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Introduction

I have had peanut butter, honey, pesto sauce, toothpaste and, most painfully, a bottle of single-malt whisky all confiscated at airport security. I inevitably lose the plot in situations like this. I say things like ‘I want to see your supervisor’, or ‘peanut butter is not a liquid’, even though I know it is. Peanut butter flows and assumes the shape of its container – that is what liquids do – and so peanut butter is one. Even so, it just infuriates me that in a world full of ‘smart’ technology airport security still can’t tell the difference between a liquid spread and a liquid explosive.

Although bringing more than 100 ml of liquid through security has been banned since 2006, our detection technology has not improved much in that time. X-ray machines can see through your luggage to detect objects. In particular they alert security to suspicious shapes: distinguishing guns from hairdryers, and knives from pens. But liquids don’t have a shape. They just take the form of whatever is containing them. Airport scanning technology can also detect density and a range of chemical elements. But here again they run into problems. The molecular make-up of the explosive nitroglycerine, for instance, is similar to peanut butter’s. They’re both made from carbon, hydrogen, nitrogen and oxygen – and yet one is a liquid explosive while the other is just, well, delicious. There are an enormous number of dangerous toxins, poisons, bleaches and pathogens that are incredibly difficult to distinguish from more innocent liquids in a quick and reliable manner. And it is this line of argument, which I’ve heard from many security guards (and their supervisors), that usually persuades me to agree – begrudgingly – that my peanut butter, or one of the other liquids I seem to regularly forget to take out of my carry-on luggage, is a significant risk.

Liquids are the alter ego of dependable solid stuff. While solid materials are humanity’s faithful friend, taking on the permanent shapes of clothes, shoes, phones, cars and indeed airports, liquids are fluid; they will take on any shape, but only while contained. When they’re not contained, they are always on the move, seeping, corroding, dripping and escaping our control. If you put a solid material somewhere it stays there – barring forcible removal – often doing something very useful, like holding up a building or supplying electricity for a whole community. Liquids, on the other hand, are anarchic: they have a knack of destroying things. In a bathroom, for instance, it is a constant battle to keep water from seeping into cracks and pooling under the floor, where it gets up to no good, rotting and undermining the wooden joists; on a smooth tile floor, water is the perfect slip hazard, causing an enormous number of injuries; and when it gathers in the corners of the bathroom, it can harbour black slimey fungus and bacteria, which threaten to infiltrate our bodies and make us sick. And yet, despite all this treachery, we love the stuff; we love bathing in water, and showering in it, drenching our whole body. And what bathroom is complete without a cornucopia of bottled liquid soaps, shampoos and conditioners, jars of cream and tubes of toothpaste? We delight in these miraculous liquids and yet we worry about them too: are they bad for us? Do they cause cancer? Do they ruin the environment? With liquids, delight and suspicion go hand in hand. They are duplicitous by nature, neither a gas nor a solid but something in-between, something inscrutable and mysterious.

Take mercury, for instance, which has delighted and poisoned humanity for thousands of years. As a child I used to play with liquid mercury, flicking it around table tops, fascinated by its otherworldliness, until I was made aware of its toxicity. But in many ancient cultures mercury was thought to prolong life, heal fractures and maintain good health. It’s not clear why it was held in such regard – perhaps because it is special in being the only pure metal that is liquid at room temperature. The first emperor of China, Qin Shi Huang, took mercury pills for his health but died at thirty-nine, probably as a result. Even so, he was buried in a tomb full of rivers of flowing mercury. The Ancient Greeks used mercury in ointments, and alchemists believed that a combination of mercury and another elemental substance, sulphur, formed the basis of all metals – a perfect balance between mercury and sulphur creating gold. This was the origin of the erroneous belief that different metals could be transmuted into gold if mixed in the right proportions. While that proved to be the stuff of legend, gold does dissolve in mercury. If you heat up that liquid once it has absorbed the metal, it will evaporate, leaving behind a solid lump of gold. For most ancient people that process was indistinguishable from magic.

