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Chapter 1 Gases, Gas Phase Equilibria

Matter exists in three distinct physical states: gas, liquid and solid. It is interesting that
it was not until the early years of the seventeenth century that the word “gas” was used.
This word was invented by a Belgian physician, J. B. van Helmont (1577~1644), to fill the
need caused by the new idea that different kinds of “airs” exist. Van Helmont discovered
that a gas (the gas that we now call carbon dioxide) was formed when limestone was treated
with acid, and that this gas differed from air in that it did not support life and was heavier
than air.

During the seventeenth and eighteenth centuries other gases were discovered, inclu-
ding hydrogen, oxygen, and nitrogen, and many of their properties were investigated. It
was not until nearly the end of the eighteenth century, however, that these three gases
were recognized as elements. When Lavoisier recognized that oxygen is an element, and
that combustion is the process of combining with oxygen, the foundation of modern chem-
istry was laid.

Gases differ remarkably from liquids and solids in that the volume of a sample of gas
depends in a striking way on the temperature of the gas and the applied pressure. Particu-
larly, the study of gases provides an excellent example of the scientific method in action. It
illustrates how observations lead to natural laws, which in turn can be accounted for by
models. Then, as more accurate measurements become available, the models are modi-
fied.

Therefore, It is important to understand the behavior of gases. The goals are pursued
by studying the properties of gases, the laws and models that describe the behavior of gases.

A reaction mixture that ceases to change and consists of reactant and products in definite
concentrations is said to have reached chemical equilibrium. In this chapter we will see how
to determine the composition of a gaseous reaction mixture at equilibrium and how to alter

this composition by changing the conditions for the reaction.

1.1 The Perfect-gas Law

Boyle's Law The dependence of Gas Volume on Pressure

The first quantitative experiments on gases were performed by an Irish chemist, Robert
Boyle (1627~1691). Using a J-shaped tube closed at one end (Fig. 1.1), Boyle studied the
relationship between the pressure of the trapped gas and its volume. The experiments have
shown that, for nearly all gases the product of the pressure and volume is constant. This be-

havior can be represented by the equation

pV==k(temperature constant, moles of gas constant)



Mercury which is called Boyle’s law. A gas that obeys Boyle’s law is

added called ideal gas.

Boyle’ s law only approximately describes the relation-

ship between pressure and volume for a gas. Highly accurate

Gas = measurements on various gases at a constant temperature

Gas ‘ have shown that the product pV is not quite constant but

< changes with pressure. The small changes occur in the prod-

uct pV as the pressure is varied. Such changes become very

significant at pressures much higher than normal atmospheric

Fig. 1.1 A J-tube similar to the pressure. We will discuss these deviations and the reasons for

one used by Boyle them in detail in Section 1. 5.

Charles’s Law The Dependence of Gas Volume on Temperature

In the century following Boyle’s findings, a French physicist, Jacques Charles (1746~1823),
who was a pioneer in hot-air and hydrogen-filled bailoons, found in 1787 that the volume of a
gas at constant pressure increases linearly with the temperature of the gas. That is, a plot of
the volume of a gas (at constant pressure) versus its temperature (*C) gives a straight line.

This behavior is shown for several gases in

Fig. 1. 2. This fact can be expressed mathe-
matically by the following equation; 0.8 /
V=a+bt 06 \9&1/
. . . 5 o0
where ¢ is the t erature in degrees Celsi g /
t is the temp g Celsius, £ o Extripolation | )V
and a and b are constants that determine the =™ Ve @/
1T .-~ - O2
straight lines for gases. 02 R ol 03—
. . . =213 20,20 AT
One very interesting feature of these plots is RO Sl i
$32="
that the volumes of all the gases extrapolate to 0 250 =200 <150 <100 =50 O 30
zero at the same temperature, — 273.2°C. On Temperature/"C

the Kelvin temperature scale ( an absolute tem-
. . . X ig. 1.2 !
perature scale) this point is defined as 0 K, Fig Plots of V versus T for several gases

which leads to the following relationship between the Kelvin and Celsius scales
Temperature(K)= 0C + 273.2
Let us write T for the temperature on the Kelvin scale. Then we get
T V=sT
This equation is a mathematical form of Charles’s law. We can state this law as follows:
The volume of a gas at a constant pressure is directly proportional to the absolute tempera-

ture.

Although most gases follow Charles’s law fairly well, they deviate from it at high pres-

sures and low temperatures as we will see later in this chapter.
Before we illustrate the uses of Charles’s law, let us consider the importance of 0 K. At

temperatures below this point, the extrapolated volumes would become negative. The fact



that a gas cannot have a negative volume suggests that 0 K has a special significance. 0 K is
called absolute zero, which has never been reached. The lowest temperature that has been
produced so far in laboratories is approximately 1 X107 °K.
Standard Temperature and Pressure (STP)

Since the volume of a gas changes with both pressure and temperature, a gas sample has
a particular volume only as the pressure and the temperature are specified. To simplify com-
parisons, the volume of a given sample of gas is normally reported at standard temperature
and pressure (STP). They are reference conditions for gases, chosen by convention to be 0°C
(273.2 K) and 1 atm (101. 33 kPa).
Avogadro’s Law

In 1809 Gay-Lussac measured the volumes of gases that reacted with each other under
the same conditions of temperature and pressure. He found that 2 volumes of hydrogen react
with 1 volume of oxygen to form 2 volumes of
gaseous water and 1 volume of hydrogen reacts
with 1 volume of chlorine to form 2 volumes of
hydrogen chloride. Some simple diagrams illus-
trating these results are given in Fig. 1. 3.

