coli BL21DE3 was able to produce Pd(0) nanoparticles similar to E. coli 
ATCC25922 and E. coli DH5α indicated that in spite of the deficiency in hydrogenase, 

reduction of the Pd(II) ion was still occured within the cell cytoplasm and within the periplasm. 

Rather than the large Pd agglomerates expected on hydrogenase-deficient strains, fairly 

uniform, spherical well distributed nanoparticles were detected on E. coli BL21DE3 

(Deplanche et al., 2010; Mikheenko et al., 2008; Torgeman, 2017). This suggested that 

although hydrogenase may play an active role in reduction it is likely that an additional 

mechanism assists in reduction. As reduction of the metals was still observed in spite of 

deficiency alternate electron shuttling proteins like nitrogenase/nitrate reductase, cytochrome 

c as well as the NADPH cofactors are proposed to induce reduction. In comparison, Au 

reduction was only possible in the presence of hydrogen and was limited on the hydrogenase 

deficient E. coli BL21DE3. This indicates that for this metal, hydrogenase plays a more active 

role in this reduction mechanism. 

E. coli ATCC25922 was the most effective support for the formation of Pd(0) nanoparticles 

and the only microbial strain that produced Au(0) nanoparticles. This microbial strain had the 

highest cell concentration under anoxic growth conditions (0.8 g/L). In comparison, E. coli 
BL21DE3, which was deficient in the key genes necessary for oxygen-limited growth, had a 

final cell concentration of 0.21 g/L. Thus, for E. coli ATCC25922, a greater mass of the 

microbial support can be generated for the same culture volume while still successfully 

generating Au(0) nanoparticles. The Pd(0) nanoparticles produced on this strain were 

favourably uniform in size and shape, with minimal agglomeration and adequately distributed 

throughout the support. The E. coli ATCC25922 strain showed the most promise as an 

alternative to synthetic supports for the manufacture of Pd and Au nanocatalysts. The 

biological support offers a means of producing nanocatalysts without the use of toxic 

stabilizers and capping agents. 
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Chapter 6 

6 Catalyst activity  

6.1 Chapter overview  

In chapters 4 and 5, multiple microbial strains and electron donors were compared relative to 

the adsorption capacity and reductive capabilities of the scaffolds as well as the nanoparticles 

size, shape and distribution. These factors were used to identify an appropriate biofabricated 

Pd and Au catalyst for the oxidation of alcohols. Both metals were previously used for the 

oxidation of alcohols due to their unique catalytic properties in the nanoparticle form. 

Of the three microbial strains studied E. coli ATCC25922 had a good affinity for both metal 

ions at the lower metal loading. However, at a higher Pd loading the adsorption ability of the 

E. coli strain was reduced by 50% and in the case of Au(III) the microbial strain achieved 

11.9% lower adsorption. At the 5% (w/w) and 25% (w/w) metal loadings on E. coli ATCC25922 

reduction of Pd was achieved using either donor. The nanoparticles that formed were within 

5 nm, with minimal clustering of Pd(0) as well as a good distribution, limited mass loss and a 

uniform shape.  Nanoparticles formed using sodium formate were the most consistent in terms 

of particle size (< 5 nm) with agglomeration prevalent after hydrogen reduction. Clustering was 

most evident on E. coli BL21DE3 at the higher metal loading. E. coli ATCC25922 was the only 

microbial strain where Au reduction was evident upon overnight incubation in a hydrogen-rich 

environment. However, the Au nanoparticles were not uniformly distributed and tended to 

agglomerate, resulting in particle sizes ranging between 20 - 40 nm on the cell surface. 

Nanoparticle morphology and metal type have a significant influence on catalyst activity 

(Bennett et al., 2010; Dimitratos et al., 2006; Liz-Marzán, 2004). Smaller, uniform particles 

allow for a greater active surface area, while the metal type can dictate the limiting stage in 

the activation of catalytic sites (Dimitratos et al., 2006; Meenakshisundaram et al., 2010; Villa 

et al., 2009). Consequently, the effect of these characters and the applicability of the catalysts 

on selected E. coli supports were further investigated in this Chapter via the oxidation of 

alcohols to higher value aldehydes.  

Efficacy of the biofabricated catalysts in this study for the oxidation of alcohols was established 

through the conversion of benzyl alcohol to benzaldehyde. This well-established reaction 

ensured consistent comparison to literature (Deplanche et al., 2011a; Enache et al., 2006; 

Miedziak et al., 2011a). The most efficient catalyst for aromatic alcohol oxidation was then 

selected for activity testing with 1-octanol. With the intent of integrating the bio-catalytic alkane 

activation and the chemo-catalytic oxidation process into a one-pot tandem system, the 

oxidation reaction was performed at mild conditions. These reaction conditions were used in 

an effort to ensure catalyst compatibility in a tandem bio-chemo catalytic system.  
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6.1.1 Dehydrogenation of alcohols 

After confirming that metal nanoparticles were bound to each of the selected biological 

supports, it was essential to test the activity of these catalysts. Activity of the monometallic 

catalysts was determined via the oxidation of alcohols, namely, benzyl alcohol and 1-octanol 

to the corresponding aldehyde. The catalytic cycle for the activation of such alcohols to the 

aldehyde is governed by an established dehydrogenation mechanism (Figure 6-1). 

 

Figure 6-1 Catalytic cycle for the oxidation of alcohols to aldehyde using a metal catalyst (Davis et al., 2013; Nagy et al., 2019; Yamaguchi 
and Mizuno, 2002)   

The catalytic conversion of alcohols to aldehydes follows three main stages (Figure 6-1). 

During the first stage the alcohol binds to the metal catalyst surface to produce the metal 

alkoxide. The alkoxide compound then undergoes &-hydride elimination to give rise to a metal 

hydride complex (M-H) and a carbonyl molecule (the aldehyde) intermediate. In the final stage 

of the dehydrogenation mechanism, reforming of the catalyst surface occurs in the presence 

of oxygen. As oxygen is introduced, the metal hydride forms an unstable ionic intermediate 

that then regenerates the active metal site to its initial state (Davis et al., 2013; Nagy et al., 

2019; Yamaguchi and Mizuno, 2002). The	&-hydride abstraction step is considered to be rate 

limiting in this catalytic cycle (Villa et al., 2009). However, some studies have shown that this 

limiting step is influenced by the catalyst metal (Dimitratos et al., 2006; Meenakshisundaram 

et al., 2010). In the case of Au, a base (such as NaOH) is often used to improve rate limiting 

H atom abstraction from the metal alkoxide. Whereas for the Pd catalyst cycle, the 

regeneration of the active site is limited by the removal of the H atom from the metal hydride 

complex (Villa et al., 2009). 

6.2 Oxidation of benzyl alcohol  

6.2.1 Catalyst activity in comparison to literature  

Biofabricated Pd(0) on whole cell E. coli MC4100, were shown by Deplanche et al. (2011a) to 

be active on benzyl alcohol at 90
o
C, 1 bar air, 250 rpm and 0.36% (w/v) catalyst loading. In 

this study, activity tests were performed at the same reaction conditions as Deplanche et al. 

R

R

M+

M+

+

O2

M+

M+

H+

H2O+

Step 1: Metal 
alkoxide formation 

Step 2: !-hydride 
elimination 

Step 3: Re-generation 
of the catalyst 



Mivashya Govender  Catalyst activity 

  97 

(2011a) to establish the efficacy of the novel biofabricated catalysts. From these activity tests, 

no measurable activity was noted on the whole cell supported catalysts. Unlike the 

biofabricated catalysts studied by Deplanche et al. (2011a), nanoparticles were not 

predominant on the cell surface of the E. coli strains investigated in this study, but rather 

enclosed within the cell membrane (Deplanche et al., 2012, 2011a; Torgeman, 2017). This 

limited the exposure of the active sites to the reagent in these experiments. To maximise the 

active specific area, the biofabricated catalysts were subsequently crushed prior to testing to 

improve the contact of the catalyst with the reactants to facilitate the oxidation of alcohols 

(Table 6-1, Table 6-2). Activity was evident on all biofabricated Pd catalysts. However, there 

was difficulty when attempting to maintain the carbon balance over the reaction, particularly 

at the higher metal loading. This discrepancy in the mass balance was most evident when 

comparing the conversion by substrate and the conversion based on products formed (XSubstrate 

and XProduct) (Table 6-1, Table 6-2). Possible alternate oxidative products, apart from the 

carboxylic acid, were not identified upon GC analysis. To allow for a consistent comparison to 

the literature, the conversion discussed hereafter will relate to the amount of substrate 

converted upon reaction (XSubstrate). 

