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Abstract 
This article is based on a lecture by one of the four recipients of the Royal Society of New South Wales 
Scholarships for 2013, delivered at the Union, University and Schools Club, on Wednesday, 5 February 
2014.  It briefly discusses the role of societal, political, and environmental drivers on the development of 
catalysts in the 20th century, which led to the technological advances that enabled the modern lifestyle we 
enjoy today.  Three challenges of catalysis in the 21st century will then discussed in more detail, with a focus 
on changing feedstocks from fossil resources to biomass resources, and the growing emphasis on lower 
energy, ‘greener’ processing. 
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Introduction 
Catalysts play a central role in chemistry, and 
are used in approximately 90% of all 
industrial chemical processes (Thomas and 
Williams 2005, Armor 2011, Thomas 1994).  
In the last 250 years, especially during the 20th 
century, catalysts were involved in many 
technological developments that contributed 
to the lifestyle and standard of living that we 
enjoy today.  Many of these developments 
emerged due to the convenience and 
abundance of fossil feedstocks.  However, 
with global energy demands expected to 
double within the next forty years, peak oil 
being reached soon or even past, the growing 
concerns surrounding carbon dioxide 
emissions, and the political instability related 
to geographical restrictions of oil reserves, 
there is a growing need for greener processing 
and to develop alternative resources.  Just as 

catalysts played an important role in the 20th 
century, they are expected to have an ever 
more crucial role in the 21st century, as will be 
discussed in the subsequent sections. 
 

Historical Perspective 
The first use of catalysts can be traced back 
approximately 10 000 years, with depictions 
of brewing on archaeological remains (Adams 
2009).  Even back then, catalysts had an 
important role for humankind!  However, it 
was not until the 19th century that the concept 
of catalysis was understood.  Jöns Jacob 
Berzelius introduced the term catalysis in 1835 
before Wilhelm Ostwald provided a scientific 
definition in 1895 (Zaera 2012).  Over the 
next century, catalysts played a significant role 
in the development of industrial processes 
that have greatly influenced modern society.  
Arguably the most important catalytic 
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development was the Haber–Bosch process, 
which is promoted by iron-based catalysts. 
Motivated by the need for fertiliser during the 
anticipated Chilean embargo on saltpetre, this 
process has had an enormous impact on the 
development of modern society.  On the one 
hand, it was responsible for between 100 and 
150 million deaths in the 20th century because 
of its role in the production of explosives and 
chemical weapons used in armed conflicts 
(Erisman et al. 2008).  Indeed, the demand 
for explosives based upon nitric acid had a 
huge impact on the growth of the industrial 
production of bulk chemicals during World 
War One (Lindstroem and Pettersson 2003).  
On the other hand, the Haber–Bosch process 
is responsible, through the production of 
agricultural fertiliser, for feeding 
approximately 48% of the world’s population 
in 2008 (Fig. 1) (Erisman et al. 2008).  As will 
be shown briefly in this section, major 
catalytic developments rarely occurred in 
isolation.  Rather, they required societal, 
political, or environmental motivations as 
drivers.  Equally important was the 
accessibility to raw materials, and in turn, new 
technology created new demands. 
 

 
Figure 1: Trends in human population and nitrogen use 
in the 20th century.  Reprinted by permission from 
Macmillan Publishers Ltd: NATURE 
GEOSCIENCE. Erisman et al. Nature Geoscience, 
11, 10 (2008), copyright 2008. 

Although the first crude oil was drilled in 
1859, the main feedstock for chemicals at the 
onset of the 20th century was coal, based 
mainly on coal liquefaction, distillation of coal 
tar, acetylene, and coal gasification (Armor 
2011).  As the demands for explosives 
diminished, the focus after World War One 
moved to synthetic fuels.  Among the most 
important catalytic developments in this 
period was the use of iron and copper 
catalysts for the synthesis of hydrocarbons 
from carbon monoxide and hydrogen 
(obtained from coal) by Franz Fischer and 
Hans Tropsch in 1923.  The Fisher–Tropsch 
synthesis of fuels is just as relevant today as it 
was nearly a century ago.  Nonetheless, the 
widespread use of crude oil as a feedstock 
began when Eugène Houdry developed the 
catalytic cracking of petroleum in 1936.  
Lewis and Gillian modified the process with 
the introduction of fluid catalytic cracking 
(FCC) in 1941, and this improvement enabled 
the supply of the vast quantities of high-
octane aviation fuel needed to supply the 
Allied Forces in World War Two.  
 
With the end of the war, needs again changed 
with society, and the automobile market 
accelerated in Europe.  The increased 
demands for gasoline created the 
petrochemical industry, as petroleum refining 
enabled the production of plastics, 
pharmaceuticals, and specialty chemicals.  
Crude oil became entrenched as a convenient 
and accessible feedstock.  The most 
important development during this period 
was the use of a modified X zeolite catalyst in 
the FCC of petroleum, and one of the most 
important concepts in zeolite catalysis was the 
discovery of shape-selective catalysis in 
zeolites (Masters and Maschmeyer 2011).  
With these advances, zeolites revolutionised 
the catalytic cracking and hydrocracking of 
the crude oil feedstocks, dramatically 
improving yield and process efficiencies.  
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Indeed, the use of zeolite catalysts is 
estimated to save  the petroleum industry 
10 billion dollars a year (Weitkamp 2000).  
 
As the transportation industry and chemical 
processes expanded, research into new 
catalysts was required to meet the regulations 
regarding vehicle and stationary engine 
emissions.  Hydrodesulfurisation was 
developed in the 1960s for the removal of 
sulfur in fuels.  In 1974, the first oxidation 
catalytic converter for automobiles was 
developed, followed by the three-way catalytic 
converter in 1978, and the Pd three-way 
converter in the 1990s.  By 1990, the catalytic 
converter had reduced emissions from 
hydrocarbons, NOx, and CO from vehicles 
by 90% compared to levels in 1965 (Armor 
2011).  
 
Although emissions control catalysts are 
among the exceptions, the fundamental 
studies on catalysts in the 20th century were 
mostly focused on achieving high turnover 
rates.  There is now a growing need to 
develop alternative resources and lower 
energy, ‘greener’ processing.  Catalysts are 
expected to play a huge role as many of the 
challenges of the previous century will be 
revisited with changing feedstocks, as will be 
discussed in the subsequent sections. 