Mercury isn’t the only liquid that can consume another substance and contain it within itself. Add salt to water and it will soon disappear – the salt is somewhere but where has it gone? Yet if you do the same with oil, the salt just sits there. Why? Liquid mercury may absorb solid gold, but it rejects water. Why is that? Water absorbs gases, including oxygen, and if it didn’t, we would live in a very different world – it is the oxygen dissolved in water that allows fish to breathe. And although water can’t carry enough oxygen for humans to breathe, other liquids can. There’s a type of oil – perfluorocarbon liquid – that is very unreactive chemically and electrically. It is so inert that you can put your mobile phone in a beaker of perfluorocarbon liquid and it will continue to operate normally. Perfluorocarbon liquid can also absorb oxygen in such high concentrations that it is breathable by humans. This sort of liquid-breathing – breathing liquid instead of air – has many possible uses, the most important of which is to treat premature babies suffering from respiratory-distress syndrome.

Still, it is liquid water that has the ultimate life-giving property. This is because it can dissolve not just oxygen, but many other chemicals too, including carbon-based molecules, and so provides the aqueous environment required for the emergence of life – for new organisms to spontaneously come into existence. Or, at least, that is the theory. And it is why, when scientists look for life on other planets, they look for liquid water. But liquid water is rare in the universe. It’s possible that Europa, one of the moons of Jupiter, might have oceans of liquid water below its icy crust. There might also be liquid water on Enceladus, one of the moons of Saturn. But Earth is the only body in the Solar System where a lot of water is readily available on its surface.

A peculiar set of circumstances on our planet has made possible the surface temperatures and pressures that can sustain liquid water. In particular, if it weren’t for the Earth’s molten-metal liquid core, which creates the magnetic field that protects us from the solar wind, all our water would most likely have disappeared billions of years ago. In short, on our planet, liquid begat liquid, and that led to life.

But liquids are destructive too. Foams feel soft because they are easily compressed; if you jump on to a foam mattress, you’ll feel it give beneath you. Liquids don’t do this; instead they flow – with one molecule moving into the space freed up by another molecule. You see this in a river, or when you turn on a tap, or if you use a spoon to stir your coffee. When you jump off a diving board and hit a body of water, the water has to flow away from you. But the flowing takes time, and if your speed of impact is too great, the water won’t be able to flow away fast enough, and so it pushes back at you. It’s that force which stings your skin as you belly-flop into a pool, and makes falling into water from a great height like landing on concrete. The incompressibility of water is also why waves can exert such deadly power, and in the case of tsunamis why they can demolish buildings and cities, tossing cars around as if they were driftwood. For instance, the Indian Ocean earthquake in 2004 triggered a series of tsunamis, killing 230,000 people across fourteen countries. It was the eighth-worst natural disaster ever recorded.

Another dangerous property of liquids is their ability to explode. When I began my Ph.D. at Oxford University I had to prepare small specimens for the electron microscope. This involved cooling a liquid called an electro-polishing solution to a temperature of –20ºC. The liquid was a mixture of butoxyethanol, acetic acid and perchloric acid. Another Ph.D. student in the lab, Andy Godfrey, showed me how to do this, and I thought I’d got the hang of it. But after a few months Andy noticed that I often let the temperature of the solution rise while electro-polishing. ‘I wouldn’t do that,’ he said, raising his eyebrows as he peered over my shoulder one day. When I enquired why, he pointed me towards the lab manual of chemical hazards:


Perchloric acid is a corrosive acid and destructive to human tissue. Perchloric acid can be a health hazard if inhaled, ingested or splashed on skin or eyes. Once heated above room temperature or used at concentrations above 72 per cent (any temperature), perchloric acid becomes a strong oxidizing acid. Organic materials are especially susceptible to spontaneous combustion if mixed or contacted with perchloric acid. Perchloric acid vapours may form shock-sensitive perchlorates in ventilation system ductwork.



In other words, it can explode.

On inspection of the lab I found many similarly transparent colourless liquids, most of which were indistinguishable from one another. We used hydrofluoric acid, for instance, which, apart from being an acid that can eat its way through concrete, metals and flesh, is also a contact poison that interferes with nerve function. This has an insidious consequence – namely that you can’t feel the acid as it’s burning you. Accidental exposures can easily go unnoticed as the acid continues to eat its way through your skin.

Alcohol, too, fits into the category of poison. It may only be one in high doses, but it has killed many more people than hydrofluoric acid. Yet alcohol plays an enormous role in society and cultures across the globe, having historically been used as an antiseptic, an antitussive, an antidote, a tranquillizer and a fuel. Alcohol’s main attraction is that it depresses the nervous system – it’s a psychoactive drug. Many people can’t function without their daily glass of wine, and most social functions revolve around places where alcohol is served. We may not (rightly) trust these liquids, but we love them anyway.

