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Chemical manufacturing is critical for achieving sustainable development and a high quality of life for the
global population. It underpins 95% of all manufactured goods and contributes US$5.7 trillion and 150 million
jobs to the global economy (excluding refined fossil fuels) [1]. However, the chemical industry is also the world’s
largest industrial energy consumer, third-largest producer of direct CO- emissions, and has inadvertently facilitated
the release of toxic and persistent chemicals into the Earth’s ecosystem [2]. For example, the Australian chemical
industry is the country’s second-largest manufacturing sector, underpinning ~218,000 full-time employees and
revenues of ~US$37B in 2018 [3], yet relies heavily on fossil gas as a feedstock and imports for fuels and almost
all healthcare and consumer products (Figure 1) [3]. These imports are overwhelmingly synthesised from organic
molecules derived from fossil hydrocarbons that negatively impact the environment. In parallel, Australia
generates vast quantities of organic carbon waste [4] which accounts for ~20% of national CO, emissions and
~$69B of lost value (Figure 1) [5-8]. Sustainable manufacturing of chemical building blocks from onshore
renewable (waste) carbon sources offers nations sovereign capability, the opportunity to mitigate climate change
and environmental pollution through new circular economies, and derisking the impact of severe climate events.
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Figure 1. (left) Approximate renewable carbon resources available for chemical manufacturing within Australia,
and (right) externally sourced carbon imported to Australia, data compiled from [3-5].

In contrast to the energy sector, which has witnessed rapid adoption of renewable generating and storage
technologies in recent decades, the chemical industry has remained reliant on fossil feedstocks, a small number of
chemical commodities, massive economies of scale, rigid manufacturing processes, and limited innovation [2].
Petrochemicals and their derivatives are highly integrated into today’s fossil-fuel economy, being tied to sunk
investments, complex global supply chains, and rigid infrastructure. Transitioning to carbon-neutral feedstocks
while relying on existing manufacturing processes will fail to address waste and toxicity issues and
disproportionate impacts on vulnerable communities; a transformed chemical industry must also reduce resource
consumption (through a circular economy) and promote a nontoxic environment. Achieving an industry transition
of the requisite magnitude required necessitates an entire rethink of the centralised and capital-intensive
technologies employed in today’s chemical manufacturing [2,6,9—10].
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Catalysts are substances that lower the energy barriers for chemical transformations, while themselves being
regenerated after each reaction cycle, and are a key enabling technology across the chemical industry [11-13].
However, despite a rich 150-year history of catalyst development, many commercial chemical processes are the
result of serendipity or laborious trial-and-error. This reflects the complex interdependent interactions between
energy and matter that dictate the outcome of catalysis. Understanding the fundamental processes involved in the
transport of molecules and energy to and from a catalyst requires a multifaceted approach encompassing materials
science, thermodynamics, kinetics, and reaction engineering [14]. Almost all modern chemical manufacturing
depends on the catalytic transformation of a narrow range of fossil feedstocks, often at high temperatures in non-
aqueous environments. Entirely new catalytic strategies to exploit renewable feedstocks, such as biomass, into
products with unique performance and amenable to recycling at their end of life are critical for compliance with
2030 UN Sustainable Development Goals [15], notably: Goal 9 (“upgrade all industries and infrastructures for
sustainability; enhance research and upgrade industrial technologies”); Goal 12 (“reducing by half the per capita
global food waste; environmentally sound management of chemicals and all wastes throughout their life cycle;
reducing waste generation through prevention, reduction, recycling and reuse”); and Goal 14 (“reducing impacts
from marine plastic pollution”). Chemical manufacturing from renewable sources of carbon, such as
lignocellulosic biomass powered by photosynthesis or atmospheric CO; released by anthropogenic activities,
would mark a new era in the Holocene, unlocking the possibility of reversing negative human impact on the
biosphere. Solving this grand challenge requires concerted multidisciplinary efforts from chemists, engineers,
materials scientists, and environmental and social scientists.

The past decade has seen a transition from the large-scale use of seed oils (that compete with food sources)
to second-generation energy crops (that compete for land use) and finally to whole biomass, as renewable
feedstocks for chemicals and fuels. This transition has been enabled by advances in: (i) biomass processing; (ii)
catalyst design; and (iii) reactor technologies. Biomass fractionation is widely used to extract the carbohydrate
component but co-produces an unusable lignin component. So-called “lignin first” approaches [16] have unlocked
access to sugar derivatives as so-called “platform chemicals”, molecular building blocks for plastics, solvents,
coatings, surfactants and lubricants, and a parallel stream of phenolics, molecular building blocks for fuels and
pharmaceuticals. New strategies for the bottom-up [17] or top-down fabrication of catalysts provide unprecedented
control over the placement of chemically active atoms and their surroundings [18]. This permits the replacement
of toxic and hazardous reagents or soluble (homogeneous) catalysts that cannot be easily separated from desired
products. Powerful computational methods, including artificial intelligence (Al), now allow the chemical reactivity
of catalysts to be predicted with reasonable accuracy [19], even for large molecules in complex environments
(solvents and electrolytes). Sophisticated analytical tools, such as electron microscopy [20] and X-ray
spectroscopy, can now be applied to interrogate working catalysts in real-time (termed “in operando”) to validate
computational models and guide catalyst formulation. Finally, additive manufacturing and the uptake of flow
reactors facilitate the manufacture of bespoke, complex reactor geometries that improve reactant mixing and
product separation [21], and the continuous optimisation of chemical reactions with improved performance, safety,
and energy efficiency. The advent of compact, modular reactors will afford small-scale distributed chemical
synthesis proximate to waste resources, circumventing the need for capital-intensive, centralised chemical plants
and the associated tyranny of transport.

The journal Catalysis and Sustainable Chemistry offers a forum for academic and industry practitioners, and
stakeholders responsible for formulating and implementing sustainability policy, to disseminate scientific
breakthroughs and innovative proposals to advance sustainable chemical manufacturing.
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