Three years later, the Italian chemist Avogadro
interpreted these results and proposed that equal vol-

umes of gases at the same temperature and pressure
contain the same number of “particles.” This as- Fig. 1.3 The relative volumes of gases
sumption is called Avogadro’s law, which can be involved in chemical reaction
stated mathematically as
V=an

where V' is the volume of the gas, 7 is the number of moles, and a is a proportionality con-
stant. This equation states that for a gas at constant temperature and pressure the volume is
directly proportional to the number of moles of gas. This relationship is obeyed closely by
gases at low pressures.

One mole of any gas contains the same number of molecules (Avogadro’s number =
6.022X10%) and must occupy the same volume at a given temperature and pressure. This
volume of one mole of gas is called the molar gas volume. At STP, the molar gas volume is

found to be 22. 41L/mol. So we can get another mathematical expression of Avogadro’s law
V=nV,
where V,, is the molar gas volume.

The Ideal Gas Law

Boyle’s law and Charles’s law can be combined as follows
V=constant(T/p) (for a given amount of gases)

For one mole of gas, the equation is changed into the following form
Vo=RT/p



where R is the value of the constant for one mole of gas. Because its value is the same for all
gases, R is called the universal gas constant. When the pressure is expressed in atmospheres
and the volume in liters, R has the value 0. 08206 L » atm « K™' « mol™'. In SI units, we
have R=8. 31441 J « K™! « mol™" which is equivalent to 8. 31441 dm® » kPa * K™! * mol™!.
The above equation can be written for n moles of gas if we multiply both sides by =.
nV.=nRT/p

According to Avogadro’s law, we can write

V=nRT/p
The equation can be rearranged to the more familiar form of the ideal gas law.

pV=nRT

it is based

It is important to recognize that the ideal gas law is an empirical equation
on experimental measurements of the properties of gases. A gas that obeys this equation is

said to behave ideally. That is, this equation defines the behavior of an ideal gas, which is a

hypothetical substance. The ideal gas equation is best regarded as a limiting law it ex-
presses behavior that real gases approach at low pressures and high temperatures. Most ga-
ses obey this equation closely enough at pressures below 1 atmosphere.

Calculations Using the Ideal Gas Law

1. Determinations of molar mass"

If we know any three of the variables P, V, n and T, the fourth can be calculated by
using the ideal gas equation. If we also know the mass of the gas, we can calculate its molar
mass.

Example 1.1

A flask of 0. 300L volume was weighed after it had been evacuated. It was then filled
with a gas of unknown molar mass at 1. 00 atm pressure and a temperature of 300 K. The in-
crease in the mass of the flask was 0. 977 g.

(1) What is the molar mass of the gas?

(2) Assuming that the gas molecules contain only sulfur and oxygen, what is the mo-
lecular formula of the gas?

Solution
(1) We first find the number of moles of the gas

=2V 1. 00atm X 0. 300L

RT ™ 0.082latm* L » mol™! « K™! X300K=0' 012Zmol

Then we can find the molar mass M

=m__0.977g _ R
M= =0, 0122mo] 80+ 18 * mol

Thus the molar mass is 80.1 g » mol™?,
(2> The molecular formula could be either SO, (M= 80. 06g » mol™!') or 5,0 (M=
80.12g * mol™). Any other combinations of sulfur and oxygen have molar masses quite dif-

ferent from 80 g.



2. Gas density
Recall that density equals mass divided by volume. Because the volume of a gas depends

on both its temperature and its pressure, the density of the gas must depend on these varia-
bles.

Example 1. 2
The density of a gas was found to be 2.06g « L™! at STP. What is its molar mass?

Solution
At STP

p=1.00atm T=273K
Substituting in the equation M=dRT/p, we have

M= (2.06g + L7')(0.0821atm « L » mol™! « K™1)(273K)

= o —1
1. 00atm 46. 2g * mol

1.2 The Partial Pressures of Components of a Gas Mixture

Dalton’s Law of Partial Pressures

While studying the composition of air, John Dalton concluded in 1801 that each gas
in a mixture of unreactive gases acts as though it were the only gas in the mixture; the
total pressure exerted is the sum of the pressures that each gas would exert if it were
alone. This statement is known as Dalton’ s law of partial pressures. It can be expressed
as follows

Prow =pat pstpct--
Pas Pss Pcs and so on are partial pressures of component gas A, gas B, gas C, etc. in a
mixture; each one refers to the pressure that an individual gas would exert if it were alone in
the container.

To illustrate, consider two 1L flasks. One flask is filled with helium to a pressure of 3
atm at a given temperature. The other flask is filled with hydrogen to a pressure of 2. 4 atm
at the same temperature. Suppose all of the helium in the one flask is put in with the hydro-
gen in the other flask (Fig. 1. 4). According to Dalton, each gas exerts the same pressure it

would exert if it were the only gas in the flask. Thus the pressure exerted by helium in the

mixture is 3 atm, and the pressure exerted by hydrogen in the mixture is 2. 4 atm. The total

Continue to add
water until Flask
Ais filled

Before mixing

Fig. 1.4 A demonstration of Dalton’s law of partial pressures