 

Catalysts in the 21st Century 
The Need for Green and Sustainable 
Processes 

The U.S. Energy Information Administration 
anticipates that worldwide energy use will 
grow by 56% between 2010 and 2040, which 
is equivalent to global energy demand 
increasing by approximately 1.5% a year (EIA 
2013).  More than 85% of this increase occurs 
due to the strong economic growth and 
expanding populations in developing nations.  
However, this rapid increase in energy 

demand is problematic as finite fossil 
resources (coal, oil and gas) currently provide 
85% of the world’s energy (IPCC 2011).  Of 
the three, oil is the most concerning, as 
worldwide reserves of oil are sufficient for 
only another 55 years (IEA 2012).  Indeed, a 
recent article in Nature argues that ‘peak oil’ 
(the time when global production of oil 
reaches a peak before declining) was passed in 
around 2005 (Murray and King 2012).  
Access to the worldwide oil reserves is also 
compromised due to political instability (e.g. in 
the Middle East, an area which accounts for 
almost 50% of proven oil reserves at the end 
of 2012) (BP 2013), causing problems of 
energy security to developed countries.  
Moreover, the level of carbon dioxide in the 
atmosphere has increased by approximately 
40% compared to pre-industrial levels, largely 
because of the surge in fossil fuel 
consumption and land use changes 
(Edenhofer et al. 2012).  This increased 
carbon dioxide has serious consequences for 
global warming, with the International Panel 
on Climate Change affirming human 
influence as “extremely likely” (i.e. 95–100% 
probability) to be the dominant cause of 
climate change (IPCC 2013).  
 

Green Chemistry and Catalysis 

The last thirty years has seen a significant 
move towards green chemistry, as it is 
recognised that the challenges of sustainability 
will be met with new technologies that 
provide society with energy and materials in 
an environmentally responsible manner 
(Anastas and Kirchhoff 2002).  The 
Brundtland commission defined sustainable 
development in 1987 as “Meeting the needs 
of the present generation without 
compromising the ability of future 
generations to meet their own needs” 
(Brundtland 1987).  Four years later, Anastas 
defined green chemistry as “the utilisation of 
a set of principles that reduces or eliminates 
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the use or generation of hazardous substances 
in the design, manufacture and application of 
chemical products” (Anastas and Warner 
1998).  These Twelve Principles of Green 
Chemistry, listed in Figure 2, are the means to 
achieving sustainable development.  
 

 
Figure 2: The Twelve Principles of Green Chemistry 

(Anastas and Warner 1998). 
 
The Twelve Principles comprise of three 
main aspects, identified by Sheldon.  The first 
aspect aims to minimise waste through the 
efficient utilisation of raw materials (Sheldon 
2014).  Waste is defined as any material that is 
generated in a process that does not have 
realised value and includes the loss of 
unutilised energy (Anastas and Eghbali 2010).  
With the need to double energy production 

within the next forty years (without increasing 
carbon dioxide emissions), the need to 
develop more energy efficient processes is 
essential.  Secondly, avoiding the use of toxic 
and/or hazardous substances is important to 
circumvent health, safety and environmental 
issues.  This aspect includes avoiding the use 
of solvents, which often account for the 
majority of mass wasted in syntheses and 
processes (Anastas and Beach 2007).  Finally, 
the third aspect identified by Sheldon is the 
use of renewable biomass feedstocks instead 
of non-renewable fossil feedstocks.  Biomass 
conversion has become an important area of 
research due to the need for new technologies 
to obtain energy and chemical feedstocks in a 
sustainable manner (Huber et al. 2006, Corma 
et al. 2007), and it is a major aim of green 
chemistry (Anastas and Beach 2007).   
 
The motivations and drivers in the 21st 
century have changed.  With the need for 
alternative resources, catalysts are expected to 
play an ever more crucial role in the 
technological developments for biomass 
conversion, enabling pathways previously 
unavailable in processing alternative 
feedstocks.   Catalysts are also fundamental to 
improving the efficiency of reactions by 
lowering energy input, by avoiding the need 
for stoichiometric quantities of reagents, by 
decreasing the use of processing and 
separation agents, and by offering greater 
product selectivity (Anastas and Eghbali 
2010, Anastas et al. 2001).  Over the next few 
decades, catalytic processes will be developed 
to convert biomass to fuels and chemicals, 
but no developments will be made that are 
not informed by the thinking of green 
chemistry and that do not fulfil their role in a 
sustainable manner.  

 

Current Challenges in Catalysis 
For the remainder of this paper, three 
different but related novel applications of 
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catalysis to address the challenges of the 21st 
century will be discussed.  This paper will 
focus on biomass as a renewable feedstock 
for fuels and chemicals, and the move 
towards lower energy, ‘greener’ processing.  It 
is by no means a comprehensive investigation 
of all the challenges facing catalysis, but 
comprises of three niche areas of particular 
interest to the author.  A brief context will be 
given highlighting the current challenges in 
each area, and an example of how these 
problems can be met based on the PhD 
research of the author will be provided. 
 

Designing Sulfur Resistant Catalysts for 
Biomass Processing 

With oil supplies diminishing significantly 
over the next few decades, there is an 
increasing need to develop liquid transport 
fuels from biomass.  Due to the chemical, 
thermal and functionality differences between 
biomass and petroleum feedstocks, new 
chemical pathways need to be developed for 
biomass processing (Demirbas 2007, Huber 
and Dumesic 2006).  The current 
technologies for the conversion of biomass 
include gasification, pyrolysis, hydrothermal 
liquefaction, delignification followed by 
saccharification and fermentation, and 
aqueous phase reforming (APR).  Many of 
these processes involve catalysts, such as 
APR, which is a promising technology that 
uses supported metal catalysts to convert 
biomass-derived feedstocks into either 
hydrogen or alkanes (Cortright et al. 2002, 
Chheda et al. 2007).  
 