Monometallic 5% (w/w) and 25% (w/w) Au catalysts in this investigation did not show any 

activity towards the conversion of benzyl alcohol to benzaldehyde (Table 6-3). This was similar 

to observations by Deplanche et al. (2011a), Sun et al. (2017) and Wang et al. (2015) who 

noted low activity on Au catalysts under mild, solvent free conditions (Table 6-3) Sun et al. 

(2017) and Wang et al. (2015) had near insignificant conversions while Deplanche et al. 

(2011a), who studied similar biofabricated Au catalysts on E. coli MC4100, noted 2% (mol/mol) 

conversion of the alcohol with 98% (mol/mol) selectivity to the aldehyde (Table 6-3). 

Limitations in activity noted by Deplanche et al. (2011a), Sun et al. (2017) and Wang et al. 

(2015) were expected when Au catalysed reactions are performed without a base, as H
+
 

abstraction was hindered (Prati and Rossi, 1998). However, Enache et al. (2006), who 

investigated similar synthetic Au catalysts on titanium oxide (TiO2) at slightly more aggressive 

reaction conditions (100
o
C, 1 bar oxygen, 1500 rpm, 0.02% w/v catalyst loading over 22 

hours), observed higher conversions (10% mol/mol) but lower selectivity to the aldehyde (67% 

mol/mol) over a six hour period. Activity experiments performed with these synthetically 

supported Au catalysts were conducted at higher temperatures and at extended reaction 

periods (Table 6-3). This ensured enough energy and time to exceed the energy threshold for 

hydride abstraction as compared to the biofabricated Au catalyst studies, thus showing more 

aggressive conditions are necessary to assist the reaction in the absence of a base. 
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Table 6-1 The activity for the oxidation of benzyl alcohol to benzaldehyde using 5% (w/w)  Pd on various E. coli supports (E. coli DH5∝, E. coli ATCC25922, E. coli BL21DE3). Activity was not noted on the  5% (w/w) Au catalyst and thus is not shown. These catalysts were manufactured with either hydrogen or sodium formate as indicated. 
Conditions for all catalytic reactions were  performed at 90oC, 250 rpm, 0.36% (w/v) catalyst loading and at 1 bar of air  in the Radley reactor. In the table, X is defined as conversion, Y is  defined as yield and was based on change in the substrate, S is defined as the selectivity and was based on the amount of product formed.   

Metal 

loading      

(% w/w) 

Metal Electron donor  Support  Benzyl 

alcohol 

volume (ml) 

XSubstrate 

(%mol/mol) 

XProduct 

(%mol/mol) 

Y 

Benzaldehyde 

(%mol/mol) 

Y 

Toluene 

(%mol/mol) 

Y 

Benzoic acid 

(%mol/mol) 

S  

Benzaldehyde 

(%mol/mol) 

S 

Toluene (%mol/mol) 

S  

 Benzoic acid 

(%mol/mol) 

5% Pd Hydrogen E. coli DH5∝ 10ml 3.5% 5.6% 113.1% 2.0% 0% 98.3% 1.7% 0% 

5% Pd Hydrogen E. coli ATCC25922 10ml 2.9% 3.3% 69.8% 1.4% 0% 98.0% 2.0% 0% 

5% Pd Hydrogen E. coli BL21DE3 10ml 5.4% 5.6% 75.5% 1.8% 0% 97.6% 2.4% 0% 

5% Pd Sodium formate E. coli DH5∝ 10ml 4.7% 8.1% 76.3% 0.1% 0.1% 99.1% 0.6% 0.4% 

5% Pd Sodium formate E. coli ATCC25922 10ml 8.5% 7.1% 46.4% 0.1% 0.0% 99.3% 0.6% 0.2% 

5% Pd Sodium formate E. coli BL21DE3 10ml 7.0% 7.4% 53.3% 0.2% 0.1% 97.7% 1.8% 0.5% 

 

 

Table 6-2 The activity for the oxidation of benzyl alcohol to benzaldehyde using 25% (w/w)  Pd on various E. coli supports (E. coli DH5∝, E. coli ATCC25922, E. coli BL21DE3). Activity was not noted on the  25% (w/w) Au catalyst and thus is not shown. These catalysts were manufactured with either hydrogen or sodium formate as 
indicated. Conditions for all catalytic reactions were  performed at 90oC, 250 rpm, 0.36% (w/v) catalyst loading and 1 bar of air  in the Radley reactor. In the table, X is defined as conversion, Y is defined as yield and was based on change in the substrate, S is defined as the selectivity and was based on the amount of product formed.   

Metal 

loading      

(% w/w) 

Metal Electron donor  Support  Benzyl 

alcohol 

volume (ml) 

XSubstrate 

(%mol/mol) 

XProduct 

(%mol/mol) 

Y 

Benzaldehyde 

(%mol/mol) 

Y 

Toluene 

(%mol/mol) 

Y 

Benzoic acid 

(%mol/mol) 

S  

Benzaldehyde 

(%mol/mol) 

S 

Toluene (%mol/mol) 

S  

 Benzoic acid 

(%mol/mol) 

25% Pd Hydrogen E. coli DH5∝ 5ml 29.7% 23.0% 67.5% 2.9% 0.4% 95.4% 4.1% 0.4% 

25% Pd Hydrogen E. coli ATCC25922 5ml 34.5% 10.3% 25.0% 2.5% 0.1% 90.9% 8.8% 0.3% 

25% Pd Hydrogen E. coli BL21DE3 5ml 34.3% 5.9% 16.4% 0.5% 0.2% 96.0% 3.0% 1.0% 

25% Pd Sodium formate E. coli DH5∝ 5ml 5.6% 11.4% 150.5% 3.2% 1.8% 96.3% 2.7% 1.1% 

25% Pd Sodium formate E. coli ATCC25922 5ml 1.8% 9.0% 257.8% 11.7% 4.4% 93.2% 5.3% 1.4% 

25% Pd Sodium formate E. coli BL21DE3 5ml 2.9% 5.6% 216.4% 2.3% 3.4% 93.5% 5.5% 1.0% 
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Table 6-3 Comparison of the activity of Au(0) catalysts in the current study relative to similarly synthesized catalysts on synthetic and biological scaffolds as reported in the literature (Deplanche et al., 2011a, 2012; Enache et al., 2006; Ma et al., 2009; Pritchard et al., 2010; Sun et al., 2017; Wang et al., 2015). Catalyst activity is reported over 
the full reaction period as well as over 6 hours in the presence of either air or oxygen as the oxidant. In the table, X is defined as conversion, S is defined as the selectivity and was based on the amount of product formed.  

