The Gas Laws, part 1
Purpose: to familiarise you with the physical concepts behind gases and vapours.
1. Core Physical Principles

· The Three Different Phases of Matter 

· Melting Point 

· Boiling Point 

· Critical Temperature 

2. The Gas Laws

· Boyles' Law 

· Charles' Law 

· The Third Gas Law 

· Dalton's Law of Partial Pressures 

· Avogadro's Hypothesis 

· The Universal Gas Constant 

3. The Solubility of Gases

· Henry's Law 

· Determination of Gas Solubility in Liquid 

· The Ostwald Solubility Coefficient
Partition Coefficients 

The Three Different Phases of Matter

1.1 All matter exists in one of three phases: solid, liquid and gas. A piece of matter consists of molecules, and the closeness to which these are bound to other "like" molecules determines which phase the matter exists in. In effect solid is a state of constraint, gas a state of freedom.

· Melting Point 

· Saturated Vapour Pressure 

1.2 Whether a substance is a solid, a liquid or a gas is determined by temperature and pressure. As one heats a solid, the molecular bonds, that hold it in a lattice, start to break down, and the substance gradually liquefies (melting point). When the liquid is heated, molecules acquire enough energy to break free of restraining bonds, and enter the gas phase. These molecules come from the surface of the liquid where the bonds are weakest. When a liquid and its gas coexist at a certain temperature, the gas is known as a vapour (e.g. water and water vapour, the concentration of the latter in the air is known as humidity). Vapour molecules both leave and enter the liquid simultaneously. At any particular temperature and pressure, a state of equilibrium will be reached whereby a particular number of molecules of vapour will exist above the liquid. This vapour will apply a pressure of its own to the surface of the liquid; this is known as the saturated vapour pressure.

· Boiling Point 

1.3 There comes a point, as one heats a liquid, when the number of molecules leaving the liquid exceeds the number returning to solution; molecules leaving the substance of the liquid causing turbulence and bubbling. This is the boiling point. At this point, the saturated vapour pressure exceeds the atmospheric pressure. At normal atmospheric pressure (1 atmosphere =76OmmHg), water boils at 100 degrees Celsius. High up in the Andes, the atmosphere is much thinner, atmospheric pressure is lower, and water boils at a lower temperature.
· Critical Temperature 

1.4 In order to increase the boiling point we can increase the pressure.Consequently, by pressurising gas we can liquefy it, up to a certain point. That point is the critical temperature: the critical temperature is the point, above which a gas cannot be liquefied no matter how much pressure is applied to it. The critical temperature for water is 374 degrees Celsius, at a pressure of 217 atmospheres. 
The Gas Laws
Pressure, Temperature & Volume = GAS

1.5 All matter may be affected by temperature and pressure, but solids andLiquids are relatively incompressible. Gases, on the other hand, can be squeezed into a smaller volume, and are therefore affected by a third factor (volume). This is the basis of the gas laws.

Boyle's Law

1.6 Pick up a syringe, block the end of it with your finger and push the plunger. The further down the plunger goes the harder it is to advance. This is because the pressure inside the syringe is increasing due to compression of air. This is the basis of Boyle’s law which states: where temperature is constant the volume of a gas is inversely proportional to pressure: V is proportional to 1/P or VP = constant.

Charles' Law

1.7 Imagine the same syringe, filled with air, the plunger half way along and the end blocked. A heat source is applied. What happens? The gas expands the plunger moves backwards, and the volume increases. This is Charles’ law which states that volume is proportional to temperature, or V/T=constant.

The Third Gas Law

1.8 Imagine the same scenario as above, except that the plunger is prevented from moving backwards, what happens then? The pressure inside the syringe increases. This is the third gas law, which states that pressure is proportional to temperature or P/T is constant.

Dalton's Law of Partial Pressures

1.9 If a mixture of gases is put inside a container, such as a jar of air, which contains Oxygen and Nitrogen. Each of the molecules of Nitrogen and Oxygen bash against the wall of the container, applying a pressure. Dalton’s law states that in a mixture of gases, the pressure exerted by each gas is the same as that which it would exert if it alone occupied the container. We know that the air is 21% Oxygen and 79% Nitrogen, so we can calculate the partial pressure of each gas by multiplying the total pressure by the fractional concentration of each gas: 760 mmHg x 21% = l57mmHg, this is the partial pressure of Oxygen in the jar.
Avogadro's Hypothesis

1.10 Avogadro Hypothesised that if you had two different containers containing two different gases at the same temperature and pressure, then they contain the same number of molecules. Of course the mass is different, as the molecules are different. Avogadro introduced a molecular numbering system known as the mole (which contains 6.022 x 1023 molecules). One mole is one gram multiplied by the molecular weight: e.g. 1 mole 02 = 32 gram. It has been found that 1 mole of any substance occupies 22.4 litres so: 6.022 x 1023 molecules of 02 = 32 grams and occupies 22.4 L.
The Universal Gas Constant

1.11 If we put all of the gas laws together with Avogadro’s hypothesis, then the Universal Gas Constant is derived: PV=nRT, where R is derived as a constant from: PV/T=Constant, n is the number of moles.