An important challenge in developing 
catalysts for biomass conversion, including 
APR, is operating the catalysts in the presence 
of sulfur in real biomass feedstocks (e.g., 
wood: approx. 56 ppm), due to the presence 
of sulfur-containing amino acids and from the 
uptake of nutrients in the soil (Robinson et al. 
2009).  This sulfur is a problem because sulfur 

is known to poison noble metal catalysts 
(Bartholomew et al. 1982, Rodriguez 
2006.(Bartholomew et al. 1982, Rodriguez 
2006)  Although the sulfur tolerance of 
catalysts was widely investigated in the 20th 
century, both for the petrochemical and fine 
chemical industries (Bartholomew et al. 1982, 
Rodriguez and Goodman 1991, Somorjai 
1994), there has been little research into 
improving the sulfur resistance of catalysts for 
use with biomass feedstocks.  Thus, 
developing sulfur resistant catalysts for 
biomass processing is one of the catalytic 
challenges of the 20th century that is being 
revisited in the 21st century as feedstocks 
change from fossil resources to biomass 
resources.  
 
We have recently designed supported 
bimetallic Pt-Ru catalysts that exhibit 
improved sulfur resistance and show 
promising potential for APR of model 
compounds, using the hydrogenation of 
cyclohexane as a screening reaction (Stanley et 
al. 2011).  Thiophene was used as the model 
sulfur source.  In all cases, the bimetallic 
catalysts achieved higher turnover frequencies 
than their monometallic counterparts in both 
the absence and presence of the sulfur-
containing species.  Indeed, the bimetallic 
catalysts remained active even in reactions 
having ten times the concentration of sulfur 
expected in woody biomass feedstocks, 
suggesting the operation of a sulfur/hydrogen 
spillover equilibrium.  In contrast, the 
monometallic catalysts were completely 
poisoned. 
 
Powder X-ray diffraction (XRD) and 
extended X-ray absorption fine structure 
(EXAFS) experiments were used to probe 
changes to the Pt unit cell and Pt/Ru 
bonding environments induced by sulfur 
poisoning for the bimetallic catalysts (Stanley 
et al. 2011, Stanley et al. 2014).  The results 
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from these investigations are consistent with 
increasing concentrations of sulfur-containing 
species coordinating to the ruthenium atoms 
during sulfur poisoning, leading to a partial 
separation of the alloy.  However, after 
regenerating the poisoned catalysts under 
pure hydrogen to remove the sulfur species, 
the alloy is reformed, showing that this 
process is reversible.  Thus, these results are 
consistent with an in-situ self-regeneration 
mechanism, which we propose is occurring to 
enable the bimetallic catalysts to remain 
active.  That is, during poisoning the catalyst 
partially dealloys, but a sulfur spillover and a 
hydrogen spillover take place to regenerate 
the catalyst in-situ, and the metals are then re-
alloyed.  The catalysts are sulfur-resistant. 
 

Hydrogenation of Aromatics and 
Hydrogen Storage 

The second catalytic challenge facing the 21st 
century fits in with the drive towards lower 
energy, ‘greener’ processing.  In the previous 
century, the focus of fundamental studies was 
largely on achieving high turnover rates.  
Now, the main drivers for technological 
developments have changed, and a greater 
focus is on reducing energy requirements.  
The hydrogenation of aromatics is an 
important reaction both for small-scale 
synthesis and for industrial reactions, 
including the production of cyclohexane, 
which is an important precursor for the 
manufacturing of nylon-6,6 (Mevellec et al. 
2006, Park et al. 2005, Roucoux et al. 2003).  
These reactions are traditionally carried out 
using elevated temperatures and pressures, 
which often exceed 100  atm H2 
(Augustine 1995).  Furthermore, aromatic 
compounds are responsible for undesired 
particle emissions in exhaust gas, leading to a 
tightening of fuel legislation (Stanislaus and 
Cooper 1994, Cooper and Donnis 1996).  
Thus, being able to perform the 
hydrogenations under mild conditions is an 

important challenge in terms of energy 
efficiency and environmental concerns. 
 
Additionally, the reversible 
toluene/methylcyclohexane couple has the 
added interest of being a safe and feasible 
hydrocarbon combination for the storage of 
hydrogen (Alhumaidan et al. 2011).  Cyclic 
hydrocarbons have a relatively high hydrogen 
storage capacity, produce no carbon dioxide 
or carcinogenic products, and their volatility 
range makes them compatible with existing 
infrastructure such as refuelling stations and 
oil tankers for the storage and transportation 
of the liquid hydrocarbons (Kariya et al. 2002, 
Kariya et al. 2003, Hodoshima and Saito 
2009, Alhumaidan et al. 2011).  Thus, the 
cyclic hydrocarbon combinations have a 
distinct advantage over other solid 
hydrocarbons for hydrogen storage. 
 
Over the last ten years, there has been an 
increased focus on effecting the 
hydrogenation of toluene under mild 
conditions, particularly at room temperature.  
However, the catalyst preparations are often 
challenging, and the resulting catalysts often 
have poor activity and/or poor stability (Park 
et al. 2005).  Several groups have 
demonstrated that metal nanoparticles can 
perform the reactions with highly water-
soluble surfactants used to stabilise these 
particles in aqueous solution (Schulz et al. 
2002, Schulz et al. 1999, Schulz et al. 2000, 
Fonseca et al. 2003, Mevellec et al. 2004, 
Hubert et al. 2009a, Hubert et al. 2009b, 
Roucoux et al. 2003), while others have 
investigated the use of ionic liquids for 
nanoparticle stabilisation (Fonseca et al. 2003, 
Scheeren et al. 2003, Silveira et al. 2004, Rossi 
and Machado 2009).  Further still, a range of 
solid supports has been used in an attempt 
overcome the problems of stability (Bianchini 
et al. 2003, Park et al. 2005, Mevellec et al. 
2006, Park et al. 2007b, Park et al. 2007a, 
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Takasaki et al. 2007, Barthe et al. 2009a, 
Barthe et al. 2009b, Pan and Wai 2009, 
Pélisson et al. 2012, Song et al. 2009, Zhou et 
al. 2009, Jahjah et al. 2010, Fang et al. 2011, 
Hubert et al. 2011, Zahmakiran et al. 2010).  
However, in many cases the reaction and/or 
catalyst manipulations required air-free 
conditions and, where special precautions 
were not required, elevated hydrogen 
pressures were again used. 
 
