10. Gases

10.1 Pressure

Pressure is defined as the force across a unit area.

p= Force
Area

2

N
— Pascal, Pa
m

In chemistry, the Sl unit for pressure, the Pascal (Pa), is typically too small to be of practical use. Typically
the pressure in represented in units of kiloPascals, kPa.

There are several devices used to measure pressure. One such device, the barometer, was invented in
1643 by Evangelista Torrecelli. A schematic diagram of the barometer is presented below.

The height of the mercury in the column is proportional to the pressure exerted on the bowl of mercury. The
atmospheric pressure varies according to climatic conditions and also to altitude (height above the earth’s
surface). At sea level, on the average
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P = (1.3547x10% kg m™) x(9.80665 m s72) x(0.7600 m) = 1.013x10° kg m™ s = 1.013x10° Pa = 101.3 kPa
Therefore a column of mercury 760.0 mmHg high is equivalent to a pressure of 101.3 kPa.

In the British System of units, pressure is measured in pounds per square inch, psi. The standard
atmosphere then is:

Standard atmosphere: 1.000 atm = 101.3 kPa = 14.70 psi = 760.0 mmHg = 760.0 torr.

As an exercise, show that in the conversion of Sl to British units, 101.3 kPa = 14.70 psi. The unit “mmHg” is
also referred to as a “torr” in honour of Torricelli.

The various expressions for the standard atmosphere can be used as conversion factors.

Example: If the atmospheric pressure in the lab is found to be 753.3 mmHg, what is the pressure in units
of atm and in units of kPa?

atm

P=753.3mmHg ——— =0.9912 atm
760.0 mmHg

P =753.3 mmHg _101.3kPa =100.4 kPa
760.0 mmHg

10.2 The Gas Laws

The systematic study of gases began in around the mid-seventeenth century and continues today. This is in
part because so many reactions studied in chemistry occur in the gas phase and because much of our
understandings of fields such as thermodynamics (the study of energy transformations) have their origins in
gas theory. Finally gas theory was instrumental in establishing the existence of atoms.

10.2.1 BOYLE’S LAW

In 1662, the British chemist, Robert Boyle, published a manuscript describing his studies on the relationship
between the pressure and the volume of a gas. In summary, Boyle found that the volume of a sample of
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Note that the absolute Kelvin temperature is_always used in gas law calculations because in a plot of
Celsius temperature gives the following formula:

V=aTc + b

It turns out that when experimental data for gas volume is plotted as a function of Celsius temperature,
regardless of the gas, the temperature intercept is always —273.15°C.

Gas Volume

-273.15°C 0°C

Temperature (°C)
10.2.3 AVOGADRO’S LAW

In 1811, the Italian scientist, Amadeo Avogadro proposed that for a gas at constant pressure and
temperature, the volume of gas is directly proportional to the number of moles of gas present.
V n

Thus if the number of moles of gas is changed from n; to n, , the volume will correspondingly be changed
from a volume V; to V;,

10.3 The Ideal Gas Law

We have seen that over a period of 150 years various relationship between the volume of a gas and
variables such pressure, temperature and the number of moles have been developed:

Boyle’'Law: \Y % T and n are constant
Charles and Gay-Lussac: V T P and n are constant
Avogadro’s Law: V n P and T are constant

Combining these laws yields the Combined Gas Law:

v T
P

The proportionality can be removed as usual:
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PV, PV

11 — "272

nT,  n,T,

What this means is that for any gas the ratio of PV to nT is invariant (this means that the ratio is a constant).
The constant is conventionally given the symbol R.

ﬂ =R
nT
or more conventionally
PV =nRT

Depending on the choice of units for pressure, the universal gas constant:
R = 8.3143kPaL K™ mol™
= 0.08206 L atm K™ mol™

Note that these at the same number expressed in different systems of units. In calculations, if the pressure
is represented in units of kPa, the appropriate form of R to use is 8.3143 kPa L K™ mol™; if the pressure is
represented in units of atm, the appropriate form of R to use is 0.08206 L atm K™ mol™.

Example: A certain sample of gas occupies 10.0 L at 1.50 atm at a given temperature. What volume
would the same sample of gas occupy if the pressure is increased to 2.0 atm when the
temperature is held constant?

Initial State (Py, Vi, N1, Ty) Final State (P,,V,,n,, T>,)
P]_V]_: an T]_ P2V2= an T2

Since the sample of gas is the same n; = n, . Since the temperature is held constant,
Tl = T2 .

Thus: P1V1: Psz

v, =v B oggg 1@
2.0 atm

L
2 1
Pz

=750L

Example: Calculate the molecular mass of a gas if a 14.275 g sample of the gas occupies 4.84 L at 753.3
torr and 25.0°C.

PV =nRT
P =753.3 torr M =100.4 kPa
760.0 atm
T =25.0°C +273.15=298.2 K
0 :ﬂ _ (100.4 kPa)(4.84 L) ~0.196 mol
RT (8.3142kPa L K * mol *)(298.2 K)
M :M:D_gg mol *
0.196 mol
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Example:  The density of a gas was found to be 1.95 g L™ at STP (Standard Temperature and Pressure).
Calculate its molecular mass.

STP 1.000 atm and 0°C.

Recall that = m
\Y;

PV nRT
PV U RT
MM
b m_RT
MM V
m RT  RT
V MM MM
El 1 1
vy KT (95g mL’)(0.08206 L atm K* mol")273.15K) o, 0o
P 1.000 atm
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1mol ClI,

n., =0.0869 mol ClI
He 2 4 mol HCI

=0.0217 mol

Step 5: Calculate the volume of chlorine gas formed at 542 mmHg and 36.0°C..

542 - 0713
760.0
36.0 273.15 309.2
1 1
(0.0217  )(0.08206 )92 ) 474
0.713
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and 21.5°C, water is essentially a liquid. Thus the total moles of gas will be due to the contributions
of CO, and O, .

Ny =N, +N, =0.532 mol +0.250 mol =0.782 mol

Step 5: Calculate the volume of gas at the end of the reaction at 761.7 mmHg and 21.5°C.

PV =nRT
v =RT _ (0.782 mol)(0.08206 L atm K * mol *)(21.5+273.15)K 1891
p 1.002 atm '

The volume of gas at STP is:

_ nRT _ (0.782 mol)(0.08206 L atm K * mol *)(273.15 K)
P 1.000 atm

\ =175L
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