UNIVERSAL GAS CONSTANT: PV=nRT

What is important about this formula is that P (Pressure) is directly proportional to n (number of moles) which is equivalent to the number of molecules present. If a gas (only a gas), such as oxygen, is in a cylinder, the pressure meter attached gives an accurate estimate of the amount of gas contained within. 
SOLUBILITY OF GASES
Henry's Law

Imagine a container half filled with liquid and half-filled with gas and vapour. What would happen if one were to increase the pressure within the container? What would happen if one was to increase the temperature of the liquid’?

1.12 If the partial pressure of the gas above a liquid is increased, the number of molecules of gas dissolved in the liquid increases proportionately, as long as the temperature is constant. This is Henry’s law.

Deep sea diving: with increasing depth, the prevailing pressure increases proportionately. Nitrogen in inspired air dissolves into body liquids at a greater rate. If the diver comes up too quickly, to normal atmospheric pressure, the reverse process of Nitrogen coming out of solution is accelerated, and bubbles form in the blood and tissues ("the blood turns to 7up") - the bends.
1.13 If liquid is heated, less gas dissolves in it. That’s why one often sees air bubbles in the fluid coming out of a blood warmer.

Determination of Gas Solubility in Liquid

1.14 The amount of gas, which dissolves in a liquid, depends on

1. The partial pressure of the gas, 

2. The temperature of the liquid, 

3. The nature of the gas, 

4. The type of liquid. 

Different gases have different solubilities in different liquids.

Ostwald Solubility Coefficient

1.15 It is often important to describe the relative ability of a gas to dissolve into a liquid, we do this in anaesthetics using the Ostwald solubility coefficient: the volume of gas, which dissolves in one unit volume of a liquid at a particular temperature. If the pressure in the container is doubled, then the amount of gas dissolved is also doubles, but because of Boyles law (V 1/P), the volume of gas dissolved is halved, so the said volume is the same as it was initially, even though there are twice as many molecules dissolved.
Partition Coefficients

1.16 Of more importance to anaesthetists are partition coefficients. A partition coefficient is the ratio of the amount of a substance present in one phase compared with another. The two phases are of equal volume and in equilibrium with one another. The two substances can be a liquid and a gas (e.g. blood-gas partition coefficient) or two liquids (e.g. oil-blood partition coefficient). The usefulness of partition coefficients is that they indicate the behaviour of anaesthetic gases as they enter and leave the body. This will be further discussed in the next tutorial.

Two gases, Nitrous Oxide and Oxygen, and a number of vapours- Halothane, Enflurane, Isoflurane, Desfiurane and Sevoflurane, form the core agents of anaesthesia. The physics behind their use and their pharmacology is essential knowledge for the anaesthetist.

Part 1: The Application of the Gas Laws

· Oxygen 

· Nitrous Oxide 

· Adiabatic Cooling 

· Entonox 

Part 2: The Confusing Stuff about Anaesthetic Vapours

· Solubility and the Blood-Gas Partition Coefficient 

· Solubility and Nitrous Oxide 

· The Concentration Effect 

· The Second Gas Effect 

· Nitrous Oxide and Closed Spaces 

· Diffusion Hypoxia 

· Drug Potency and MAC 

· 5 things you must know about MAC 

· Reasons why we use Nitrous Oxide 

· The Oil-Gas Partition Coefficient 

· How the OGPC and BGPC interact 

· The Tissue Blood Partition Coefficient 

Part 1. The application of the Gas Laws.
OXYGEN

2.1 Of all the agents we use, only Oxygen is stored in gaseous form at room temperature. This is because the critical temperature of Oxygen is -118 degrees Celsius. Consequently, cylinders containing Oxygen obey the gas laws, and as I mentioned in tutorial 1, the pressure gauge on the cylinder directly represents the amount of gas inside as PV.