We feel alcohol’s physiological effects as it’s absorbed into the bloodstream. The thumping of our heartbeat is a constant reminder of our blood’s role in our bodies, and its need to continuously circulate: we run thanks to the power of a pump, and when the pumping stops, we die. Of all the liquids in the world, surely blood is one of the most vital. Fortunately, the heart can now be replaced, bypassed, and plumbed in and out of our bodies. Blood itself can be added and removed, stored, shared, frozen and revived. And, indeed, without our blood banks every year millions of people undergoing surgery, injured in war-zones or involved in traffic accidents would die.

But blood can be contaminated with infections such as HIV and hepatitis, and so it can harm as well as heal. Thus, we must take into consideration the duplicitous nature of blood, as of all liquids. The important question is not whether a particular liquid can be trusted or not, is good or bad, is healthy or poisonous, is delicious or disgusting, but rather whether we understand it enough to harness it.

There is no better way to illustrate the power and delight we gain from controlling liquids than by taking a look at those involved when flying in an aeroplane. And so that is what this book is about, a transatlantic flight, and all the strange and wonderful liquids that are involved. I took the flight because I had not blown myself up while doing my Ph.D., but had instead continued to do materials science research and eventually become Director of the Institute of Making, at University College London. There, part of our research involves understanding how liquids can masquerade as solids. For instance, the tar from which roads are made is, like peanut butter, a liquid, even though it gives the impression of being a solid. Our research has led to invitations to fly to conferences all around the world, and this book is an account of one such trip from London to San Francisco.

The flight is described through the language of molecules, heartbeats and ocean waves. My aim is to unlock the mysterious properties of liquids and how we have come to rely on them. The flight takes us over the volcanos of Iceland, the frozen expanse of Greenland, the lakes dotted around Hudson Bay, and then south to the coastline of the Pacific Ocean. This is a big enough canvas to discuss liquids from the scale of oceans down to droplets in the clouds, while also examining the curious liquid crystals in the onboard entertainment system, the beverages served by the airline stewards, and of course the aviation fuel that keeps a plane in the stratosphere.

In each chapter I consider a different part of the flight, and the qualities of liquids that made it possible: their ability to combust, to dissolve or to be brewed, to name a few. I show how wicking, droplet formation, viscosity, solubility, pressure, surface tension and many other strange properties of liquids can allow us to fly around the globe. And in doing so I reveal why liquids flow up a tree but down a hill, why oil is sticky, how waves can travel so far, why things dry, how liquids can be crystals, how not to poison yourself making hooch, and most importantly perhaps: how to make the perfect cup of tea. So please come and fly with me, I can promise you a strange and marvellous trip.
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1. Explosive

As soon as the aircraft doors closed, and we pushed back from the gate at Heathrow Airport, a voice announced the beginning of the pre-flight safety briefing.

‘Good afternoon, ladies and gentlemen, and welcome to this British Airways flight to San Francisco. Before our departure, may we have your attention while the cabin crew point out the safety features aboard this aeroplane.’

I always find this a disconcerting way to start a flight. I am convinced that it’s a fake: that the safety briefing isn’t really about safety at all. For a start, they fail to mention the tens of thousands of litres of aviation fuel on board. It is the enormous amount of energy contained in this liquid that allows us to fly at all; its fiery nature is what powers the jet engines so that they’re capable of taking, in our case, 400 passengers in a 250-ton aircraft from a standing start on the runway to a cruising speed of 500 mph, and to a height of 40,000 feet, in a matter of minutes. The sheer awesome power of this liquid fuels our wildest dreams. It allows us to soar above the clouds and travel anywhere in the world in a matter of hours. It’s the same stuff that took the first astronaut, Yuri Gagarin, into space in his rocket, and that fuels the latest generation of SpaceX rockets, which fire satellites into the atmosphere. It is called kerosene.

Kerosene is a transparent, colourless fluid that, confusingly, looks exactly like water. So where is all that hidden energy stored, all that hidden power? Why doesn’t the storage of all that raw energy inside the liquid make it appear, well, more syrupy and dangerous? And why is it not mentioned in the pre-flight safety briefing?

[image: Image]
The structure of a hydrocarbon molecule in kerosene.