To overcome these challenges, we have 
developed robust bimetallic supported Pt-Ru 
catalysts that, remarkably, operate under one 
atmosphere to rapidly catalyse the room 
temperature hydrogenation of toluene (and 
tetralin) at 1 atm H2 (Stanley et al. 2013a).  
Higher turnover frequencies were achieved 
with the bimetallic catalysts compared to their 
monometallic counterparts, suggesting a 
synergistic effect between platinum and 
ruthenium.  These easily handled, air-stable 
catalysts are amongst the most active catalysts 
for aromatic hydrogenations under ambient 
conditions reported to date. 
 

Green Catalytic Processing of Lignin 

Returning to renewable feedstocks, the third 
challenge is the need to develop the catalytic 
technologies to obtain chemicals from 
alternative resources.  As already mentioned, 
biomass is the only renewable source for 
carbon-based materials.  Lignin (which 
constitutes approx. 15–30% by weight and 
40% by energy content of lignocellulosic 
biomass (Perlack et al. 2005)) is particularly 
valuable, as its unique structure as an 
amorphous, highly substituted, aromatic 
polymer makes it the major renewable source 
of aromatics (Zakzeski et al. 2010).  However, 
synthetic approaches for the conversion of 
lignin to chemicals are markedly less 
developed compared to the cellulosic 
components of biomass, partly due to the 
recalcitrant nature of lignin that provides 

plants with their strength (Zakzeski et al. 
2012).  Much effort is currently being devoted 
to the development of new technology to 
process low value lignin into higher value-
added chemicals. Although aggressive 
depolymerisation of lignin yields chemicals 
such as benzene, toluene, and xylene, as well 
as phenols and aliphatic hydrocarbons used in 
conventional chemical processes, the selective 
depolymerisation of lignin could yield 
monomeric lignin aromatics which are not 
accessible by traditional petrochemical routes. 
For example, these monomeric lignin 
aromatics could be obtained from the 
pretreatment streams of the pulp and paper 
industries, which alone produced 50 million 
tons of extracted lignin in 2004 (Zakzeski et 
al. 2010).  Extraordinarily, the vast majority of 
this type of lignin is burned as a low value fuel 
– only 2% is used commercially (Gosselink et 
al. 2004).  
 
Now, analogous to the petroleum refinery, a 
biorefinery could use biomass feedstocks to 
produce a range of products.  As outlined 
earlier, the petroleum refinery developed over 
many decades in the 20th century, as crude oil 
emerged as a convenient and readily available 
feedstock.  It began with only few products, 
but as the needs changed with those of 
society and new catalytic technology was 
developed, it expanded to produce plastics, 
pharmaceuticals, and speciality chemicals.  
With the growing need to obtain these 
products from renewable resources, the 
biorefinery is emerging.  In the early stages, 
the biorefinery will need to produce large 
volumes of more chemically accessible, lower 
value fuels.  Later, higher value chemicals 
produced in smaller quantities will be required 
to offset the costs (Bozell and Petersen 2010).  
Finally, it is expected that all components of 
biomass will need to be used for a biorefinery 
to be economically viable.  Catalysts are 
critical to the development of the new 
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technology for enabling the conversion of 
biomass.  The catalytic challenges for 
performing the chemical transformations, 
which were overcome for crude oil over 
many decades in the 20th century in the 
petroleum refinery, are being revisited with 
biomass-derived feedstocks in the 21st century 
in the biorefinery.  
 
Currently, there are two approaches for 
converting biomass-derived resources into 
higher-value added fuels.  The first is a drop-
in strategy, where the biomass feedstocks are 
transformed into existing platform chemicals, 
to directly replace well-established chemicals 
currently produced from fossil feedstocks 
(Vennestrom et al. 2011, Dapsens et al. 2012).  
The other approach, which we favour, is a 
curiosity driven broad-based strategy that 
exploits the existing structure and 
functionality of biomass.  In this approach, 
renewable platform chemicals based on the 
structure of biomass could lead to the 
development of new chemistry and, in the 
longer term, a plethora of chemical products 
with as yet unknown applications (Zakzeski et 
al. 2010).  
 
Fundamental to establishing the required 
catalytic technology for converting biomass-
derived feedstocks into chemicals is an 
understanding of the reactivity trends and 
reaction pathways.  It has been recognised 
that many of the building blocks obtained 
from the disruption of lignin into monomeric 
aromatics resemble p-coumaryl, coniferyl, and 
sinapyl alcohol.  We have recently shown that 
model compounds based on the p-coumaryl 
structure, specifically cinnamyl alcohol and 4-
(3-hydroxypropyl)phenol, can be selectively 
transformed into different products by 
catalytic methodologies based on dimethyl 
carbonate (DMC) as a green solvent/reagent 
(Stanley et al. 2013b).  This selectivity can be 
tuned by varying the reaction temperature 

and the nature of the catalyst.  In general, 
basic catalysts promote selective 
transesterification of the aliphatic hydroxyl 
group at 90 
amphoteric solids such as alkali metal-
exchanged faujasites selectivity produce the 
corresponding alkyl ethers at higher 
temperatures (165–180 
hydroxyl groups can be similarly methylated 
with the faujasites at high temperatures.  
Thus, these results indicate that efficient and 
selective catalytic upgrading of lignin-derived 
chemical building blocks is possible with 
DMC, and the preliminary screening for 
selectivity illustrates the reactivity trends and 
the most promising synthetic pathways.  
 

Conclusions 
Catalysts will play a crucial role in the 21st 
century in moving away from fossil resources.  
Although oil will still be the main source of 
fuels and chemicals in the earlier part of this 
century, there is a great need to improve our 
current processes to make them more energy 
efficient.  The development of robust 
catalysts that perform reactions at lower 
temperatures and pressures is one way to 
achieve this aim.  However, biomass is the 
only sustainable source of liquid 
transportation fuels and aromatic chemicals, 
and the development of new catalytic 
technology and chemical pathways for use in 
the biorefinery is essential.  Nonetheless, 
there is no one solution to addressing the 
challenges of sustainable development.  The 
21st century will require a combination of 
solar, geothermal, wind, biomass, hydrogen, 
and nuclear to meet our energy needs.  