2.2 The main supply of oxygen in a hospital usually comes for a liquid oxygen tank. Huge quantities of the gas can be stored in this way, with the result that it is very economical. The container is a giant sized thermos flask, insulated from the outside. In the liquid container the temperature is kept at -160 degrees Celsius, the vapour pressure at this temperature being 7 bar. The oxygen is heated using a coil, and as the liquid evaporates, that which is left behind is cooled. This is because heat is required for vaporisation, the phase shift from liquid and gas: this is known as latent heat, it is borrowed by the molecules which are evaporation, and donated by those left behind. Although the cooling of the liquid reduces its saturated vapour pressure, and this is a problem in anaesthetic vaporisers (we will discuss this later), it is an advantage in the liquid oxygen container: as long as there is continuous usage of the oxygen supply, the liquid cools itself, making its storage very energy efficient.
NITROUS OXIDE

2.3 Nitrous Oxide has a boiling point of -88 0C and a critical temperature of +36 degrees Celsius. This means that, in room air (20 0Celsius), N20 is a gas, but because it is below it’s critical temperature, it can be stored under pressure as a liquid. Consequently, cylinders of Nitrous Oxide contain liquid and vapour. In the UK and Ireland, 65% of the N20 cylinder is filled with liquid, vapour fills the rest (the filling ratio is 0.65) - this allows for liquid expansion if the ambient temperature rises: if there is too much liquid in the cylinder, expansion could cause explosion.

2.4 The pressure gauge on a cylinder of Nitrous Oxide measures only the vapour pressure. As the liquid in the cylinder evaporates, it constantly replenishes the gas this is used up, and the vapour pressure remains the same until there is only a small amount of liquid left. So by looking at the gauge you have absolutely no idea how much Nitrous Oxide is in the cylinder.

Classic exam question:
How do you estimate how much is in a cylinder of N20?

We apply what we learnt about Avogadro’s number in the thprevious tutorial: you need to know two things e empty. - the weight of cylinder now, and the weight when it is Subtract the N20 two and you have the weight of the liquid inside. We know that 1 mole of N20 occupies 22.4 litres at standard temperature and pressure. The molecular weight of N20 is 44. If the cylinder contains 2.5 kg (2500 g) of N20, then you can calculate the volume of gas by dividing the weight by the molecular weight and multiplying it by 22.4: 2500/44 x 22.4 = 1272 Litres.

Adiabatic cooling
2.5 One other thing you should know about Nitrous Oxide is the concept of Adiabatic cooling. This word is harder to pronounce than understand. Whenever matter changes phase, an increase or decrease in the surrounding temperature occurs depending on whether it is becoming more solid or more gaseous. If a nitrous oxide cylinder is suddenly turned on "full blast", frost can actually form on the outlet due to adiabatic cooling.
Entonox

2.6 Nitrous Oxide and Oxygen are combined in a 50:50 ratio, called Entonox, in maternity units for analgesia. Gases in a mixture have a critical temperature at which the mixture will separate into its constituent individual gases: the Pseudo-critical temperature. For entonox this is -5.5 degrees Celsius. Below this the N20 liquefies, and the 02 remains as a gas. If one were to breath this in, one would inspire virtual 100% Oxygen until this is used up, and then 100% Nitrous Oxide. The outcome would be disastrous.
PART 2: THE CONFUSING STUFF ABOUT ANAESTHETIC VAPOURS.

People get confused about the physical properties of anaesthetic vapours, because each has a different relevance. This is a simple overview:
Solubility and the Blood-Gas Partition Coefficient
2.7 The solubility of an inhalation anaesthetic determines how fast it works and how fast it wears off. The more insoluble a drug is, the quicker it works.

Solubility Illustration 1.

Imagine two cups of warm water: into one you put a spoon of sugar and into the other a spoon of sand. Which will be in higher concentration in the bottom of the cup? The sand is insoluble, the sugar dissolves, so very little reaches the bottom. For bottom of cup read brain.

Solubility Illustration 2.

If one breathes in a highly soluble anaesthetic vapour, such as Ether, as soon as it arrives in the alveoli it dissolves off into the bloodstream and ends up in muscle, fat, bone - everywhere, and so, as you can imagine, very little ether arrives where one wants it - in the brain. Consequently it takes "all day" to go to sleep and wake up. Desflurane, on the other hand, is extremely insoluble; it stays in the alveoli and only a small amount of agent passes, undissolved, in the blood; the tension thus becomes high in the brain (if the concentration of drug is high in the alveoli, it’s high in the brain!). Because Desflurane is so insoluble, its alveolar concentration (and consequently its brain concentration) rises and falls very quickly - and the patient goes asleep and wakes up very quickly.