Paper Stirring 

(rpm) 

T (
o

C) P (bar) Oxidant Solvent Base Catalyst 

loading 

(w/v) 

Metal 

loading   

(% w/w) 

Support Reaction 

time (h) 

Xfull_time 

(%mol/mol) 

Sfull_time 

(%mol/mol) 

X(6) 

(%mol/mol) 

S(6h) 

(%mol/mol 

Biological support 
This study 250 90 1 Air - - 0.36% 5% E. coli DH5" 6 0% 0% 0% 0% 

This study 250 90 1 Air - - 0.36% 5% E. coli ATCC25922 6 0% 0% 0% 0% 

This study 250 90 1 Air - - 0.36% 5% E. coli BL21DE3 6 0% 0% 0% 0% 

Deplanche et al. (2011) 250 90 1 Air - - 0.50% 5% E. coli MC4100 6 2% 88% 2% 88% 

Synthetic support 

Enache et al. (2006) 1500 100 1 Oxygen - - 0.02% 5% TiO2 22 62% 89% 10% 67% 

Ma et al. (2009) 800 80 1.013 Air - Na2CO3 40.00% 4% SBA-15 (IMAuS) 8 1.3% 98% 1% 98% 

Ma et al. (2009) 800 80 1.013 Air - Na2CO3 40.00% 4% SBA-15 (DAuS-1) 8 1.4% 98% 2% 98% 

Ma et al. (2009) 800 80 1.013 Air - Na2CO3 40.00% 4% SBA-15 (DAuS) 8 6.4% 97% 7% 97% 

Sun et al.(2017)  90 1.013 Oxygen - - 0.40% 0.9% TiO2 6 0% 0% 0% 0% 

Wang et al. (2015) 1250 90 1.013 Oxygen - - 0.50% 1% TiO2 6 0% 0% 0% 0% 

Pritchard et al. (2010) F1500 120 10 Oxygen - - 0.13% 1% C(SI) 6 6.6% 63.9% 6.6% 63.9% 
 

 

Table 6-4 Comparison of the activity of Pd(0) catalysts in the current study relative to similarly synthesized catalysts on synthetic and biological scaffolds as reported in the literature (Deplanche et al., 2011a, 2012; Enache et al., 2006; Ma et al., 2009; Pritchard et al., 2010; Sun et al., 2017; Wang et al., 2015).  Catalyst activity is reported over 
the full reaction period as well as over  6 hours in the presence of either air or oxygen as the oxidant. In the table, X is defined as conversion, S is defined as the selectivity and was based on the amount of product formed. Hi 

Paper Stirring 

(rpm) 

T (
o

C) P (bar) Oxidant Solvent Base Catalyst 

loading 

(w/v) 

Metal 

loading 

(% w/w) 

Support Reaction 

time (h) 

Xfull_time 

(%mol/mol) 

Sfull_time 

(%mol/mol) 

X(6h) 

(%mol/mol) 

S(6h) 

(%mol/mol) 

Biological support 
This study 250 90 1 Air - - 0.36% 5% E. coli DH5" 6 3.5% 98.3% 3.5% 98.3% 

This study 250 90 1 Air - - 0.36% 5% E. coli ATCC25922 6 2.9% 98.0% 2.9% 98.0% 

This study 250 90 1 Air - - 0.36% 5% E. coli BL21DE3 6 5.4% 97.6% 5.4% 97.6% 

Deplanche et al. (2011) 250 90 1 Air - - 0.50% 5% E. coli MC4100 7 6.0% 96.0% 5% 96% 

Synthetic support 
Enache et al. (2006) 1500 100 1 Oxygen - - 0.02% 5% TiO2 6 67.0% 35.0% 67% 35% 

Ma et al. (2009j 800 80 1.013 Air - Na2CO3 40.0% 4% SBA-15 (DPdS) 8 0.3% 99.0% 0.3% 99.0% 

Sun et al. (2017)  90 1.013 Oxygen - - 0.4% 0.05% TiO2 6 7.0% 85.7% 7.0% 85.7% 

Wang et al. (2015) 1250 90 1.013 Oxygen - - 0.5% 1.0% SiO2-8c 6 0.0% 0.0% 0.0% 0.0% 

Pritchard et al. (2010) 1500 120 10 Oxygen - - 0.1% 1.0% C(SI) 6 59.3% 74.7% 59.3% 74.7% 
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Unlike the Au catalyst, the monometallic Pd catalysts synthesised using either of the electron 

donors explored in this study exhibited higher activity for the oxidation of benzyl alcohol for 

each of the selected microbial strains (Table 6-4). An average conversion across the three 

microbial strains of 3.9%±1.3% (mol/mol) and 6.7%±1.9 (mol/mol) was achieved with the 

biofabricated Pd nanocatalysts produced using either hydrogen or sodium formate, 

respectively (Table 6-1). Correspondingly, the average selectivity towards benzaldehyde was 

98.0%±0.4% (mol/mol) and 98.7%±0.9 (mol/mol). Overall these Pd nanocatalysts had an 

average particle size less than 5 nm and a fairly circular shape. At the 5% (w/w) loading the 

sodium formate induced Pd(0) nanoparticles maintained a smaller particle size promoting a 

greater amount of available active sites. The increased availability of active sites led to a 

higher activity on the chemical catalysts over the hydrogen induced catalysts at this loading.  

Deplanche et al. (2011a), observed similar conversions of 5% (mol/mol) and selectivities 

above 96% (mol/mol) of benzyl alcohol to benzaldehyde for the hydrogen-induced 

biofabricated Pd nanoparticle catalysts on E. coli MC4100 under the same reaction conditions 

(Table 6-4). In comparison, however, synthetic Pd catalysts used by Enache et al. (2006) 

exhibited conversions 11-12 times higher than with the biofabricated catalysts (Table 6-4). 

The higher overall conversion achieved with the synthetic catalysts for both Pd and Au are 

attributed to the use of pure oxygen and a lower catalyst loading. This ensured adequate 

access to the oxidant and sufficient oxygen promoted rapid regeneration of the active metal 

sites on the synthetic supports. This availability, however, allowed for alternate side reactions 

such as the disproportionation of alcohol to toluene to proceed unhindered. As a consequence, 

the oxygen rich environment induced by Enache et al. (2006) led to reduced benzaldehyde 

selectivity after six hours between 35% (mol/mol) and 67% (mol/mol) for the synthetic Pd and 

Au catalysts, respectively (Table 6-3 and Table 6-4). Sun et al. (2017) who investigated the 

same synthetic catalyst at less intense conditions (90
o
C, 1 bar oxygen at a 0.4% w/v catalyst 

loading and 0.05% w/w metal loading) noted higher selectivity (85.7% mol/mol) to the 

aldehyde. This increase in selectivity and decreased conversion (7.0% mol/mol) of benzyl 

alcohol was a result of limited active metal sites available to the oxidant, hindering over 

oxidation. 

6.2.2 Reactor and mass transfer limitations  

It is evident by comparing the synthetic catalyst reaction system to the reaction conditions 

used in this study that the oxidation reactions with the biofabricated catalyst was prone to 

oxygen limitations. This was apparent by the improvements in activity noted by Enache et al. 

(2006) at 1 bar oxygen when using 0.02% (w/v) loading of the synthetic catalyst. The oxygen-

environment promoted greater conversion of the alcohol (67% mol/mol) but also allowed for 

over oxidation, as seen by the reduced selectivity to the aldehyde (ca. 35% mol/mol in Table 

6-4). This was in contrast to results obtained by Deplanche et al. (2011; 2012) where 

conversions of ca. 5% (mol/mol) and selectivity of 96% (mol/mol) were noted when air was 

introduced as oxidant and in the presence of 18 times the catalyst loading used by Enache et 

al. (2006). Air is a desirable oxidant as it is inexpensive, environmentally green and a safer 



Mivashya Govender  Catalyst activity 

  101 

alternative to pure oxygen. However, when using air as the main oxidant in a biofabricated 

catalyst system, the driving force for gaseous diffusion to the active site was reduced, limiting 

the regeneration of the metal active sites (Step 3 Figure 6-1). This reduction in the gaseous 

oxidant transfer is therefore likely due to the dilution of oxygen in air, as oxygen only makes 

up ca. 21% (v/v) of the total gas volume.  

Limitation in the oxidant supply may be compounded by the low pressure of the air as well as 

the use of a high catalyst loading (Miedziak et al., 2011a; Zhu, 2014). Zhu (2014) showed for 

5% (w/w) biofabricated Au-Pd catalysts operating at 110
o
C, 5 bar air, with no base or solvent 

and at  0.02% (w/v) catalyst loading, oxygen in air was consumed within the first 3 hours. 