If you were to zoom in and have a look at kerosene on the atomic scale, you would see that its structure is like spaghetti. The backbone of each strand is made of carbon atoms, with each one bonded to the next. Every carbon is attached to two hydrogen atoms, except at the ends of the molecule, which have three hydrogen atoms. At this scale you can easily tell the difference between kerosene and water. In water there isn’t a spaghetti structure, but rather a chaotic jumble of small V-shaped molecules (one oxygen atom attached to two hydrogen atoms, H2O). No, at this scale kerosene more closely resembles olive oil, which is also comprised of carbon-based molecules all jumbled up together. But where the strands in kerosene are more like spaghetti, in olive oil they’re branched and twirled.

Because the molecules in olive oil are a more complex shape than the ones in kerosene, it’s harder for them to wiggle past each other, and so the liquid flows less easily – in other words, olive oil is more viscous than kerosene. They’re both oils, and on an atomic level they look relatively similar, but, because of their structural differences, olive oil is gloopy while kerosene pours more like water. This difference doesn’t just determine how viscous these oils are, but also how flammable.

The Persian physician and alchemist Rhazes wrote about his discovery of kerosene in his ninth-century Book of Secrets. Rhazes became interested in the naturally occurring springs of the region, which oozed not water, but a thick, black, sulphurous liquid. At the time, this tar-like material was extracted and used on roads, essentially as an ancient form of asphalt. Rhazes developed special chemical procedures, which we now call distillation, to analyse the black oil. He heated it up and collected the gases that were expelled from it. He then cooled these gases down again, whereupon they transformed back into liquid. The first liquids he extracted were yellow and oily, but through repeated distillation they became a clear, transparent and free-flowing substance – Rhazes had discovered kerosene.

At the time Rhazes couldn’t have known the full extent of what this liquid would ultimately contribute to the world, but he did know it was flammable and that it produced a smokeless flame. While this may seem like a trivial discovery now, creating indoor light was a major problem for every ancient civilization. Oil lamps were the most sophisticated light-producing technology of the day, but up until then burning oil often produced as much soot as it did light. Smokeless oil lamps would be a revolutionary innovation, so much so that their importance is immortalized in the story of Aladdin, from The Book of One Thousand and One Nights. In the story, Aladdin finds an oil lamp, a magic lantern. When he rubs it, he releases a powerful genie. Genies occur frequently in myths of the time, and are said to be supernatural creatures made from a smokeless fire; this particular genie is bound to do the bidding of the person who owns the lamp – an immense power. The significance of the new liquid and its ability to create a smokeless flame could not have been lost on the alchemist Rhazes. So why didn’t the Persians start using this new spirit? The answer comes, in part, from the importance that olive trees had in their economy and culture.

In the ninth century, olive oil was the fuel of choice for oil lamps in Persia. Olive trees thrived in the region, were drought-tolerant and yielded olives, which could be pressed into oil. It took about twenty olives to create a teaspoon of olive oil, which provided one hour of light with a typical oil lantern. So, if an average household needed five hours of light per evening, it would go through 100 olives a day, or approximately 36,000 olives a year, just for one lamp. To produce enough oil to light their empire, the Persians needed an abundance of both land and time, because olive trees generally don’t produce fruit for twenty years. The Persians also needed to protect their land from anyone who might want to take this valuable resource, which meant they needed organized towns, and this required still more olives so everyone could have both cooking oil and light. To support an army they needed to pay taxes, and in Persia paying taxes often meant giving the government a percentage of your olive oil crop. So, you can see, olive oil was central to Persian society and culture, as it was to all Middle Eastern civilizations, until they found an alternative source of energy and tax revenue. Rhazes’ experiments proved that it was right under their feet, but there it would stay for another thousand years.
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A replica of an ancient oil lamp used at the time of Rhazes.

In the meantime, oil lamps evolved. The design of a ninth-century oil lamp looks simple, but it is remarkably sophisticated. Think about a bowl of olive oil. If you simply try to light it, you’ll find it’s quite difficult. It’s hard because olive oil has a very high flashpoint. The flashpoint of a flammable liquid is the temperature at which it will spontaneously react with the oxygen in the air and burst into flames; for olive oil this is 315ºC. That’s why cooking with olive oil is so safe. If you spill it in your kitchen, it’s not going to ignite. Also, to fry most foods you only need to get to a temperature of around 200ºC, which is still a hundred degrees below olive oil’s flashpoint, so it’s easy to cook without the oil burning.