 

Acknowledgements 
I gratefully acknowledge the RSNSW for the 
2013 Royal Society of New South Wales 
Scholarship, the University of Sydney for an 



JOURNAL AND PROCEEDINGS OF THE ROYAL SOCIETY OF NEW SOUTH WALES 
Stanley – Challenges in Catalysis 

72 

Australian Postgraduate Award, and my PhD 
supervisors Anthony F. Masters and Thomas 
Maschmeyer (in Sydney, Australia) and 
Maurizio Selva and Alvise Perosa (in Venice, 
Italy) for fruitful discussions. 

 

References 
Adams, C. (2009) Applied Catalysis: A Predictive 

Socioeconomic History, Top. Catal., 52, 8, 924-
934. 

Alhumaidan, F., Cresswell, D. & Garforth, A. 
(2011) Hydrogen Storage in Liquid Organic 
Hydride: Producing Hydrogen Catalytically 
from Methylcyclohexane, Energy Fuels, 25, 10, 
4217-4234. 

Anastas, P. & Eghbali, N. (2010) Green 
Chemistry: Principles and Practice, Chem. Soc. 
Rev., 39, 1, 301-312. 

Anastas, P. & Warner, J. C. (1998) Green Chemistry: 
Theory and Practice, (Eds.), Oxford University 
Press, Oxford, 135. 

Anastas, P. T. & Beach, E. S. (2007) Green 
chemistry: the emergence of a transformative 
framework, Green Chem. Lett. Rev., 1, 1, 9-24. 

Anastas, P. T. & Kirchhoff, M. M. (2002) Origins, 
current status, and future challenges of green 
chemistry, Acc. Chem. Res., 35, 9, 686-694. 

Anastas, P. T., Kirchhoff, M. M. & Williamson, T. 
C. (2001) Catalysis as a foundational pillar of 
green chemistry, Applied Catalysis A: General, 
221, 1–2, 3-13. 

Armor, J. N. (2011) A history of industrial 
catalysis, Catal. Today, 163, 1, 3-9. 

Augustine, R. L. (1995) Heterogeneous Catalysis for the 
Synthetic Chemist, (Eds.), Marcel Dekker, New 
York. 

Barthe, L., Denicourt-Nowicki, A., Roucoux, A., 
Philippot, K., Chaudret, B. & Hemati, M. 
(2009a) Model arenes hydrogenation with 
silica-supported rhodium nanoparticles: The 
role of the silica grains and of the solvent on 
catalytic activities, Catal. Commun., 10, 
Copyright (C) 2011 American Chemical 
Society (ACS). All Rights Reserved., 1235-
1239. 

Barthe, L., Hemati, M., Philippot, K., Chaudret, B., 
Denicourt-nowicki, A. & Roucoux, A. (2009b) 

Rhodium colloidal suspension deposition on 
porous silica particles by dry impregnation: 
Study of the influence of the reaction 
conditions on nanoparticles location and 
dispersion and catalytic reactivity, Chem. Eng. J. 
(Amsterdam, Neth.), 151, Copyright (C) 2011 
American Chemical Society (ACS). All Rights 
Reserved., 372-379. 

Bartholomew, C. H., Agrawal, P. K. & Katzer, J. 
R. (1982) Sulfur poisoning of metals, Adv. 
Catal., 31, Copyright (C) 2010 American 
Chemical Society (ACS). All Rights Reserved., 
135-242. 

Bianchini, C., Dal, S. V., Meli, A., Moneti, S., 
Moreno, M., Oberhauser, W., Psaro, R., 
Sordelli, L. & Vizza, F. (2003) A comparison 
between silica-immobilized ruthenium(II) 
single sites and silica-supported ruthenium 
nanoparticles in the catalytic hydrogenation of 
model hetero- and polyaromatics contained in 
raw oil materials, J. Catal., 213, Copyright (C) 
2012 American Chemical Society (ACS). All 
Rights Reserved., 47-62. 

Bozell, J. J. & Petersen, G. R. (2010) Technology 
development for the production of biobased 
products from biorefinery carbohydrates-the 
US Department of Energy's "Top 10" 
revisited, Green Chem., 12, Copyright (C) 2013 
American Chemical Society (ACS). All Rights 
Reserved., 539-554. 

BP, BP Statistical Review of World Energy June 2013, 
http://www.bp.com/content/dam/bp/pdf/s
tatistical-
review/statistical_review_of_world_energy_20
13.pdf, (Accessed March 2014). 

Brundtland, C. G. (1987) Our Common Future, The 
World Commission on Environmental Development, 
(Eds.), Oxford University Press, Oxford, 400. 

Chheda, J. N., Huber, G. W. & Dumesic, J. A. 
(2007) Liquid-phase catalytic processing of 
biomass-derived oxygenated hydrocarbons to 
fuels and chemicals, Angew. Chem. Int. Edit., 46, 
Copyright (C) 2010 American Chemical 
Society (ACS). All Rights Reserved., 7164-
7183. 

Cooper, B. H. & Donnis, B. B. L. (1996) Aromatic 
saturation of distillates: an overview, Appl. 
Catal. A-Gen., 137, Copyright (C) 2010 
American Chemical Society (ACS). All Rights 
Reserved., 203-23. 



JOURNAL AND PROCEEDINGS OF THE ROYAL SOCIETY OF NEW SOUTH WALES 
Stanley – Challenges in Catalysis 

73 

Corma, A., Iborra, S. & Velty, A. (2007) Chemical 
Routes for the Transformation of Biomass 
into Chemicals, Chem. Rev. , 107, Copyright (C) 
2010 American Chemical Society (ACS). All 
Rights Reserved., 2411-2502. 

Cortright, R. D., Davda, R. R. & Dumesic, J. A. 
(2002) Hydrogen from catalytic reforming of 
biomass-derived hydrocarbons in liquid water, 
Nature, 418, 964-967. 

Dapsens, P. Y., Mondelli, C. & Perez-Ramirez, J. 
(2012) Biobased Chemicals from Conception 
toward Industrial Reality: Lessons Learned and 
To Be Learned, ACS Catal., 2, 7, 1487-1499. 

Demirbas, A. (2007) Progress and recent trends in 
biofuels, Prog. Energ. Combust., 33, Copyright 
(C) 2010 American Chemical Society (ACS). 
All Rights Reserved., 1-18. 

Edenhofer, O., Pichs-Madruga, R. & Sokona, Y., 
Renewable Energy Sources and Climate Change 
Mitigation, http://srren.ipcc-
wg3.de/report/IPCC_SRREN_Full_Report.p
df, (Accessed March 2014). 