Although initially fast, the rapid consumption of the oxidant in the initial stages slowed down 

the reaction considerably, limiting the conversion of the alcohol to less than 2% (mol/mol). 

Without any replenishment of the oxidant once consumed, an inert head space resulted in the 

reactor, decreasing the oxygen partial pressure considerably in the system, thus stalling the 

reaction (Zhu, 2014).  

The total pressure of the gaseous oxidant was also a contributing factor to oxygen availability. 

Miedziak et al (2011a) showed that by operating at pressures above 1 bar the driving force, 

and therefore conversion, of the oxidant was significantly improved. A consequence that was 

limited in the present study. Although fresh air was continuously introduced into the reaction 

environment at a constant rate to replenish any depleted oxygen over time, the glass reaction 

vessel limited the maximum operating pressure to 1 bar. Working at such low pressure 

imposed further mass transfer, and hence, activity limitations in the present study.  

The concentration of the catalyst used can also directly influence oxygen availability. It is 

known that increasing the catalyst loading in a reaction increases the number of active sites 

available for reaction. However, if the catalyst loading exceeds a critical limit, then the rate at 

which oxygen is consumed is greater than what is being supplied and activity is subsequently 

hindered (Zhu, 2014). A lower catalyst loading like the 0.02% (w/v) used in Enache et al. 

(2006) and Zhu (2014), led to slower consumption of the oxidant allowing for sufficient time 

for regeneration of the surface and greater conversions. 

6.2.3 Catalyst activity at the higher metal loading 

In Chapters 4 and 5 a 25% (w/w) metal loading was applied to determine the tolerance of the 

microbial supports. After reduction a uniform mono-dispersed spread of the nanoparticles was 

observed across the microbial supports and electron donors (viz. TEM images in Figure 5-2, 

Figure 5-3, Figure 5-9 and Figure 5-10). The impact of the morphology and distribution of the 

particles was determined by analysing the activity of these 25% (w/w) metal loaded 

nanocatalysts. These results were subsequently compared to the activity of the 5% (w/w) Pd 

loaded nanocatalysts (Table 6-2). 

Screening of the 25% (w/w) Pd catalysts on benzyl alcohol indicated that, similar to the activity 

results of the 5% (w/w) Pd catalyst, the sodium formate generated catalysts achieved  

conversions between 1.8%-5.6% (mol/mol) with selectivity ranging from 93.2%-96.3% 
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(mol/mol) across the microbial strains (Table 6-2). Unlike the chemical electron donor, the 

hydrogen generated catalysts resulted in an average alcohol conversion of 32.8%±	2.7% 

(mol/mol) across the microbial strains, which was considerably higher than achieved with the 

5% (w/w) metal loaded counterparts (3.9%±1.3% mol/mol in Table 6-1). These catalysts were 

able to maintain similar selectivity of 94.1%±2.8% (mol/mol), on average, to the aldehyde 

across the same three microbial supports. At the higher metal loading, apart from minimal 

clustering on E. coli ATCC25922 and E. coli BL21DE3, the particles that formed were within 

5 nm and maintained circularity. A greater concentration of active sites would be available at 

the 25% (w/w) loading, thus greater activity would be expected. However, sodium formate 

catalyst activity was similar at both metal loadings and across microbial strains. The 

ineffectiveness of these catalysts can potentially be a result of CO catalyst poisoning, formed 

when the chemical donor was broken down. Due to these attributes at the 25% (w/w) loading, 

the hydrogen-induced catalysts had better activity than the chemical electron donor.  

The improved activity when hydrogen was used as the donor across all strains at the 25% 

(w/w) Pd loading could be attributed to the increased availability of active metal sites. The 

hydrogen-induced catalysts on E. coli DH5∝, E. coli ATCC25922, E. coli BL21DE3 was 

therefore selected to test the activity of these catalyst in the presence of 1-octanol. 

6.3 Oxidation of 1-octanol 

Alkanes are known to be difficult to activate due to their stable nature. This has been one of 

the foremost challenges in the chemical industry (Bergman, 2007; Bordeaux et al., 2012; 

Labinger and Bercaw, 2002). Recent advances in catalysis has shown promising results for 

terminal C-H bond activation. In bio-catalysis, research has focused on the 

oxyfunctionalization of the alkanes to higher value products using more sustainable, less 

energy intensive activation methods (Ayala and Torres, 2004; Gudiminchi et al., 2012; 

Meissner, 2013). Previous studies on n-octane activation using  CYP P450 enzymes, such as 

CYP153A6, have resulted in the generation of small volumes of a low value alcohol (1-octanol) 

as the major product (Olaofe, 2013). 

The low volumes of 1-octanol generated together with the inexpensive price (R 814/kg) of this 

chemical indicate that this bio-catalytic process is not feasible. However, in industry the alcohol 

product does serve as a good platform chemical to higher value products (such as octanal 

which is valued at R1330/kg). Further activation of the alcohol intermediate through a tandem 

catalytic approach ensures the valorisation of the bio-catalytically activated alkane.  It is known 

that long chained, linear alcohols, such as 1-octanol, are difficult to oxidize further and often 

requires the presence of an aqueous solvent to promote the reaction (Dimitratos et al., 2006). 

Of the metals considered Pd is thought to be generally more effective for the activation of 

aromatic alcohols while Pt is favoured for aliphatic molecules (Anderson et al., 2002; Griffin et 

al., 2002). This was shown by He et al (2015). The authors noted that Pt was the preferred 

catalyst for the oxidation of 1-octanol after reaching an iso-conversion of 10% (mol/mol) in 3 

hours; 5 times faster than the Pd catalyst. However, within 6 hours of reaction, the conversion 
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increased to ca. 20% (mol/mol) while the selectivity of the Pt-based catalyst dropped 

dramatically to 49% (mol/mol). In comparison, the Pd-based catalysts maintained selectivity 

to the aldehyde (between 80-85% mol/mol) over the 3-6 hour time period. Although Pt was 

initially more effective for substrate conversion, the catalyst was less selective for the aldehyde 

over extended periods of time under mild conditions. The Pd catalyst is preferred for linear 

alcohol oxidation reactions. When compared to Pt this Pd catalyst is a cheaper alternative and 

is able to maintain activity with good selectivity to the aldehyde over longer reaction periods 

(Enache et al., 2007; Griffin et al., 2002).  

The low conversions noted upon benzyl alcohol oxidation were a result of limitations in oxidant 

availability. When migrating to linear alcohol systems, it was expected that similar difficulties 

in activation as experienced in the benzyl alcohol system would be further compounded by 

the known complexity of converting 1-octanol to its corresponding aldehyde (Dimitratos et al., 

2006; Griffin et al., 2002). With the addition of a higher metal loading, mass transfer limitations 

in these systems may be counteracted through the exposure of a greater concentration of 

active sites.  

To improve activity towards aliphatic compounds, the oxidation of 1-octanol to its 

corresponding aldehyde was performed at the same conditions used for the benzyl alcohol 

system using 25% (w/w) Pd catalysts. Given that the hydrogen-induced 25% (w/w) loaded Pd 

nanocatalysts appeared to be more active during the oxidation of the aromatic alcohol, 

preliminary screening on 1-octanol was performed using these catalysts  (Table 6-5). 

Table 6-5 The oxidation of 1-octanol to octanal using hydrogen induced 25% (w/w) Pd nanocatalysts on various E. coli supports (E. coli DH5∝, E. coli ATCC25922, E. coli 
BL21DE3). All catalytic reactions were performed at 90oC, 250 rpm, 0.36% (w/v) catalyst loading and at 1 bar of air  in the Radley reaction system. All solvents were added 
in a ratio of 1:4 water to alcohol. Where X is the conversion, Y is the yield relative to the substrate, and S is the selectivity of the product formed.   