But at 315ºC, your pot of olive oil will burst into flames, and in doing so, will create a lot of light. Not only is this incredibly dangerous, but the flames will be short-lived; they’ll consume all the fuel very quickly. Surely, you must be thinking, there’s a better way to burn olive oil for light. And as it turns out, there is. If you take a piece of string, submerge it in the oil, leaving the top poking above the surface, and then light it, a bright flame is created at the tip of the string without having to heat up the full pot of oil. It is not the string that creates the flame; it is the oil emerging from the string. This is ingenious, but it gets better. If you continue to let it burn, the flame doesn’t travel down into the oil – instead the oil climbs up the string, only igniting when it gets to the top. This system can maintain the flame for hours; indeed, for as long as there is oil in the bowl. It’s a process called wicking, and seems miraculous – the oil is able to defy gravity and move autonomously – but it’s a basic principle of liquids and it’s possible because they possess something called surface tension.

What gives liquids their ability to flow is their structure – they are an intermediate state between the chaos of gas and the static prison (for molecules) of solids. In gases, molecules have enough heat energy to break away from each other and move autonomously. This makes gases dynamic – they expand to fill the available space – but they have almost no structure. In solids the force of attraction between the atoms and molecules is much greater than the heat energy they possess, causing them to bond together. Thus solids have a lot of structure but little autonomy – when you pick up a bowl, all the atoms of that bowl come together as one object. Liquids are an intermediate state between the two. The atoms have enough heat energy to break some of the bonds with their neighbours, but not enough to break all of them and become a gas. So they are stuck in the liquid, but able to move around within it. This is what a liquid is – a form of matter in which molecules swim around, making and breaking connections to each other.

Molecules at the surface of a liquid experience a different environment from those inside the liquid. They are not completely surrounded by other molecules, so they experience less bonding on average than those in the middle of the liquid. This imbalance of forces between the surface and the interior of the liquid creates a force of tension – called surface tension. The force is tiny, but it’s still big enough to oppose the force of gravity on small things: this is why some insects are able to walk on the surface of ponds.

[image: Image]
A pond skater insect walking on water.

Look carefully at a pond skater insect as it ‘walks’ on water and you see that its legs are repelled by the water – this happens because the surface tension between the water and the insect’s legs generates a repulsive force that acts against gravity. Some liquid–solid interactions do the opposite and create a molecular force of attraction. This is true of water and glass. Take a glass of water and you will see the edges of the water are pulled up where they meet the glass. We call this the meniscus and it too is a surface tension effect.

Plants have mastered this same trick. They pull water up against the force of gravity, from the ground into their bodies, using a system of tiny tubes that run through their roots, stems and leaves. As the tubes become microscopic, so the ratio of the tube’s inner surface area to the volume of liquid increases, and so the effect gets bigger. Hence manufacturers sell ‘microfibre’ cloths for window cleaning, which have microchannels similar to a plant’s. They suck up water, allowing the cloth to clean more efficiently. Kitchen tissue mops up liquid spills using the same mechanism. These are all examples of ‘wicking’, the same surface tension effect that allows oil to climb up a string – or, more precisely, a wick.

Without wicking, candles wouldn’t work. When you light the wick on a candle, the heat melts the wax and creates a pool of molten wax. This liquid wax travels up the wick, through microchannels, to the flame. Thus feeding the flame with a new supply of liquid wax to burn. If you choose the right material for the wick, the flame will burn hot enough to maintain a pool of liquid wax, and ensure a constant flow of fuel. This deceptively complex system is self-regulating, and requires so little input from us we no longer regard candles as a piece of technology, but that is exactly what they are.

For thousands of years, all across the globe, wicking provided the primary mechanism for indoor lighting, whether in candles or oil lamps. Without these two technologies, at night the world descended into a dark gloom. As you might expect, oil lamps were popular in places where oils were plentiful, while candles were used where wax or animal fat were more readily available. Nevertheless, as ingenious as they were, candles and oil lamps had their drawbacks: there was obviously the fire risk, but there were also the production of soot, the low brightness of the flame, the smell and the cost. These shortcomings meant that there were always those searching for better and cheaper and safer ways of providing indoor light. Rhazes’ discovery of kerosene in the ninth century would have been the solution, had anyone realized it.