Solubility is related to, and described by: the Blood-Gas Partition Coefficient (BGPC):
BGPC Illustration
Imagine a container in which there is 1 litre of blood exposed to an atmosphere of Isoflurane. As you would expect a certain amount of Isoflurane will dissolve into the blood. When this equilibrates 1.14 litres of the Isoflurane has entered the blood. If the atmosphere were Nitrous Oxide then 0.47 litres would have dissolved, if it were Ether - 12 litres. The amount that dissolves is related to the Ostwald solubility coefficient for that substance, and, for blood it is known as the blood-gas partition coefficient.

Solubility and Nitrous Oxide
· The Concentration Effect 

· The Second Gas Effect 

2.9 Gases move from areas in which they are in high concentration to where the concentration is lower (diffusion). In the body the speed that this occurs at depends upon the various partition coefficients. Even though Nitrous Oxide is highly insoluble in blood, as an anaesthetic agent, it is twenty times more soluble than Nitrogen. Nitrogen contributes 79% of what is in air, and consequently alveoli and all air containing spaces such as the bowel and middle ear. So, if one adds Nitrous Oxide into the alveoli, it diffuses out along the concentration gradient much faster than Nitrogen, and the gases left behind are concentrated into a smaller space (the concentration effect). Moreover if there is another anaesthetic agent in the alveolus, its effective concentration increases (the second gas effect) and gets ever closer to inspired concentration. The quicker the alveolar (= brain) concentration reaches inspired concentration (of volatile agent), the quicker the patient goes asleep.
· Nitrous Oxide and Closed Spaces 

· Diffusion Hypoxia 

There are two drawbacks to the second gas effect whereby N20 diffuses in and out of spaces quicker than Nitrogen. The first is that air filled spaces expand in the presence of N20 e.g. the bowel, this may make bowel surgery difficult, a pneumothorax may enlarge and cause cardiovascular compromise. The second problem is diffusion hypoxia: when one turns off the flow of Nitrous Oxide at the end of anaesthesia, then the concentration in the alveoli is lower than in the blood. Consequently N20 floods in from the blood, usurping the 02 and N2 in the process. This is the opposite of the concentration effect, whereby alveolar gases are diluted with N20 and the patient breathes in a hypoxic mixture. To overcome this, one should administer 100% oxygen to the patient until the Nitrous washes out.

The concentration effect and the second gas effect are terms describing different aspects of the same phenomenon: the reduction in the size of the alveolus due to the marginally greater solubility of Nitrous Oxide over Nitrogen.
Drug Potency and MAC
· Minimal Alveolar Concentration 
2.10 The Potency of the drug: potency is a pharmacological property - a pharmacodynamic effect. One drug is more potent than another if it takes a smaller amount of that drug than the other to achieve the same effect. Whiskey is more potent than beer, but they both get you drunk! Potency is described in inhalational anaesthetics by the term MAC = Minimal Alveolar Concentration. This is the equivalent of the ED5O in pharmacology.

  

The MAC is defined as the end tidal (expired not inspired) concentration of anaesthetic agent at which 50% of the population will not move in response to a surgical stimulus (skin incision).

What people forget about the MAC is that MAC does not equal anaesthesia, as 50% of patients will move at this concentration. MAC follows a "normal distribution"; consequently other measures such as MAC/ED 95, MAC aware and MAC awake are used. Movement does not mean awareness, this occurs at 0.3MAC.
Five Things you must know about MAC
MAC is not static:

1. MAC is higher in infants and lower in the elderly. 

2. Premedication, opioids, hypothermia, hypothyroidism and pregnancy decrease it. 

3. MAC is increased with anxiety and thyrotoxicosis. 

4. MAC amongst anaesthetic agents is additive: 0.7 MAC of Isoflurane and 0.3 MAC of nitrous oxide is equivalent to 1 MA.C of Isoflurane. Likewise two volatile agents e.g. Sevo and Iso will have additive effects. 

5. N20 is considerably less expensive than other inhalational agents, but is also much less potent: MAC (104%) cannot be achieved at normal atmospheric pressure with nitrous oxide. 

 Reasons why we use Nitrous Oxide:
1. Vapour sparing effect: the amount of inhalational agent required is reduced (decreased MAC), this is more economical.

2. Reduced inspired concentration of inhalational agents: reduction in the cardiovascular and respiratory depressant effects of the volatile agents. N20 smoothens the anaesthetic.