Metal 
loading 
(%w/w) 

Metal E.coli 
support  

Solvent octanol 
volume 

(ml) 

XSubstrate  
(%mol/mol) 

XProduct  
(%mol/mol) 

Y 

Octanal 
(%mol/mol)  

Y 

Octanoic 
acid 

(%mol/mol) 

S 

Octanal 
(%mol/mol) 

S 

Octanoic 
acid 

(%mol/mol) 

25% Pd DH5∝ None 5ml 2.9% 1.3% 27.9% 11.9% 70.9% 29.1% 

25% Pd ATCC25922 None 5ml 2.4% 0.9% 32.0% 6.1% 82.7% 17.3% 

25% Pd BL21DE3 None 5ml 3.0% 1.6% 41.6% 15.2% 72.1% 27.9% 

25% Pd DH5∝ Water  4ml 5.1% 1.4% 18.1% 5.3% 75.3% 24.7% 

25% Pd ATCC25922 Water  4ml 9.6% 0.7% 8.6% 0.1% 99.4% 0.6% 

25% Pd BL21DE3 Water  4ml 5.6% 1.5% 14.8% 6.2% 70.4% 29.6% 
 

In each of the oxidation reactions with 1-octanol, similar conversions (XDH5α =2.9% mol/mol 

and XBL21DE3=3.0% mol/mol) and selectivity to the aldehyde (SDH5α=70.9% mol/mol and 

SBL21DE3=72.1% mol/mol respectively) were achieved with the 25% (w/w) Pd loaded E. coli 
DH5∝ and E. coli BL21DE3 nanocatalysts in the absence of a solvent. Although the E. coli 
ATCC25922 biofabricated nanocatalysts also achieved a 2.4% (mol/mol) conversion, a 

significantly higher selectivity towards the aldehyde (82.7% mol/mol) was noted (Table 6-5).  
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Dimitratos et al. (2006) noted that the use of water as a solvent may improve activity within 

alcohol reaction systems. Upon addition of water to the 1-octanol system, an improvement in 

conversion (ca. 4% mol/mol) was noted across the microbial strains (Table 6-5). Selectivity to 

the aldehyde increased by 4.4% (mol/mol) for the E. coli DH5∝ nanocatalysts but no further 

improvement in activity was noted for the E. coli BL21DE3 supported nanocatalysts. Upon 

addition of water to the 25% (w/w) Pd catalyst on E. coli ATCC25922, conversion increased 

by a factor of 4 (to 9.6% mol/mol) while the selectivity to the aldehyde increased to 99.4% 

mol/mol (Table 6-5). He et al. (2015) investigated similar solvent  free conditions for 1-octanol 

oxidation using a monometallic Pd catalyst supported on magnesium-aluminium hydrotalcite. 

Oxidation performed using a 1% (w/w) Pd loaded synthetic catalyst at 100
o
C and 3 bar of 

oxygen, resulted in a similar conversion of 9% (mol/mol) and poorer selectivity (a difference 

of 19.4%) to the aldehyde (80% mol/mol) as compared to the 25% (w/w) Pd catalyst on E. coli 
ATCC25922 (Table 6-5).  

Apart from hydrogen-induced Pd on E. coli ATCC25922 the over-oxidised product, namely the 

octanoic acid, accounted for 27.9%-29.1% (mol/mol) of the total reaction product (Table 6-5). 

The low conversion noted for the oxidation of this alcohol using the biofabricated catalysts was 

therefore likely a combination of mass transfer limitations as well as the increased presence 

of octanoic acid. As a result of the increased concentration of carboxylic acid within the 

reaction environment, more of these molecules were available to occupy the active catalytic 

sites thereby limiting the interaction of the alcohol with the catalyst and thus hindering the 

conversion of the substrate (Sankar et al., 2014). 

From these preliminary experiments, it was clear that the biofabricated catalysts exhibited 

sufficient activity to facilitate the oxidation of 1-octanol to octanal. As expected, 1-octanol 

conversions were relatively low. The selectivity to the primary product in the presence of the 

Pd biofabricated nanocatalysts was similar to what has been previously reported for the 

synthetically supported counterparts (He et al., 2015). The presence of octanoic acid appeared 

to hinder conversion. However, as noted by Dimitratos et al. (2006) the addition of water as a 

solvent to the hydrogen-induced 25% (w/w) Pd catalyst on E. coli ATCC25922 improved the 

conversion of the alcohol to the aldehyde.  

Considering the successful activity for both aromatic and linear alcohols to the desired 

aldehyde when using hydrogen-synthesized Pd(0) nanoparticles, E. coli ATCC25922 would 

be the preferred biological support for further studies. The activity on this strain was 

comparable to previously investigated catalysts under similar conditions. The use of hydrogen 

promoted rapid reduction and limited catalyst poisoning. At the higher Pd loading, activity on 

this particular catalyst support was a result of good uniformity in nanoparticle shape and size, 

with well distributed particles throughout the support. Clustering and loss of Pd was limited on 

E. coli ATCC25922 allowing for ample available active sites.  

Activity on the hydrogen induced Pd catalyst supported on E. coli ATCC25922 was greatly 

improved when water was added as a solvent. This ensured the suppression of over-oxidative 

reaction pathways and selectivity to the preferred, high-value, aldehyde product.  
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Chapter 7 

7 Conclusions and Recommendations  

7.1 Conclusions  

The potential of microorganisms, in particular gram-negative bacteria such as E. coli, to 

function as supports for metal nanoparticles as catalysts was investigated. The natural affinity 

of these bacteria to acquire certain metal ions can be utilized for remediation or, as in this 

study, as a ‘green’ method for nanocatalyst synthesis (Deplanche et al., 2011a; Lesmana et 

al., 2009; Lovley, 1993; Mabbett et al., 2006; Pantidos and Horsfall, 2014; Yong et al., 2002b). 

This study focused on the chemo-catalytic oxidation of alcohols following the bio-catalytic 

activation of n-octane to 1-octanol (Ayala and Torres, 2004; Gudiminchi et al., 2012; Meissner, 

2013; Olaofe et al., 2013; Pennec et al., 2014). In this system, the biofabricated catalysts were 

considered a viable alternative to chemically synthesized nanocatalysts to successfully 

valorise low value alkanes in a single reactor (one-pot) tandem bio-chemo catalytic process. 

Biologically synthesised Pd and Au nanoparticles were considered due to their unique catalytic 

properties and known synergy. Although, previous investigations successfully demonstrated 

E. coli as the most effective gram-negative scaffold (Deplanche et al., 2014), comparative 

studies investigating the efficacy of different E. coli strains as catalyst supports are not 

available. As such, this study aimed to determine the most suitable E. coli strain to biofabricate 

nanoparticles that would successfully catalyse the oxidation of alcohols to higher value 

aldehydes. Catalyst activity was assessed under mild conditions to ensure compatibility with 

biotransformation of alkanes in the tandem system.  

All microbial strains tested in this study showed potential as biological scaffolds for the 

biofabrication of nanoparticle catalyst to some degree. In the biosorption test, these gram-

negative bacteria rapidly adsorbed both Pd(II) and Au(III) ions upon exposure. However, the 

hydrogenase deficient E. coli BL21DE3 was less effective at absorbing Au(III) ions at the 5% 

(w/w) loading, while the affinity of E. coli ATCC25922 decreased significantly (by 66.5 % for 

Pd and 11.9% for Au) as the metal loading was increased to 25% (w/w). Given that main 

mechanism for adsorption of the metal ions to the bacteria was found to be via chemisorption, 

this reduced affinity was likely a circumstance of the cell available active sites becoming over 

saturated. This was further supported by FTIR analysis. All microbial strains were composed 

of amine and hydroxyl groups that are known to coordinate Pd ions, and therefore were 

similarly absorbed by all microbial scaffolds. Au(III) coordinating thiol groups; however, were 

less visible using FTIR, and thus potentially existing at lower concentrations than the hydroxyls 

and amines. 

