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Figure 1.10 Chemical structures of
the ethyl cyanoacrylate monomer and
‘superglue’ polymer. Source: BUPAK
Ltd / Wikimedia Commons / public
domain.

must be settled by official bodies (e.g. the American Food & Drug Administration, or FDA)
before you can start making and selling your products. Approvals can take several years,
another good reason to start from non-toxic materials (this does not guarantee that your
products will be approved, but it could help you register them under ‘lighter’ constraints).
And every toxicity problem with a chemical product is also an opportunity for replacing
this product (and overtaking its market) with a non-toxic alternative.

The third principle is about choosing synthetic routes using nontoxic and/or
non-hazardous compounds. Sometimes the end product is non-toxic, but its synthe-
sis involves toxic and/or hazardous materials. Some reagents or intermediates are so toxic
that they may not be transported between factories and must be prepared and consumed
on-site. Phosgene, COCl2, is such an example. It is a toxic, colourless, dense gas. During
WW I, it was used as a chemical weapon, killing tens of thousands of people.1 Yet the
same phosgene is also an important industrial building block, especially for producing the
precursors of polyurethanes and polycarbonate plastics. The global market size of these
two polymers was >100 billion US$ in 2022 (more than the market value of BASF and
General Motors combined) and is expected to grow to 135 billion US$ by 2032.

Today, phosgene is still used on a large scale in the production of polyurethane and poly-
carbonate precursors, but it is considered too dangerous to transport or store. Therefore,
it is usually produced on demand and immediately consumed within the same plant. By
maintaining equivalent rates of production and consumption, the amount of phosgene at
any one time is kept low, reducing the risks in the event of an accident. Nevertheless, few
people want such a chemical plant in their neighbourhood. There are ample opportunities
here for enterprising chemists, especially since the two chlorine atoms are not part of the
end product (see Figure 1.11). Considering that these atoms account for 72% of the weight
of phosgene, replacing it with something more benign would also follow principles I and II .
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Figure 1.11 The reaction of phosgene with bisphenol A gives polycarbonate plus two equivalents
of hydrochloric acid as a by-product.

1 Phosgene was especially effective in trench warfare, because its density of 4.5 g/L is over three times that
of air (1.3 g/L). It would settle in the trenches, attacking and killing the sheltering soldiers.
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Figure 1.12 Going large: The latest large-scale 5 MW water electrolyser designed and built in May
2025 by the Chinese company Goldshine Lever in Ordos, Inner Mongolia. From left: Yang Wang,
Vitaly Gitis, Gadi Rothenberg, Weizhen Sun (Goldshine Lever CEO).

One notable change that has occurred in the 21st century is that, especially in Europe,
both the sourceand typeof energy used matter. Until recently, chemical plants obtained
their energy in the form of hot steam from a central boiler that typically ran on oil or gas.
Today, more and more companies are switching to (clean) electricity. But if your process is
energy-intensive, getting enough electricity can be difficult. Siemens Energy, for example,
builds and markets state-of-the-art water electrolysers in their plant in Erlangen in Ger-
many. These electrolysers are about the size of a small bus and produce 1.25 MWh worth of
hydrogen from water. Siemens can test two electrolysers simultaneously at their Erlangen
site. They are planning on expanding their production and testing facilities, but they cannot
do this in Erlangen because this would ‘drink up’ all of the city’s electricity supply. When we
compare this effect of one additional 1.25 MWh electrolyser with the 2.980 TWh of energy
that was consumed in Germany in 2023, we get a feeling of how large this challenge is [26]
(we’ll return to Siemens Energy for a different type of electrolyser and its application in CO2
conversion in Chapter 5). State-of-the-art water electrolysers are getting bigger (see photo
in Figure 1.12), but there is still a long way to go [27].