EIA, International Energy Outlook 2013, 
http://www.eia.gov/forecasts/ieo/world.cfm, 
(Accessed March 2014). 

Erisman, J. W., Sutton, M. A., Galloway, J., 
Klimont, Z. & Winiwarter, W. (2008) How a 
century of ammonia synthesis changed the 
world, Nat. Geosci., 1, 10, 636-639. 

Fang, M., Machalaba, N. & Sanchez-Delgado, R. 
A. (2011) Hydrogenation of arenes and N-
heteroaromatic compounds over ruthenium 
nanoparticles on poly(4-vinylpyridine): a 
versatile catalyst operating by a substrate-
dependent dual site mechanism, Dalton Trans., 
40, Copyright (C) 2011 American Chemical 
Society (ACS). All Rights Reserved., 10621-
10632. 

Fonseca, G. S., Umpierre, A. P., Fichtner, P. F. P., 
Teixeira, S. R. & Dupont, J. (2003) The Use of 
Imidazolium Ionic Liquids for the Formation 
and Stabilization of Ir0 and Rh0 
Nanoparticles: Efficient Catalysts for the 
Hydrogenation of Arenes, Chemistry – A 
European Journal, 9, 14, 3263-3269. 

Gosselink, R. J. A., de Jong, E., Guran, B. & 
Abacherli, A. (2004) Co-ordination network 
for lignin-standardisation, production and 
applications adapted to market requirements 

(EUROLIGNIN), Ind. Crops Prod., 20, 2, 121-
129. 

Hodoshima, S. & Saito, Y. (2009) Hydrogen storage in 
organic chemical hydrides on the basis of superheated 
liquid-film concept, 437-474. 

Huber, G. W. & Dumesic, J. A. (2006) An 
overview of aqueous-phase catalytic processes 
for production of hydrogen and alkanes in a 
biorefinery, Catal. Today, 111, 1-2, 119-132. 

Huber, G. W., Iborra, S. & Corma, A. (2006) 
Synthesis of transportation fuels from 
biomass: Chemistry, catalysts, and engineering, 
Chem. Rev., 106, 9, 4044-4098. 

Hubert, C., Bile, E. G., Denicourt-Nowicki, A. & 
Roucoux, A. (2011) Rh(0) colloids supported 
on TiO2: a highly active and pertinent tandem 
in neat water for the hydrogenation of 
aromatics, Green Chem., 13, Copyright (C) 2011 
American Chemical Society (ACS). All Rights 
Reserved., 1766-1771. 

Hubert, C., Denicourt-Nowicki, A., Guegan, J.-P. 
& Roucoux, A. (2009a) Polyhydroxylated 
ammonium chloride salt: a new efficient 
surfactant for nanoparticle stabilization in 
aqueous media. Characterization and 
application in catalysis, Dalton Trans., Copyright 
(C) 2011 American Chemical Society (ACS). 
All Rights Reserved., 7356-7358. 

Hubert, C., Denicourt-Nowicki, A., Roucoux, A., 
Landy, D., Leger, B., Crowyn, G. & Monflier, 
E. (2009b) Catalytically active nanoparticles 
stabilized by host-guest inclusion complexes in 
water, Chemical Communications, 10, 1228-1230. 

IEA, World Energy Outlook 2012, 
http://wwww.worldenergyoutlook.org/public
ations/weo-2012, (Accessed March 2014). 

IPCC (2011) IPCC Special Report on Renewable Energy 
Sources and Climate Change Mitigation. Prepared by 
Working Group III of the Intergovernmental Panel on 
Climate Chnage., Edenhofer, O., Pichs-Madruga, 
R., Sokona, Y., Seyboth, K., Matschoss, P., 
Kadner, S., Zwickel, T., Eickemeier, P., 
Hansen, G., Schlömer, S. & vonStechow, C.s 
(Eds.), Cambridge University Press, 
Cambridge, United Kingdom and New York, 
NY, USA, 1075. 

IPCC (2013) Climate Change 2013 The Physical Science 
Basis. Contribution of Working Group I to the Fifth 
Asessment Report of the Intergovernmental Panel on 
Climate Change, Stocker, T. F., Qin, D., Plattner, 



JOURNAL AND PROCEEDINGS OF THE ROYAL SOCIETY OF NEW SOUTH WALES 
Stanley – Challenges in Catalysis 

74 

G.-K., Tignor, M. M. B., Allen, S. K., 
Boschung, J., Nauels, A., Xia, Y., Bex, V. & 
Midgeley, P. M.s (Eds.), Cambridge University 
Press, Cambridge, United Kingdom and New 
York, NY, USA, 1535. 

Jahjah, M., Kihn, Y., Teuma, E. & Gomez, M. 
(2010) Ruthenium nanoparticles supported on 
multi-walled carbon nanotubes: Highly 
effective catalytic system for hydrogenation 
processes, J. Mol. Catal. A: Chem., 332, 
Copyright (C) 2011 American Chemical 
Society (ACS). All Rights Reserved., 106-112. 

Kariya, N., Fukuoka, A. & Ichikawa, M. (2002) 
Efficient evolution of hydrogen from liquid 
cycloalkanes over Pt-containing catalysts 
supported on active carbons under "wet-dry 
multiphase conditions", Appl. Catal., A, 233, 
Copyright (C) 2012 American Chemical 
Society (ACS). All Rights Reserved., 91-102. 

Kariya, N., Fukuoka, A., Utagawa, T., Sakuramoto, 
M., Goto, Y. & Ichikawa, M. (2003) Efficient 
hydrogen production using cyclohexane and 
decalin by pulse-spray mode reactor with Pt 
catalysts, Appl. Catal., A, 247, Copyright (C) 
2012 American Chemical Society (ACS). All 
Rights Reserved., 247-259. 

Lindstroem, B. & Pettersson, L. J. (2003) A brief 
history of catalysis, CATTECH, 7, 4, 130-138. 

Masters, A. F. & Maschmeyer, T. (2011) Zeolites - 
From curiosity to cornerstone, Microporous 
Mesoporous Mater., 142, 2-3, 423-438. 