Even though both gaseous and chemical electron donors successfully reduced the absorbed 

metal species on all E. coli strains, hydrogen was clearly the preferred electron donor. 

Reduction occurred within the first half hour with this gas in comparison to overnight incubation 
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with sodium formate. In either instance, near circular Pd(0) nanoparticles were formed that 

were less than 5 nm in size. A characteristic for an ideal nanocatalyst was to achieve uniform, 

mono-dispersed particles across the support. Achieving these particle characteristics would 

ensure more available active surface area for the reaction to occur. Given the near-ideal 

characteristics of the Pd(0) nanoparticles observed on all microbial strains, activity for the 

oxidation of benzyl alcohol was evident and aligned with published results for biofabricated E. 
coli MC4100 5% (w/w) Pd nanocatalysts using air as an oxidant (Deplanche et al., 2011a).  

Although agglomeration of the nanoparticles was prevalent at higher Pd loadings on E. coli 
ATCC25922 and E. coli BL21DE3, the nanoparticle morphology and size of the 25% (w/w) Pd 

loaded E. coli ATCC25922 nanocatalysts were unaffected. However, the size of hydrogen-

induced 25% (w/w) Pd(0) nanoparticles on E. coli BL21DE3 deviated from the ideal size range 

exceeding 5 nm (ca. 9.3 nm) potentially highlighting the importance of hydrogenase during 

reduction. A more successful reduction was evident on E. coli DH5α, where uniform, mono-

dispersed Pd(0) nanoparticles with minimal agglomeration were noted. However, regardless 

of the donor used, Pd(0) loaded on this support was lost after harvesting of the catalyst, 

potentially due to weak binding sites. This higher degree of agglomeration and the loss of Pd 

noted on E. coli BL21DE3 and E. coli DH5α, respectively, limited active surface area and led 

to lower activity in the 1-octanol reaction. For E. coli ATCC25922 uniformity in particle size 

and shape, the limited clustering and loss of Pd(0) nanoparticles maximized the active surface 

area for reaction making this strain the frontrunner for biofabricating nanocatalysts.  

Catalyst activity clearly improved with increasing metal loading on E. coli ATCC25922. At the 

25% (w/w) Pd loading the conversion of benzyl alcohol increased by 31.6% (mol/mol) relative 

to the 5% (w/w) Pd loaded catalysts. Despite the observed nanoparticle agglomeration with 

the 25% (w/w) hydrogen-induced Pd biofabricated catalysts the selectivity towards 

benzaldehyde in the control reaction remained high at ca. 90.9% (mol/mol). Of all the 

hydrogen-induced 25% (w/w) Pd nanoparticles, the E. coli ATCC25922 supported 

nanocatalyst achieved comparable conversion of 1-octanol to the other strains but provided 

the greatest selectivity to octanal (82.7% mol/mol). The addition of water as a solvent 

counteracted potential byproduct poisoning of the active sites, increasing conversion and 

selectivity to the aldehyde on E. coli ATCC25922 to 9.6% (mol/mol) and 99.4% (mol/mol), 

respectively. 

Reduction of Au(III) to Au(0) was only evident on E. coli ATCC25922 within 24 hours when 

hydrogen was used as the electron donor. Unlike Pd(0), the Au(0) nanoparticles exhibited 

poor uniformity, extensive agglomeration with irregularly shaped particles distributed 

sporadically. With the absence of an alkaline reagent to promote H abstraction coupled with 

oxidant limitations in the reactor, activity on benzyl alcohol for Au catalysts under mild reaction 

conditions was undetectable. 

In conclusion the nanoparticles that formed on the microbial strains were similar in size and 

location to those particles identified on E. coli MC4100 in previous studies. The nanoparticles 

that formed were observed near the cytoplasmic and periplasmic hydrogenases. Of the three 
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strains, E. coli ATCC25922 achieved the best growth under anoxic conditions (0.8 g/L) and 

was capable of adsorbing both Pd(II) and Au(III) metal ions. The ability of this microbial strain 

to grow well under oxygen-limited conditions ensures the activation of pathways (involving 

enzymes like hydrogenase) that assist in generating a large electron pool. When hydrogen is 

used as the electron donor, these same pathways are favoured leading to the rapid generation 

of electrons for bioreduction. In the case of Au, E. coli ATCC25922 was the only strain capable 

of supporting the successful manufacture Au(0) nanoparticles in the presence of hydrogen. 

Reduction in the presence of hydrogen indicates that for this microbial strain it was likely that 

high levels of hydrogenase were available to catalyze the reduction of Au(III). Further, this 

microbial strain ensured stable attachment of uniform, mono-dispersed Pd(0) nanoparticles. 

Noting these characteristics along with the greater degree of agglomeration on E. coli 
BL21DE3 and loss of metal mass on E. coli DH5α, E. coli ATCC25922 was the most suitable 

strain for nanoparticle formation. Such characteristics of the Pd(0) nanoparticles and the 

greater availability of active surface area of the hydrogen-induced 25% (w/w) Pd catalysts on 

E. coli ATCC25922 resulted in the best activity for 1-octanol oxidation. For this particular 

biofabricated catalyst the resulting activity exceeded what was evident in literature, achieving 

near complete selectivity to the aldehyde. 

7.2 Recommendations  

During kinetic experiments an accurate determination of the amount of ions adsorbed onto the 

bacteria within the first minutes was difficult to acquire. Aliquot extraction and separation of 

the liquid-pellet were not instantaneous, making it difficult to determine the adsorption profile 

in the initial stages. To improve the accuracy and sample frequency during this period it is 

recommended that an online, rapid response sampling and detection method be implemented 

(redox or online modified  ICP-OES analysis). Upon analysis of adsorption isotherms, it was 

observed that the maximum Pd capacity of E. coli ATCC25922 and E. coli DH5α was not yet 

confirmed. Using a higher ion precursor solution concentration (> 10 mM) would further 

establish the maximum capacity of each microbial strain and the accuracy of the predictive 

models. Observing adsorption of the metal ions at different temperatures can provide further 

understanding on the mechanism of adsorption. To understand the role of the microorganisms 

in mechanisms of adsorption and reduction, quantification of enzyme activity, specifically 

hydrogenase, would elucidate the function of these enzymes in reduction. 

Before activity testing can continue, further optimization of the reactor and reaction conditions 

are necessary to ensure that the right amount of oxygen is supplied during reaction. This 

optimization of the reactor conditions can, in part, improve activity of the catalysts on 1-octanol. 

As this study identified E. coli ATCC25922 as the most suitable support for conversion of 

alcohol to the aldehyde, bimetallic Au-Pd catalyst manufacture on this support should be 

considered. The synergy of the two metals can be determined by altering ratios of Pd to Au 

and applying to the oxidation of alcohols. 
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8 Appendices 

Appendix A: Culture growth  

The data set linked to this thesis can be located in Zivahub using the link in the reference list  

- unpublished as of submission (Govender, 2021) 

A.1 Growth media preparation  

The cell culture was grown on standard LB medium  

Table 8-1 Standard LB media formula for cell growth  

Chemical Concentration  

Tryptone  10 g/L 

Yeast Extract 5 g/L 

Sodium Chloride  5 g/L 
 

 

Table 8-2 Adjusted LB media formula for cell growth 

Chemical Concentration  

Tryptone  10 g/L 

Yeast Extract 5 g/L 

Sodium Chloride  5 g/L 

Sodium fumarate dibasic 0.4 % (w/v) 

Glycerol (100%) 0.5 % (v/v) 
 

For the purpose of this study growth media for the E. coli strains was described by Table 8-1 

and Table 8-2 and was used for aerobic preculture and anaerobic culture growth, respectively 

A.2 Dry cell weight and OD correlation  

OD versus dry cell weight correlations for the three E. oli strains were considered in this study 

and are provided in Table 8-3. 
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Strain DCW (g/L) at OD600 of 1 

E. coli DH5% 0.49 

E. coli ATCC25922 0.75 

E. coli BL21DE3 0.53 
 

To obtain these correlations the culture was grown as indicated in Section 3.1. The 1 L culture 

was harvested and diluted once more in fresh media creating a concentrated cell suspension. 