1.3.5 Renewable Resources and Biodegradable Products
(Principles VII and XI)

The increasing public attention paid to these two principles opens many new business
opportunities for chemistry-minded entrepreneurs. Using renewable resources is essential
for building a true circular economy. With ‘renewable’, I mean that these resources can
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be renewed on a human time scale. Certain species of bamboo can grow almost a meter a
day. Industrial hemp cultivars, Cannabis sativa,which are grown for their fibre, can reach
maturity within 12–16 weeks. Douglas fir trees, which are popular as Christmas trees and
also used in managed forestry for softwood timber, take 15 years. All of these can be consid-
ered as ‘renewable carbon sources’ (fir trees are planted at a density of about 250 trees/acre;
if you have 15 acres of land, you can plant one acre every year and cut down and process
one acre every year). Crude oil, natural gas or coal deposits are not considered renewable
because they formed over tens of millions of years.

1.3.5.1 Historical Context: The Century of Change
To realise the global importance of switching to renewable resources, we need to under-
stand first how the chemical industry shaped our modern society over the past century. The
chemical products that we use are typically made from carbon, oxygen, hydrogen, nitrogen,
sulphur, phosphorous and a few other elements. In addition to these, the steel and concrete
industries, which are not perceived as part of the ‘chemical’ industry, use a lot of iron and
calcium, but luckily Earth has an abundance of both.2 In each case, we talk about an ele-
mental cycle, for example, the carbon cycle or the nitrogen cycle , showing us where the
raw material is coming from and where it ends up after use. We can also track the cycles
of compounds and materials, as in the water cycle . Normally, these cycles change only
slowly with time. Continental changes due to the movement of tectonic plates take mil-
lions of years. Glacial periods (ice ages) take tens of thousands of years. The Earth is now in
the Holocene, an interglacial period that started about 10,000 years ago. We’re coming out of
an ice age. The problem is that we are coming out of it a little too quickly for our own good.

For most of human history, our impact on planet Earth has not been large enough to
change elemental cycles significantly. This small impact reflected the Earth’s relatively
small human population, which remained under a billion people until the end of the 19th

century. But in the early 20th century, everything changed. Abundant coal-based power
drove industrialisation and economic growth forward, creating massive new opportunities
for development in Europe and North America. The invention of petroleum refining in the
1920s compounded these opportunities, giving mankind access to what was, at the time,
practically limitless energy.

This coincided with two crucial discoveries: In 1921, Alexander Fleming, a physician
working at St. Mary’s Hospital in London, accidentally discovered lysozyme, the first
antimicrobial protein [28]. Across the English Channel in Ludwigshafen, Carl Bosch and
Alwin Mittasch at BASF were optimising the catalytic Haber-Bosch process for making
ammonia, invented by Fritz Haber a decade earlier [29, 30]. The combination of antibiotics
and plentiful fertiliser, combined with abundant energy from coal and crude oil, led to
an exponential increase in prosperity and population, from less than two billion people
a century ago to eight billion today. With this increase in population and quality of life
came an increasing demand for energy, almost all of it from fossil fuels. In 2020, CO2
emissions reached a staggering 35 billion tons. The good news, if we could call it that, is
that the emissions per capitahave not increased so much (cf. the slopes of CO2 emissions
and population growth in Figure 1.13). In some countries, the emissions per capita even

2 Although the principles of sustainability apply also to the steel and concrete sectors, the market size and
large entry barriers make these sectors a tough challenge for new technology start-ups. See the discussion
on process scale in Chapter 2.
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Figure 1.13 Annual worldwide anthropogenic CO2 emissions, in gigatons from 1850 until 2020
(right ordinate) and their cause. The dashed curve shows the world population for the same period
(left ordinate). Source: [4] / Elsevier / CC BY 4.0.

decreased. However, this also shows that the problem of CO2 emissions is a direct result
of this population increase, and this is not going down anytime soon. For the �rst time
in history, human intervention has become so large that it is disrupting global
elemental cycles . Mankind is affecting the environment as much as a large volcanic
eruption or a long-term reduction in solar activity would do. And just like these extreme
cases, there are worldwide consequences.

By understanding the human effects on elemental cycles and especially by figuring out
where do resources come from and what is the fate of waste, we can try and locate points
for improvement. These often come hand-in-hand with new business opportunities. In the
two examples below, I will discuss the carbon and nitrogen cycles, but the principles apply
to all elements and compounds.

