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11.3: The Simple Gas Laws- Boyle’s Law, Charles’s Law and Avogadro’s Law

&b Learning Objectives

o To understand the relationships among pressure, temperature, volume, and the amount of a gas.

Early scientists explored the relationships among the pressure of a gas (P) and its temperature (T), volume (V), and amount (n) by
holding two of the four variables constant (amount and temperature, for example), varying a third (such as pressure), and
measuring the effect of the change on the fourth (in this case, volume). The history of their discoveries provides several excellent
examples of the scientific method.

The Relationship between Pressure and Volume: Boyle's Law

As the pressure on a gas increases, the volume of the gas decreases because the gas particles are forced closer together. Conversely,
as the pressure on a gas decreases, the gas volume increases because the gas particles can now move farther apart. Weather balloons
get larger as they rise through the atmosphere to regions of lower pressure because the volume of the gas has increased; that is, the
atmospheric gas exerts less pressure on the surface of the balloon, so the interior gas expands until the internal and external
pressures are equal.
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Figure 11.3.1: Boyle’s Experiment Using a J-Shaped Tube to Determine the Relationship between Gas Pressure and Volume. (a)

Initially the gas is at a pressure of 1 atm = 760 mmHg (the mercury is at the same height in both the arm containing the sample and

the arm open to the atmosphere); its volume is V. (b) If enough mercury is added to the right side to give a difference in height of

760 mmHg between the two arms, the pressure of the gas is 760 mmHg (atmospheric pressure) + 760 mmHg = 1520 mmHg and

the volume is V/2. (c) If an additional 760 mmHg is added to the column on the right, the total pressure on the gas increases to 2280

mmHg, and the volume of the gas decreases to V/3 (CC BY-SA-NC; anonymous).
The Irish chemist Robert Boyle (1627-1691) carried out some of the earliest experiments that determined the quantitative
relationship between the pressure and the volume of a gas. Boyle used a J-shaped tube partially filled with mercury, as shown in
Figure 11.3.1 In these experiments, a small amount of a gas or air is trapped above the mercury column, and its volume is
measured at atmospheric pressure and constant temperature. More mercury is then poured into the open arm to increase the
pressure on the gas sample. The pressure on the gas is atmospheric pressure plus the difference in the heights of the mercury
columns, and the resulting volume is measured. This process is repeated until either there is no more room in the open arm or the
volume of the gas is too small to be measured accurately. Data such as those from one of Boyle’s own experiments may be plotted
in several ways (Figure 11.3.2). A simple plot of V' versus P gives a curve called a hyperbola and reveals an inverse relationship
between pressure and volume: as the pressure is doubled, the volume decreases by a factor of two. This relationship between the
two quantities is described as follows:
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Dividing both sides by P gives an equation illustrating the inverse relationship between P and V:

PV = constant (11.3.1)
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where the « symbol is read “is proportional to.” A plot of V versus 1/P is thus a straight line whose slope is equal to the constant in
Equations and . Dividing both sides of Equation by V instead of P gives a similar relationship between P and

1/V. The numerical value of the constant depends on the amount of gas used in the experiment and on the temperature at which the
experiments are carried out. This relationship between pressure and volume is known as Boyle’s law, after its discoverer, and can
be stated as follows: At constant temperature, the volume of a fixed amount of a gas is inversely proportional to its pressure. This
law in practice is shown in Figure 11.3.2
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Figure 11.3.2: Plots of Boyle’s Data. (a) Here are actual data from a typical experiment conducted by Boyle. Boyle used non-SI
units to measure the volume (in. rather than cm®) and the pressure (in. Hg rather than mmHg). (b) This plot of pressure versus
volume is a hyperbola. Because PV is a constant, decreasing the pressure by a factor of two results in a twofold increase in volume
and vice versa. (c) A plot of volume versus 1/pressure for the same data shows the inverse linear relationship between the two
quantities, as expressed by the equation V = constant/P (CC BY-SA-NC; anonymous).

At constant temperature, the volume of a fixed amount of a gas is inversely proportional
to its pressure

The Relationship between Temperature and Volume: Charles's Law

Hot air rises, which is why hot-air balloons ascend through the atmosphere and why warm air collects near the ceiling and cooler
air collects at ground level. Because of this behavior, heating registers are placed on or near the floor, and vents for air-conditioning
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are placed on or near the ceiling. The fundamental reason for this behavior is that gases expand when they are heated. Because the
same amount of substance now occupies a greater volume, hot air is less dense than cold air. The substance with the lower density
—in this case hot air—rises through the substance with the higher density, the cooler air.

The first experiments to quantify the relationship between the temperature and the volume of a gas were carried out in 1783 by an
avid balloonist, the French chemist Jacques Alexandre César Charles (1746—1823). Charles’s initial experiments showed that a plot
of the volume of a given sample of gas versus temperature (in degrees Celsius) at constant pressure is a straight line. Similar but
more precise studies were carried out by another balloon enthusiast, the Frenchman Joseph-Louis Gay-Lussac (1778-1850), who
showed that a plot of V versus T was a straight line that could be extrapolated to a point at zero volume, a theoretical condition now
known to correspond to —273.15°C (Figure 11.3.3).A sample of gas cannot really have a volume of zero because any sample of
matter must have some volume. Furthermore, at 1 atm pressure all gases liquefy at temperatures well above —273.15°C. Note from
part (a) in Figure 11.3.3that the slope of the plot of V versus T varies for the same gas at different pressures but that the intercept
remains constant at —273.15°C. Similarly, as shown in part (b) in Figure 11.3.3 plots of V versus T for different amounts of varied
gases are straight lines with different slopes but the same intercept on the T axis.