On board the aircraft the pre-flight safety briefing was in full swing and now the flight attendants too were ignoring the importance of kerosene. There had not been the least mention of it so far, even though this revolutionary stuff was, at that very moment, being sprayed into the jet engines under the plane’s wings to power our aircraft as it taxied to the runway. Instead they were talking about what to do in the event of ‘loss of cabin pressure’. As an Englishman I appreciate the understated nature of this phrase. It sounds like no big deal, but what it means is that while cruising at high altitude, if the cabin suddenly developed a hole or a crack, all the air would be sucked out of the aircraft, along with anyone not strapped into their seat. There wouldn’t be enough oxygen to breathe normally, hence the oxygen masks that are designed to drop down from the ceiling. The aircraft would immediately begin a steep descent to reach lower altitudes, where there is more oxygen. Anyone left alive at that point would indeed be safe.

Lack of oxygen was a problem for ancient oil lamps too. The design didn’t allow enough oxygen to get to the fuel to burn it fully, which is why the flame gave off relatively low light. This was a problem right up until the eighteenth century, when a Swiss scientist named Ami Argand invented a new type of oil lamp that used a sleeve-shaped wick protected by a transparent glass shield. It was designed so that air could pass through the middle of the flame, radically improving the amount of oxygen delivered and thus the efficiency and brightness of oil lamps, making them equivalent to six or seven candles. This innovation led to many more, and eventually it became clear that olive oil and other vegetable oils were not ideal fuels. To get brighter light you need higher temperatures and for that you need faster wicking, and the speed of the wicking is determined by the surface tension and the viscosity of the liquid. Trying to find oils that were cheap but also had a low viscosity led to more experimentation, and, sadly, the deaths of a lot of whales.

Whale oil is produced by boiling strips of whale blubber. The oil the blubber releases is a clear honey colour. It’s not great for cooking or eating because of its strong fishy taste, but with a flashpoint of 230ºC and low viscosity, it is very good for oil lamps.
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Capturing a Sperm Whale by John William Hill (1835).

The use of whale oil in Argand lamps skyrocketed in the late eighteenth century, especially in Europe and North America. Between 1770 and 1775 the whalers of Massachusetts produced 45,000 barrels of whale oil per year to meet the demand. Whaling became a big industry, fuelled by the need for indoor lighting, and some whale species were almost driven to extinction by that demand. It’s estimated that by the nineteenth century more than a quarter of a million whales had been killed for their oil.

This could not go on, and yet the demand for indoor lighting was still on the rise. As populations grew bigger and wealthier, education became more important, the culture of reading and entertaining after dark became more prevalent, and so the demand for oils increased, as did the pressure on inventors and scientists to come up with ways to meet this need. Among them was James Young, a Scottish chemist who, in 1848, found a way to extract a liquid out of coal that had excellent properties for burning in an oil lamp. Young called his liquid paraffine oil. A Canadian inventor, Abraham Gesner, did the same thing and called his product kerosene. These discoveries might not have come to much, but, as it turned out, they just preceded the beginning of the American Civil War. Whaling ships became military targets, and taxes on other lamp oils created an opportunity for this new kerosene industry to find a foothold. But it didn’t really take off until inventors started playing around not with coal, but with the black oil that could be found near coal mines. This crude oil, which had to be pumped out of the ground, is a black, smelly, sticky substance. But before they could use it they had to harness distillation, an old trick first used for this by Rhazes – which proved to be extremely lucrative. Now the genie really was out of the lamp.

Meanwhile, on board my plane, there was still no word of the kerosene. The safety briefing had got to the bit about emergency exits and the flight attendant in front of me was shooting out his arms, fingers extended to identify their location. There were two exits behind me, and two at the front of the aircraft, and two over the wings, I was told. I wanted to add: ‘and there are 50,000 litres of kerosene in the fuel tank below our feet, and another 50,000 litres stored in each of the two wings of the aircraft’. I must have muttered something to this effect, because I attracted the attention of my neighbour, whose name I would later find out was Susan. For the first time since she had got on the plane Susan looked up from her book. She caught my eye for the briefest of moments over the top of her red-rimmed glasses and then returned to her reading. Her glance must have lasted less than a second, but it spoke volumes. It said: ‘Relax. Flying is the safest form of long-distance travel – do you know that every day there are more than a million humans flying in the stratosphere – the chance of anything bad happening is minuscule. No, it’s smaller than minuscule. Sit back. Relax. Read a book.’ I know this is a lot of information for a look to convey, but, believe me, hers said all of that.
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An oil refinery; the tall columns are distillation vessels.