3. Nitrous Oxide has mild analgesic properties.

The Oil-Gas Partition Coefficient

2.12 We don’t know how anaesthetic agents work. We do know that all volatile agents are highly lipophilic, and that there is a lot of lipid in cell membranes. Meyer and Overton hypothesised, at the beginning of the century that anaesthetic agents acted at the level of the lipid membrane and, consequently potency is related to lipophilicity. Halothane is highly lipid soluble, Isoflurane less so, and Nitrous Oxide is comparatively insoluble in fat. Lipid solubility is represented by the oil-gas partition coefficient (OGPC): again, the larger the number, the higher the solubility. The OGPC for Hal is 220, for Iso is 97 and for N20 s 1.4. The Minimal Alveolar Concentration (MAC) is mathematically related to the OGPC.
How OGPC (MAC/ Potency) and BGPC interact.
An ideal anaesthetic would act extremely quickly (be highly insoluble in blood: have a low blood gas partition coefficient), and achieve anaesthesia at very low concentrations (be very potent- highly soluble in fat [brain]: have a high oil gas partition coefficient. Desflurane is highly insoluble (BGPC of 0.42), but not potent (OGPC of 18.7, MAC of 6.0). Methoxyflurane is extremely potent (OGPC 950, MAC 0.2), but is also very soluble in blood (BGPC 13). If you find this difficult to grasp, consider Desflurane to be a 6.0 litre Porsche, which does 0 - 60 mph in 4 seconds, but guzzles fuel, and Methoxyflurane to be a 1.0 litre city car, does 60 miles per gallon, but takes all week to get from 0 to 60 mph.
What determines how quickly an anaesthetic wears of?
2.13 The blood gas partition coefficient is important to a certain extent, as once the drug is in the blood, the lower the BGPC, the quicker the drug is excreted through the lungs. However, every tissue in the body has its own tissue-blood partition coefficient and as the tissues act as a reservoir for anaesthetic gas, the rate at which this diffuses back from the tissues ultimately determines how quickly the patient wakes up.

TISSUE BLOOD PARTITION COEFFICIENTS

	 
	Desflurane
	Sevoflurane
	Isoflurane
	Halothane

	Fat
	27.2
	47.5
	44.9
	51.1

	Muscle
	2.0
	3.1
	2.9
	3.4


  The combination of the tissue-blood and blood-gas partition coefficients determines how quickly the patient wakes up. As you would imagine patients wake very quickly from Desflurane, and quite slowly from Halothane. Sevo is quicker than Iso because of its much lower BGPC. Finally, as you can see, volatile agents dissolve much better in fat than in any other tissue. The more fat, the longer the wash out time: obese patients wake up much more slowly!
Boyle's Law

For a constant amount of gas at a constant temperature, the product of the pressure and volume of the gas is a constant.

P1V1 = P2V2
Charles's Law

For a constant amount of gas at a constant pressure, the volume of the gas is directly proportional to the absolute temperature.

V1/T1 = V2/T2
Gay-Lussac’s Law 

At a given temperature and pressure, equal volumes of gas contain equal numbers of moles. This is sometimes also known as Avogadro’s law.

P1/T1=P2/T2
Avogadro's hypothesis

Equal volumes of gases at the same temperature and pressure contain equal numbers of molecules.

Thus, 1 mole of any gas (i.e. 6.02 x 1023 gas molecules) at 1 atmosphere pressure and 0°C occupies a volume of approximately 22.4 litres.

Each of these laws is a special case of a more general law. That general law is called the Ideal Gas Law.

P V = n R T

At standard temperature and pressure (commonly abbreviated as STP), the value of the temperature is 0°C (273 K) and the pressure is at 1 atmosphere (760 mmHg or 760 torrs or 1.01 x 105 Nm-2 [pascals] ). 

This implies that at STP, 71.0 g of chlorine gas (one mole of chlorine molecules) will occupy a volume of 22.41 litres. 

In addition, 44.0 g of carbon dioxide (one mole of carbon dioxide molecules) will also occupy a volume of 22.41 litres at STP. 

Dalton’s Law

Dalton's Law of Partial Pressure states that the pressure of a gas mixture is the sum of the partial pressures of the individual components of the gas mixture.

Graham’s Law of diffusion

The rate at which gases diffuse is inversely proportional to the square root of their densities. 
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Henry's Law

Henry's Law states that at a given temperature, the amount of gas dissolved in a solute is directly proportional to the pressure of the gas above the substance. 

Critical pressure

The pressure required to liquefy a vapour at its critical temperature.

Examples: 
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 O2 50 bar
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 N2O 72 bar
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 CO2 73 bar

Critical temperature


The temperature above which a vapour cannot be liquefied by any amount of pressure.  Above this temperature, the substance is a gas; below it, a vapour.

Examples: 
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 O2 -118°C
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 N2O 36.5°C
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 CO2 31.0°C
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