90 350
H
80 — -
(0.75 atm) 300 — NZO
~ 70 (0.010 mol)
T
S 60 H, £ 250 co,
E (1.0atm) = (0.008 mol)
S 50 — w2 200 —
5 s cH,
j 40 — c | (0.006 mol)
g = 150
v 30 — H, £ He
£ (2.0 atm) 2 100 — (0.004 mol)
o
E 20 — >
Hy
10 — 50 (0.002 mol)
0 0
—273.15°C —200°C —100°C 0°C 100°C 200°C —273.15°C —200°C —100°C 0°C 100°C 200°C
0K 73K 173K 273K 373K 473 K 0K 73K 173 K 273K 373K 473 K
Temperature Temperature
(a) (b)

Figure 11.3.3: The Relationship between Volume and Temperature. (a) In these plots of volume versus temperature for equal-sized
samples of H, at three different pressures, the solid lines show the experimentally measured data down to —100°C, and the broken
lines show the extrapolation of the data to V = 0. The temperature scale is given in both degrees Celsius and kelvins. Although the
slopes of the lines decrease with increasing pressure, all of the lines extrapolate to the same temperature at V = 0 (-273.15°C = 0
K). (b) In these plots of volume versus temperature for different amounts of selected gases at 1 atm pressure, all the plots
extrapolate to a value of V=0 at —273.15°C, regardless of the identity or the amount of the gas (CC BY-SA-NC; anonymous).
The significance of the invariant T intercept in plots of V versus T was recognized in 1848 by the British physicist William
Thomson (1824-1907), later named Lord Kelvin. He postulated that —273.15°C was the lowest possible temperature that could

theoretically be achieved, for which he coined the term absolute zero (0 K).

We can state Charles’s and Gay-Lussac’s findings in simple terms: At constant pressure, the volume of a fixed amount of gas is
directly proportional to its absolute temperature (in kelvins). This relationship, illustrated in part (b) in Figure 11.3.3 is often
referred to as Charles’s law and is stated mathematically as

V =const. T (11.3.4)
or
VT (11.3.5)

with temperature expressed in kelvins, not in degrees Celsius. Charles’s law is valid for virtually all gases at temperatures well
above their boiling points.
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The Relationship between Amount and Volume: Avogadro's Law

We can demonstrate the relationship between the volume and the amount of a gas by filling a balloon; as we add more gas, the
balloon gets larger. The specific quantitative relationship was discovered by the Italian chemist Amedeo Avogadro, who recognized
the importance of Gay-Lussac’s work on combining volumes of gases. In 1811, Avogadro postulated that, at the same temperature

and pressure, equal volumes of gases contain the same number of gaseous particles (Figure 11.3.4). This is the historic
“Avogadro’s hypothesis.”
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Figure 11.3.4: Avogadro’s Hypothesis. Equal volumes of four different gases at the same temperature and pressure contain the
same number of gaseous particles. Because the molar mass of each gas is different, the mass of each gas sample is different even
though all contain 1 mol of gas (CC BY-SA-NC; anonymous).

A logical corollary to Avogadro's hypothesis (sometimes called Avogadro’s law) describes the relationship between the volume and
the amount of a gas: At constant temperature and pressure, the volume of a sample of gas is directly proportional to the number of
moles of gas in the sample. Stated mathematically,

V = const. (n) (11.3.6)

or

V x.n@ constant T and P (11.3.7)

This relationship is valid for most gases at relatively low pressures, but deviations from strict linearity are observed at elevated
pressures.
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For a sample of gas,

e Vincreases as P decreases (and vice versa)
e Vincreases as T increases (and vice versa)
e Vincreases as n increases (and vice versa)

The relationships among the volume of a gas and its pressure, temperature, and amount are summarized in Figure 11.3.5 Volume
increases with increasing temperature or amount, but decreases with increasing pressure.
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(a) Pvs. V (Boyle’s law): At constant
temperature and amount of gas, pressure
decreases as volume increases (and vice

(b) Vvs. T (Charles’ law): At constant
pressure and amount of gas, volume
increases as temperature increases (and

(c) Vvs. n (Avogadro’s law): At constant
pressure and temperature, volume
increases as amount of gas increases (and

versa). vice versa). vice versa).

Figure 11.3.5: The Empirically Determined Relationships among Pressure, Volume, Temperature, and Amount of a Gas. The
thermometer and pressure gauge indicate the temperature and the pressure qualitatively, the level in the flask indicates the volume,
and the number of particles in each flask indicates relative amounts (CC BY-SA-NC; anonymous).

Summary

The volume of a gas is inversely proportional to its pressure and directly proportional to its temperature and the amount of gas.
Boyle showed that the volume of a sample of a gas is inversely proportional to its pressure (Boyle’s law), Charles and Gay-Lussac
demonstrated that the volume of a gas is directly proportional to its temperature (in kelvins) at constant pressure (Charles’s law),
and Avogadro postulated that the volume of a gas is directly proportional to the number of moles of gas present (Avegadro’s law).
Plots of the volume of gases versus temperature extrapolate to zero volume at —273.15°C, which is absolute zero (0 K), the lowest
temperature possible. Charles’s law implies that the volume of a gas is directly proportional to its absolute temperature.
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