Mevellec, V., Nowicki, A., Roucoux, A., Dujardin, 
C., Granger, P., Payen, E. & Philippot, K. 
(2006) A simple and reproducible method for 
the synthesis of silica-supported rhodium 
nanoparticles and their investigation in the 
hydrogenation of aromatic compounds, New J. 
Chem., 30, Copyright (C) 2011 American 
Chemical Society (ACS). All Rights Reserved., 
1214-1219. 

Mevellec, V., Roucoux, A., Ramirez, E., Philippot, 
K. & Chaudret, B. (2004) Surfactant-stabilized 
aqueous iridium(0) colloidal suspension: An 
efficient reusable catalyst for hydrogenation of 
arenes in biphasic media, Adv. Synth. Catal., 
346, Copyright (C) 2011 American Chemical 
Society (ACS). All Rights Reserved., 72-76. 

Murray, J. & King, D. (2012) Climate policy: Oil's 
tipping point has passed, Nature (London, U. 
K.), 481, 7382, 433-435. 

Pan, H.-B. & Wai, C. M. (2009) Sonochemical 
One-Pot Synthesis of Carbon Nanotube-
Supported Rhodium Nanoparticles for Room-
Temperature Hydrogenation of Arenes, J. Phys. 
Chem. C, 113, Copyright (C) 2011 American 
Chemical Society (ACS). All Rights Reserved., 
19782-19788. 

Park, I. S., Kwon, M. S., Kang, K. Y., Lee, J. S. & 
Park, J. (2007a) Rhodium and iridium 
nanoparticles entrapped in aluminum 
oxyhydroxide nanofibers: catalysts for 
hydrogenations of arenes and ketones at room 
temperature with hydrogen balloon, Adv. 
Synth. Catal., 349, Copyright (C) 2011 
American Chemical Society (ACS). All Rights 
Reserved., 2039-2047. 

Park, I. S., Kwon, M. S., Kim, N., Lee, J. S., Kang, 
K. Y. & Park, J. (2005) Rhodium nanoparticles 
entrapped in boehmite nanofibers: recyclable 
catalyst for arene hydrogenation under mild 
conditions, Chem. Commun. (Cambridge, U. K.), 
Copyright (C) 2011 American Chemical 
Society (ACS). All Rights Reserved., 5667-
5669. 

Park, K. H., Jang, K., Kim, H. J. & Son, S. U. 
(2007b) Near-monodisperse tetrahedral 
rhodium nanoparticles on charcoal: the shape-
dependent catalytic hydrogenation of arenes, 
Angew. Chem., Int. Ed., 46, Copyright (C) 2011 
American Chemical Society (ACS). All Rights 
Reserved., 1152-1155. 

Pélisson, C.-H., Vono, L. L. R., Hubert, C., 
Denicourt-Nowicki, A., Rossi, L. M. & 
Roucoux, A. (2012) Moving from surfactant-
stabilized aqueous rhodium (0) colloidal 
suspension to heterogeneous magnetite-
supported rhodium nanocatalysts: Synthesis, 
characterization and catalytic performance in 
hydrogenation reactions, Catalysis Today, 0. 

Biomass as a Feedstock for Bioenergy and Bioproducts 
Industry: The Technical Feasibility of a Billion-Ton 
Annual Supply (2005), Perlack, R. D., Wright, L. 
L., Turhollow, A., Graham, R. L., Stokes, B. & 
Erbach, D. C. 

Robinson, J. M., Barrett, S. R., Nhoy, K., Pandey, 
R. K., Phillips, J., Ramirez, O. A. & Rodriguez, 
R. I. (2009) Energy Dispersive X-ray 
Fluorescence Analysis of Sulfur in Biomass, 
Energ. Fuel., 23, 2235-2241. 



JOURNAL AND PROCEEDINGS OF THE ROYAL SOCIETY OF NEW SOUTH WALES 
Stanley – Challenges in Catalysis 

75 

Rodriguez, J. A. (2006) The chemical properties of 
bimetallic surfaces: Importance of ensemble 
and electronic effects in the adsorption of 
sulfur and SO2, Prog. Surf. Sci., 81, Copyright 
(C) 2010 American Chemical Society (ACS). 
All Rights Reserved., 141-189. 

Rodriguez, J. A. & Goodman, D. W. (1991) High-
pressure catalytic reactions over single-crystal 
metal surfaces, Surf. Sci. Rep., 14, Copyright (C) 
2010 American Chemical Society (ACS). All 
Rights Reserved., 1-107. 

Rossi, L. M. & Machado, G. (2009) Ruthenium 
nanoparticles prepared from ruthenium 
dioxide precursor: Highly active catalyst for 
hydrogenation of arenes under mild 
conditions, J. Mol. Catal. A: Chem., 298, 
Copyright (C) 2012 American Chemical 
Society (ACS). All Rights Reserved., 69-73. 

Roucoux, A., Schulz, J. & Patin, H. (2003) Arene 
hydrogenation with a stabilized aqueous 
rhodium(0) suspension: A major effect of the 
surfactant counter-anion, Adv. Synth. Catal., 
345, Copyright (C) 2011 American Chemical 
Society (ACS). All Rights Reserved., 222-229. 

Scheeren, C. W., Machado, G., Dupont, J., 
Fichtner, P. F. P. & Texeira, S. R. (2003) 
Nanoscale Pt(0) Particles Prepared in 
Imidazolium Room Temperature Ionic 
Liquids:   Synthesis from an Organometallic 
Precursor, Characterization, and Catalytic 
Properties in Hydrogenation Reactions, 
Inorganic Chemistry, 42, 15, 4738-4742. 

Schulz, J., Levigne, S., Roucoux, A. & Patin, H. 
(2002) Aqueous rhodium colloidal suspension 
in reduction of arene derivatives in biphasic 
system: a significant physico-chemical role of 
surfactant concentration on catalytic activity, 
Adv. Synth. Catal., 344, Copyright (C) 2011 
American Chemical Society (ACS). All Rights 
Reserved., 266-269. 

Schulz, J., Roucoux, A. & Patin, H. (1999) 
Unprecedented efficient hydrogenation of 
arenes in biphasic liquid-liquid catalysis by re-
usable aqueous colloidal suspensions of 
rhodium, Chem. Commun. (Cambridge), 
Copyright (C) 2011 American Chemical 
Society (ACS). All Rights Reserved., 535-536. 