A serial dilution was then performed on the concentrated culture. The OD at 600nm of these 

cultures was assessed (by extracting 3 ml of sample to measure using the 

spectrophotometer). The cells mass in each dilution were harvested via centrifugation (7000 

rpm, 10 minutes, 4
o
C). The wet cells were transferred to pre-dried, weighed Eppendorf tubes 

and then washed (twice) with deionised water. The cells were dried over 2 days in an 80
o
C 

oven. Once dry the Eppendorf tubes were place in a desiccator for at least 1 hour to ensure 

the samples cooled down to room temperature and no moisture formed in the tubes. The 

weight of the dry cell mass was then correlated to their respective OD values to obtain 

correlation coefficients (Table 8-3).  

Table 8-3 Dry cell weight and OD600 correlation growth co-efficient. Growth of cells observed at 37oC in a modified LB media 
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Appendix B: Preparation for bioreduction  

B.1 Preparation of cell buffer  

The cell buffer was necessary to maintain cell activity outside the growth media 

Table 8-4 Composition of 40 mM MOPS buffer stock solution 

Chemical Concentration (mM) Molar mass(g/mol) 

MOPS 40 209.3 

EDTA (disodium dihydrate) 10 372.24 

Sodium acetate (trihydrate) 1 136.08 
 

A 40 mM stock MOPS buffer solution was prepared (Table 8-4). A sample calculation of the 

reagents used  can be noted below; 

For a 40 mM MOPS stock solution with a 1 L final volume;  

40	(()*
+

	× 	1+ ×
	209.3	(2
(()*

	×
1	2

1000	(2
= 8.37	2	)6	789: 

10	(()*
+

	× 	1+ ×
372.24	(2
(()*

	×
1	2

1000	(2
= 3.72	2	)6	;<=> 

1	(()*
+

	× 	1+ ×
	136.08	(2
(()*

	×
1	2

1000	(2
= 0.14	2	:)@AB(	CDEFCFE	FGAℎI@GCFE 

 

Once the stock solution is made, it is diluted by a factor of 2 (resulting in a 20 mM MOPS 

solution). The pH is adjusted to 7 using 10M NaOH. The buffer must be degassed before use. 

The MOPS-NaOH buffer can be stored at room temperature until use. It was noted that the 

buffer solution is sensitive to light. When exposed to light over an extended period, the solution 

tends to turn from clear to yellow. If the yellow-coloured buffer was used, the cells were 

affected such that no reduction was noted under these conditions. To prevent deactivation 

form occurring, once the buffer was made the container was completely covered. 

 

 

 



Appendices 06 June 2021 

126   

B.2 Metal ion solution preparation  

Table 8-5 Salt precursor solution requirements and constants 
 

Chemical Concentration (mM) Molar mass(g/mol) 

Sodium tetrachloropalladate  2 294.20 

Gold chloride trihydrate  1 398.93 
 

From Table 8-5 above the mass of metal salt to be dissolved in acidified water (pH 2.3) can 

be derived. For a 100 ml batch solution the following reagent is required; 

 

2	(()*
+

	× 	0.1+ ×
	294.20	(2
(()*

	×
1	2

1000	(2
= 0.0588	2	)6	KC29@L*4 

1	(()*
+

	× 	0.1+ ×
398.93	(2
(()*

	×
1	2

1000	(2
= 0.0399	2	)6	M>BL4 

 

B.3 Cell culture preparation  

To assess the mass of cells/adsorbate obtained after growth and the mass to be added to the 

reduction system, OD and DCW correlations were necessary (see Appendix A.2).  

For a 1L growth culture after 14-18 hours growth, the following OD is achieved; 

 

Table 8-6 Example of the observed OD after bulk anoxic cell growth 

Strain OD (600 nm) [measured at 
14-18 h] 

CDW (g/L) @ OD = 1 

E. coli DH5% 1 0.49 

E. coli ATCC25922 1.1 0.75 

E. coli BL21DE3  0.4 0.53 
 

From this the mass of cells present at this time point can be derived from the measured OD . 

Once know the total cell mass of cell is to be resuspended in the degassed MOPS-NaOH 

buffer  
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B.4 Metal reduction onto support: sample calculation 

The following example calculation is used to achieve the required 5% (w/w) metal loading on 

E. coli DH5% upon bioreduction 

(	DE**N	F)FC* = 	
0.492
+

	× 	1+		 × 	1 = 0.49	2	 

The factor of the total  biomass used in the serum bottle is set at 0.43 for this strain 

(	DE**N	 = 	0.49	2		 × 	0.43 = 0.211	2			 

 

The metal loading is set at 5% (w/w) which means a ratio of 1:19 (mass Pd to mass dry cell) 

is used. Therefore for 0.211 g of cells 0.011 g of Pd is required. 

 

O	9@	 = 	0.011	2		 ×
()*

106.42	2
×
1000	(()*

()*
= 0.104	(()*	9@	(0.104	(()*	KC29@L*4) 

The total cells harvested were resuspended in a certain volume of buffer, calculated below;  

1000	(*	 ×
1
50

= 20	(* 

L)OD	DE** − SB66EG	NBNTEONA)O = 	
0.49	2
20	(*

=
0.0252
(*

 

 

U)*B(E	DE** − SB66EG	NBNTEONA)O	(C@@E@	F)	NEGB(	S)FF*E) =
(*

0.025	2
× 	0.211	2 = 8.6	(* 

 

From the equation below one can use the fact that 2 mM Pd(II) ion solution remains constant 

to determine the volume of metal precursor to add the mass of cells . 

O1
U1

= 		
O2
U2

 

2	(()*
1+

	= 		
0.104	(()*

U2
	 

U2	 = V
1+

2	(()*
W (0.104) = 0.0521	+	(52.1	(*) 

 

If required, a certain amount of sodium formate needs to be added as an electron donor;  
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A stock solution of sodium formate 50 mM sodium formate is made by dissolving a particular 

mass of reagent in deionized water; 

(	 = 	
50	(()*

+
× 	1+	 ×

68.01	(2
(()*

	×
2

1000	(2
= 3.4005	2	 

To ensure that 20 mM of the electron donor is added to manufacture 5%(w/w) Pd on E. coli 
DH5%, the following calculation was used; 

U	N)@AB(	6)G(CFE = 	
20	(7
50	(7

×	(UDE** − SB66EG + 	U(EFC*	NC*F) 

 

 

U	N)@AB(	6)G(CFE = 	
20	(7
50	(7

×	(8.6	(* + 	52.1) = 24.3	(*
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Appendix C: The residual metal assays  

C.1 Stannous chloride assay for Pd 

C.1.1 SnCl2 assay standard curve  

 

Figure 8-1 SnCl2 assay standard curve for 5% (w/w) Pd adsorption onto the  E. coli strains 

 

C.2 Thiamine-phloxine assay for Au 

C.2.1 Reagent preparation  

Various reagents are needed to perform the Au assay as indicated in the methodology, the 

composition  of these soltions are indicated in Table 8-7;  

Table 8-7 Thiamine-phloxine assay rreagent composition 

Chemical Amount Molar Mass (g/mol) 

Methyl cellulose 0.5% (w/v) - 

Thiamine nitrate  0.1 M (100 mM) 327.36 

Phloxine B 0.01 M (10 mM) 829.63 

EDTA (trisodium, anhyd) 0.05 M 358.19 

Citric acid  0.1 M 192.12 
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To prepare the methylcellulose, a third of the water to be used was heated to a temperature 

greater than 80
o
C. The required amount of methylcellulose powder was then added, and the 

mixture agitated. This agitation continued until the powder was well-dispersed and wet. The 

remaining two-thirds of the water was then added as ice/cold water. This lowers the 

temperature of the solution until the correct temperature was reached. This temperature was 

determined by the viscosity of the methylcellulose solution. For this study the chemical 

purchased had a viscosity of 25 cp which correlated to a temp of 41
o
C. The solution was 

cooled down further to between 0
 o

C to 5
o
C and the mixture was agitated for a further 30 

minutes. 