1.3.5.2 Human Impact on the Carbon Cycle
In today’s linear economy, carbon is derived mainly from fossil sources. These differ per
location: crude oil and natural gas are abundant in the Middle East, the United States,
Europe and Russia; coal and natural gas in China and coal in South Africa and Australia.
The carbon produced from these sources enters the chemical production chain in various
molecular formats: C1 (methane, CO, methanol), C2 (ethane, ethene, acetylene, ethanol),
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Starch Blend: 0.45

PLA: 0.294

PBAT: 0.283

PBS: 0.091

PHA: 0.025

Other: 0.054

Bio-PE: 0.25

Bio-PA: 0.245

Bio-PET: 0.207

Bio-PTT: 0.195

Bio-PP: 0.019 CO2-based: 0.16

Biobased: 0.941

Biodegradable: 1.174

Directly formed Microplastics: 0.16

Unaccounted for: 45.54

Still in Use: 111.3

Compost: 1.174

Energy Recovery: 22.6

Recycling: 23.4

Landfill: 73.7

Mismanaged Plastic Waste: 92.1

Total Municipal Plastic Waste: 213

Petro-based: 367.725

Total Production: 370

Figure 1.14 Sankey diagram showing the material flow analysis (MFA) for fossil-carbon-based,
biodegradable, biobased, and CO2-based plastics in 2019. All values are in millions of tons.
Source: [35] / John Wiley & Sons.

Yet moving from traditional plastics to eco-friendly ones is a tricky challenge. The very
definitions of ‘biobased’ and ‘biodegradable’ are unclear. Adjectives such as ‘green’, ‘cir-
cular’ or indeed ‘eco-friendly’ are even vaguer. Producers, consumers and policy-makers
are faced with a plethora of choices and approaches, where relevant information is hard
to come by. But one thing is certain: There is a large market out there for biobased and
biodegradable plastics, if these can be made economically viable. I will discuss the subject
of product-market combinations in more detail in Chapter 2, but even now, we can see
that biodegradability, which is an end-of-life characteristic, is not trivial. When we throw
something away, biodegradability is an advantage as the waste goes back into the ecosystem
and is eventually recycled by nature into new raw material. But as long as the product is
functioning, we don’t want it to degrade.

Biodegradable products are suitable in some cases, especially when collection, recycling
and reuse are difficult. Otherwise, keeping the material performance parameters can be
essential for efficient recycling and reuse. Polyethylene can stay in the environment for hun-
dreds of years, but this also means that if you can collect it and clean it, you can reprocess
and reuse it again and again. In this way, the carbon atoms that form the polymer back-
bone remain ‘stored’ there instead of being released as CO2. Even from a societal viewpoint,
biodegradability is a two-edged sword, as it can also encourage single-use and wastage.





�

� �

�

References 31

Figure 1.24 Hydro-dehalogenation of
chlorobenzene with zinc and water (top) and the
Pt-catalysed variant with hydrogen gas (bottom).

Cl

+ …+ Zn + H2O

Pt catalyst

Cl

+ …+ H2

c) Compare the two reaction alternatives and explain which one you would use
for making a drug on a 500 kg scale and which one you would use for making a
pesticide a 10,000-ton scale.

Q1.8 Phenol, C6H5OH, is an important bulk chemical, with a worldwide production
of 11 million tons in 2024. Today, it is produced almost exclusively via the partial
oxidation of cumene (isopropylbenzene, see Eq. (1.1)). This process is used on
a multi-million-ton scale per year, yet there are several alternatives. One is the
oxidation of toluene, developed by Dow Chemical (Eq. (1.2)).

C6H5CH(CH3)2 + O2 � C6H5OH + (CH3)2CO (1.5)

C6H5CH3 + 2O2 � C6H5OH + CO2 + H2O (1.6)

a) Calculate the E-factor and estimate the size of the environmental quotient for
both processes.

b) List two advantages and two disadvantages for each process, explaining which
process you favour. If you favour the Dow process, how do you explain the fact
that over 95% of phenol production worldwide goes via the cumene route?
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