Schulz, J., Roucoux, A. & Patin, H. (2000) 
Stabilized rhodium(0) nanoparticles: a reusable 
hydrogenation catalyst for arene derivatives in 

a biphasic water-liquid system, Chem.--Eur. J., 6, 
Copyright (C) 2011 American Chemical 
Society (ACS). All Rights Reserved., 618-624. 

Sheldon, R. A. (2014) Green and sustainable 
manufacture of chemicals from biomass: state 
of the art, Green Chemistry. 

Silveira, E. T., Umpierre, A. P., Rossi, L. M., 
Machado, G., Morais, J., Soares, G. V., 
Baumvol, I. J. R., Teixeira, S. R., Fichtner, P. F. 
P. & Dupont, J. (2004) The Partial 
Hydrogenation of Benzene to Cyclohexene by 
Nanoscale Ruthenium Catalysts in 
Imidazolium Ionic Liquids, Chemistry – A 
European Journal, 10, 15, 3734-3740. 

Somorjai, G. A. (1994) Introduction to Surface 
Chemistry and Catalysis, (Eds.), Wiley, New 
York. 

Song, L., Li, X., Wang, H., Wu, H. & Wu, P. 
(2009) Ru Nanoparticles Entrapped in 
Mesopolymers for Efficient Liquid-phase 
Hydrogenation of Unsaturated Compounds, 
Catal. Lett., 133, Copyright (C) 2012 American 
Chemical Society (ACS). All Rights Reserved., 
63-69. 

Stanislaus, A. & Cooper, B. H. (1994) Aromatic 
hydrogenation catalysis: a review, Catal. Rev. , 
36, Copyright (C) 2010 American Chemical 
Society (ACS). All Rights Reserved., 75-123. 

Stanley, J. N. G., Benndorf, P., Heinroth, F., 
Masters, A. F. & Maschmeyer, T. (2014) 
Probing Structure-Functionality Relationships 
of Catalytic Bimetallic Pt-Ru Nanoparticles 
Associated with Improved Sulfur Resistance, 
Unpublished. 

Stanley, J. N. G., Heinroth, F., Weber, C. C., 
Masters, A. F. & Maschmeyer, T. (2013a) 
Robust bimetallic Pt–Ru catalysts for the rapid 
hydrogenation of toluene and tetralin at 
ambient temperature and pressure, Applied 
Catalysis A: General, 454, 46-52. 

Stanley, J. N. G., Selva, M., Masters, A. F., 
Maschmeyer, T. & Perosa, A. (2013b) 
Reactions of p-coumaryl alcohol model 
compounds with dimethyl carbonate. Towards 
the upgrading of lignin building blocks, Green 
Chemistry, 15, 11, 3195-3204. 

Stanley, J. N. G., Worthington, K., Heinroth, F., 
Masters, A. F. & Maschmeyer, T. (2011) 
Designing nanoscopic, fluxional bimetallic Pt-
Ru alloy hydrogenation catalysts for improved 



JOURNAL AND PROCEEDINGS OF THE ROYAL SOCIETY OF NEW SOUTH WALES 
Stanley – Challenges in Catalysis 

76 

sulfur tolerance, Catal. Today, 178, Copyright 
(C) 2012 American Chemical Society (ACS). 
All Rights Reserved., 164-171. 

Takasaki, M., Motoyama, Y., Higashi, K., Yoon, 
S.-H., Mochida, I. & Nagashima, H. (2007) 
Ruthenium nanoparticles on nano-level-
controlled carbon supports as highly effective 
catalysts for arene hydrogenation, Chem.--Asian 
J., 2, Copyright (C) 2011 American Chemical 
Society (ACS). All Rights Reserved., 1524-
1533. 

Thomas, J. M. (1994) Turning Points in Catalysis, 
Angewandte Chemie International Edition in English, 
33, 9, 913-937. 

Thomas, J. M. & Williams, R. J. P. (2005) Catalysis: 
principles, progress, prospects, Philos. Trans. R. 
Soc. London, Ser. A, 363, 1829, 765-791. 

Vennestrom, P. N. R., Osmundsen, C. M., 
Christensen, C. H. & Taarning, E. (2011) 
Beyond Petrochemicals: The Renewable 
Chemicals Industry, Angew. Chem., Int. Ed., 50, 
45, 10502-10509, S10502/1-S10502/2. 

Weitkamp, J. (2000) Zeolites and catalysis, Solid 
State Ionics, 131, 1,2, 175-188. 

Zaera, F. (2012) New Challenges in 
Heterogeneous Catalysis for the 21st Century, 
Catal. Lett., 142, 5, 501-516. 

Zahmakiran, M., Tonbul, Y. & Ozkar, S. (2010) 
Ruthenium(0) Nanoclusters Stabilized by a 

Nanozeolite Framework: Isolable, Reusable, 
and Green Catalyst for the Hydrogenation of 
Neat Aromatics under Mild Conditions with 
the Unprecedented Catalytic Activity and 
Lifetime, J. Am. Chem. Soc., 132, Copyright (C) 
2011 American Chemical Society (ACS). All 
Rights Reserved., 6541-6549. 

Zakzeski, J., Bruijnincx, P. C. A., Jongerius, A. L. 
& Weckhuysen, B. M. (2010) The Catalytic 
Valorization of Lignin for the Production of 
Renewable Chemicals, Chem. Rev. (Washington, 
DC, U. S.), 110, Copyright (C) 2012 American 
Chemical Society (ACS). All Rights Reserved., 
3552-3599. 

Zakzeski, J., Jongerius, A. L., Bruijnincx, P. C. A. 
& Weckhuysen, B. M. (2012) Catalytic Lignin 
Valorization Process for the Production of 
Aromatic Chemicals and Hydrogen, 
ChemSusChem, 5, Copyright (C) 2012 American 
Chemical Society (ACS). All Rights Reserved., 
1602-1609. 

Zhou, X., Wu, T., Hu, B., Jiang, T. & Han, B. 
(2009) Ru nanoparticles stabilized by poly(N-
vinyl-2-pyrrolidone) grafted onto silica: Very 
active and stable catalysts for hydrogenation of 
aromatics, J. Mol. Catal. A: Chem., 306, 
Copyright (C) 2012 American Chemical 
Society (ACS). All Rights Reserved., 143-148. 

 
  
 
 

 
 
 