A sample calculation of the stock solution preparation is given below 

7EFℎI*DE**B*)NE	 = 	
0.5	2
100	(*

× 	100 = 0.5% 

The thiamine nitrate and phloxine B solutions are prepared to a volume of 100 ml. The EDTA-

citrate buffer was prepared to a 200 ml volume. 

(	=ℎAC(AOE	OAFGCFE	 = 	
		0.1	()*

+
× 	0.1+ ×

327.36	2
()*

= 3.27	2	 

(	9ℎ*)ZAOE. [	 = 	
		0.01	()*

+
× 	0.1+ ×

829.63	2
()*

= 0.83	2 

(	;<=>(3KC) = 	
		0.05	()*

+
× 	0.2+ ×

358.19	2
()*

= 3.58	2	 

(	DAFGAD	CDA@	 = 	
		0.1	()*

+
× 	0.2+ ×

192.19	2
()*

= 3.84	2 

C.2.2 Thiamine-phloxine assay standard curve 

 

Figure 8-2 Thiamine-Phloxine assay standard curve for 5% (w/w) Au adsorption on the E. coli strains 
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Appendix D: Oxidation reaction analysis  

D.1 GC method protocol  

 

 The above method in Table 8-8 was used by the GC software to allow for the detection of the 

products generated upon the oxidation of the alcohols in the presence of the biofabricated 

catalysts. 

Mivashya Govender 

Table 8-8 Method protocol used to run the Varian 3900. The parameters were set in Galaxie Workstation software 

Autosampler 
Syringe volume 10 \l 

Injection mode Split 

Injector  
Heater Yes 

Setpoint 240oC 

Initial split ratio  80 

Oven 
Stabilization time 1 minute 

Heater  On 

Ramp 
Rate  30oC/min 

Step initial  60oC 

Time initial 3 minutes 

Step final 180oC 

Time final 7  minutes   

Total time final 14  minutes   
Column pneumatics 

Isobaric/constant flow  Constant flow  

Flow rate 1 ml/min 

Detector 
Heater  On 

Setpoint 280oC 

FID  
Range initial  12 

Autozero Yes 

Gas flow 
Nitrogen  30 ml/min 

Hydrogen  30 ml/min 

Air 300 ml/min 
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D.2 GC compound identification  

From knowledge of the reaction system certain predictable assumptions can be made about 

the reaction products generated after oxidation. The following reagents were examined (Table 

8-9);  

Table 8-9 Retention times for reagents and products detected via GC analysis 

Chemicals Purchased/Obtained  
from   

Grade/Purity % Retention time (minutes) 

Benzyl alcohol UCT Catalysis/Sigma 99-100 9.8 to 10 

Benzaldehyde Sigma 99 9.2 

Benzoic acid UCT Catalysis/Sigma ≥ 99.5 10.8 

Toluene Merek  ≥ 99..9 7.2 

1-Octanol Merek >99 10.1 

Octanal Sigma (Analytical standard) 9.42 

Octanoic acid UCT Catalysis/Sigma 99.5 10,8 

Ethyl acetate Merek ≥ 99.5 6.06 

1-Decanol Sigma >98 11.8 
 

From injection of a small known quantity of sample into the GC the retention time of the product 

versus the known chemical are compared to verify the presence of the compound in the 

reaction vessel   

D.3 GC analysis: standard curves 
A) B) 

  

C) D) 

  

Figure 8-3 Standard curve for reagents and products identified via GC analysis after the oxidation of aromatic alcohol. Where A) is benzyl alcohol B) benzaldehyde C) 
toluene and D) benzoic acid 
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A) B) 

  

C) 

 

Figure 8-4 Standard curve for reagents and products identified via GC analysis after the oxidation of aromatic alcohol. Where A) is 1-octanol B) octanal C) and 
octanoic acid 

 

 

Appendix E: Model fitting at a higher loading  

In an effort to describe adsorption at the higher metal loading where desorption of the solid 

ion is evident , the trend was divided to three sections. The fit of the various models was 

assessed to establish the most beneficial overall fit (Table 8-10 and Table 8-11) 
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Table 8-10 Kinetic model fit to the experimental adsorption of Au(III) ions at a 25% (w/w) loading onto E. coli ATCC25922. Where the model constants k1, k2, qe (exp), β , α, f and c were defined upon non-linear regression analysis. 
The region L1 is defined as the initial adsorption stage, L2 is defined as desorption stage and L3 is the defined as point at which equilibrium is reached. 
 

 Pseudo-first order Pseudo-second order 
 k1 (min-1) qe (exp) 

(mg/g) 
Residual 
pattern #$ R2 AARD k2 qe (exp) (mg/g) Residual 

pattern #$ R2 AARD 

L1  8.0 185.0 - - 1.0 - 0.4 185.0 - - 1.0 - 
L2 13.7 185.0  - 0.2 0.1 45.5% -9.0 x109 185.0  - 0.2 0.0 45.5% 
L3 0.04 185.0  - 1.0 -4.5 33.8% 0.0 185.0  - 1.3 -0.7 32.9% 

Overall fit      Yes 1.2 0.4 36.8%    Yes 1.6 0.4 36.3% 
 Elovich model (@ Boundary conditions) Intra-particle diffusion 
 % (g/mg) & 

(mg/g.min) 
Residual 
pattern #$ R2 AARD f (mg/g.min0.5) C Residual 

pattern #$ R2 AARD 

L1  0.1 8.9 x105 - -0.1 1.0 - 240.7 3.0 - 1.7X10-2 1.0 - 
L2 -0.04 -8.57 x10-2  - 1.5X10-2 0.9 10.6% -64.9 242.1  - 5.6X10-3 1.0 6.2% 
L3 0.2 7.82 x106  - 6.5X10-3 0.5 3.8% 2.8 94.5  - 7.3X10-3 0.5 4.0% 

Overall fit      No 2.2X10-2 1.0 5.7%     No 1.4X10-2 1.0 4.8% 

 

 

 

Table 8-11 Kinetic model fit to the experimental adsorption of Au(III) ions at a 25% (w/w) loading onto E. coli DH5α. Where the model constants k1, k2, qe (exp), β , α, f and c were defined upon non-linear regression analysis. The 
region L1 is defined as the intial adsorption stage, L2 is defined as desorption stage and L3 is the defined as point at which equilibrium is reached 

 Pseudo-first order Pseudo-second order 
 k1 (min-1) qe (exp) (mg/g) Residual 

pattern #$ R2 AARD k2 qe (exp) (mg/g) Residual 
pattern #$ R2 AARD 

L1  12.0 235.1 - - 1.0 - 2.0 235.1 - - 1.0 - 
L2 50.0 235.1  - 0.2 -0.4 51.7% -0.1 235.1  - 0.3 0.2 63.5% 
L3 0.1 235.1  - 0.4 -0.2 23.9% 0.0 235.1  - 0.6 0.0 42.4% 

Overall fit      Yes 0.6 0.4 -     Uncertain 0.9 0.4 - 
 Elovich model (@ Boundary conditions) Intra-particle diffusion 
 % (g/mg) & 

(mg/g.min) 
Residual 
pattern #$ R2 AARD f (mg/g.min0.5) C Residual 

pattern #$ R2 AARD 

L1  0.05 4.0 x106 - 0.1 1.0 - 438.0 0.0 - - 1.0 - 
L2 -0.03 -1.0 x10-1  - 0.0 1.0 5.1% -50.0 264.0  - 0.0 0.9 10.0% 
L3 0.11 3.0 x106  - 0.01 0.7 3.5% 6.7 114  - 0.0 0.9 1.7% 

Overall fit      No 0.0 1.0 -     No 0.0 1.0 - 

 