For better or worse, though, all I could think about was kerosene, and the remarkable trick those mid-nineteenth-century inventors used to transform crude oil: distillation. In order to distil oil, Rhazes had used an apparatus called an alembic, which is what, in modern times, we call distillation vessels – the towers you see sticking up out of oil refineries.

Crude oil is a mixture of differently shaped hydrocarbon molecules, some long like spaghetti, some smaller and more compact, others linked together in rings. The backbone of each molecule is made of carbon atoms, each one bonded to the next. Each carbon atom also has two hydrogen atoms attached to it, but there’s a lot of variety in their shape and size: the molecules vary in size from just five carbon atoms to hundreds. There are very few hydrocarbon molecules with fewer than five carbon atoms, though, because molecules that small tend to exist as gases: they’re called methane, ethane and butane. The longer the molecule, the higher its boiling point, so the more likely it is to be a liquid at room temperature. This is true of hydrocarbon molecules made up of up to forty carbon atoms. If they get any bigger than that, they can hardly flow at all and so become a tar.
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A mixture of hydrocarbon molecules contained in crude oil (only the carbon atoms are shown).

In distilling crude oil, the smaller molecules are extracted first. Hydrocarbon molecules with 5–8 carbon atoms form a clear transparent liquid which is extremely flammable; it has a flashpoint of –45ºC, which means that even at sub-zero temperatures it will ignite easily. So easily, in fact, that putting this liquid into an oil lamp is quite dangerous. Thus, in the early days of the oil industry, it was discarded as a waste product. Later, when we began to better understand the virtues of this liquid, it became more appreciated, especially for the way it mixed with air and ignited, producing enough hot gas to drive a piston. It was subsequently named petrol (or gasoline), and we began using it to fuel petrol engines.

Larger carbon molecules, with 9–21 carbon atoms, form a transparent clear liquid with a higher boiling point than petrol. It evaporates at a slow rate and so is less easy to ignite. But because each molecule is quite big, when it does react with oxygen it gives off a lot of energy, in the form of hot gas. It won’t ignite, however, unless it’s sprayed into the air, and it can be compressed to a high density before it bursts into flames. This is the principle Rudolf Diesel discovered in 1897, eventually giving his name to the liquid forming the basis of his tremendous invention: the most successful engine of the twentieth century.

But in the early days of the oil industry, the mid-nineteenth century, diesel engines hadn’t been invented yet, and there was a pressing need for a flammable substance for oil lamps. While searching for this oil, producers created a liquid that had carbon molecules with 6–16 carbon atoms. This liquid is somewhere between petrol and diesel. It has the virtues of diesel – it doesn’t evaporate so quickly as to form explosive mixtures – but it is a fluid with a very low viscosity, similar to that of water. As a result it wicks extremely well, allowing a flame to be very bright. It was cheap and effective, and didn’t rely on olive trees or whales. It was kerosene, the perfect lamp oil.

But is it safe? My mind had wandered – I had been trying to relax as per Susan’s implicit instruction – but now my attention snapped back to the flight attendants again. They had got to the bit in the safety briefing about the life jackets. They were now all wearing one while pretending to blow a whistle. I wondered what it would feel like to survive a crash landing on the sea and be floating in water, perhaps at night, trying to blow the whistle. I also wondered what would happen to the kerosene in our fuel tanks in the event of such a crash. Could it explode?
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The molecular structure of nitroglycerine.

I know one liquid that certainly could: nitroglycerine. Like kerosene, nitroglycerine is a colourless, transparent, oily liquid. It was first synthesized by the Italian chemist Ascanio Sobrero in 1847. It didn’t kill him, which is a miracle, because it is a ridiculously dangerous and unstable chemical that can explode unexpectedly. Ascanio was so frightened by the potential uses of what he had discovered, he kept it quiet for a year and even then tried to deter others from making it. His student Alfred Nobel saw its potential though; he thought it could replace gunpowder. He eventually succeeded in creating it in a form that was relatively safe to handle. Alfred transformed the liquid into a
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