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Chapter 5
Gases
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Outline

* Measurements on Gases

* The Ideal Gas Law

* Gas Law Calculations

+ Stoichiometry of Gaseous Reactions

» Gas Mixtures: Partial Pressures and Mole Fractions
» Kinetic Theory of Gases

* Real Gases

Introduction to Gases

» Gases have been known to exist since ancient times
» The Greeks considered gases one of the four
fundamental elements of nature
- 18t Century
+ Lavoisier, Cavendish and Priestley: Air is
primarily nitrogen and oxygen, with trace
components of argon, carbon dioxide and water
vapor

Current Interest

+ Gases in the news
» Ozone depletion in the stratosphere
» Carbon dioxide and global warming

State Variables

+ State variables describe the state of a system under
study

» To specify the state of a gas, four quantities must be
known

* Volume

* Amount

» Temperature
» Pressure

Volume, Amount and Temperature

» A gas expands uniformly to fill the container in which
it is placed
» The volume of the container is the volume of the
gas
» Volume may be in liters, mL, or cm3

» The temperature of a gas must be indicated on the
Kelvin scale

» Recallthat K = °C + 273.15
« Amount of a gas is the number of moles
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Pressure

» Pressure is force per unit area
« In the English system, pounds per square inch or

psi
» Atmospheric pressure is about 14.7 psi

Measuring Pressure — The Barometer
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The Barometer

» The barometer measures pressure in terms of the

height of a column on liquid mercury

« The atmosphere exerts a force on a pool of
mercury, causing it to rise

» One standard atmosphere of pressure is a column
of mercury 760 mm high

» Mercury is used to keep the column a
manageable height

The Manometer

Gas Pressure Measurement

« The manometer measures gas pressure by
differential
» The height of the column of liquid is proportional
to the pressure
+ Gas pressure can be more or less than
atmospheric pressure

Other Units of Pressure

e 1 atm =14.7 psi
e 1 atm =760 mmHg

« The mmHg is also called the Torr after Torricelli,
inventor of the barometer

« Sl unit of measurement, the pascal (Pa)
» 1 Pais the pressure exerted by a 0.1 mm high film
of water on the surface beneath it
e The bar = 10° Pa
* 1.013 bar =1 atm = 760 mmHg = 14.7 psi = 100
kPa




SOLUTION
SEICRRI At room temperature, dry ice (solid CO.} becomes a gas. AL 77°F, Ve togn e x 2L ey
136 oz of dry lee are pul inle a stecl lank with s volume of 10.00 [, 'Lhe tank’s pressure ’ Lt o
gauge registers 11.2 psi. Express the volume (V] of the tank in liters, the amount of CO, )
in grams and moles (), the lemperature (1) in °C and K and the pressure (17 in bars, s LK, T R0
mm Hg, and atmospheres.
= ki XM= 2.5 mol
Strategy  Use the following conversion factors: B T P
14.7 psi 76l mm Hy, 1.013 bar [ TR e
1 atm 1 atm Tatm 18
000, 28321 (O3S oz Ty =25+ 373 - 298K
o B .
1 mal GOy i g P 112 psi X ]11(;1[11 — [T
- 81
Mast of these conversion factors can be found in Table 1.3, For the temperature conver- r
sion, use the relation: P =076 amm ¥ ?TU ]lnm = 579 mm Hg
alm
tp = LA — 32
F=17a%atm 14113 bar = 11772 bar
Latm
1. Volume is directly proportional to amount . .
* V=k;n(constant T, P) /,
- - - 5 5
2. Volume is directly proportional to absolute
temperature o g 4
— o o
* V=Kk,T (constant n, P) £ 3 £ s
E 2
2 2
1 1 7
.
0 ; 0 T
0 01 0.2 0.3 o 1060 200 300
Number of moles Temperature (K)
() ib)

3. Volume is inversely proportional to pressure
* V=ky/P (constantn, T)
[
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The ldeal Gas Law

+ Collect ky, k, and k5 into @ new constant
+ PV=nRT

* Ris the gas constant

+ Units of R:

R = 0.0g21 - &M
mol -K

Table 5.1 — Units of R

WELEERE  Values of R in Different Units

Value Where Used How Obtained
o L-am A " P =
0.0821 Gas la ns with Vin liters, Pin atm From known values of BV T n
mol - K
aay—d \ \ i
B3 Equations imvalving energy in joules 1L atm 01.3J
mal - K

g-m g

831 X 10— Calculation of molecular speed (page 118) 1d=10
s -mol - K 5
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Standard Temperature and Pressure

« STP
* latmP
« 273K

» At STP, the molar volume of a gas can be calculated as
follows:

(RT 1molx0.0821 L-am o723k
(VARLALIE el ol -22.4L
P latm

Gas Law Calculations

 Final and initial state problems
» Single-state problems
» Density problem

Final and Initial State Problems

« In this type of problem, a gas undergoes a change
from its initial to its final state

» The ideal gas equation is written twice, once for the
initial state (1) and once for the final state (2)

Example 5.2

m A sealed 15.0- 1. steel tank is used to deliver propane {C,H,) gas. Ttis

filled with 24.6 g of propane al 27°C. The pressure gauge registers 0.915 atm. (Assume
that the expansion of steel from an increase In temperature is negligible.)

(a) I the tank is healed o 58°C, whal is the pressure ol propane in the lank?

(b) The tank is lilled with a valve lo open and release propane Lo maintain the pressure
al 1200 alm, Will healing the lank Lo 587C release propanc?

(c] At 20070, the pressure exceeda 1.2000 atm. How much propane is releazed to main-
tain 1.2(0 atm pressure?

Strategy

(a) Read the problem carefully, and note that the volume of the tank and the number of
mules of gas remain constant, (10 is a senled, steel tank.)

(1) Check both the caleulated pressure at 58°C and the pressure at which propane is
released,

() ‘Lhe problem now has three variables, Only volume remains constant,




Example 5.2 (cont'd)

SOLUTION
(a) eitial stat mooaR
a initial state:
(a) TV
2y R
[inal state T, = r;,.
Tt follows that
P, P
o

Because Py= 0915 atm 17 = 27 + 273 = 300 K and 1> = 38 + 273 = 33l K,
331 K

300K

o= 0915 atm * = L. atm

(13 Since 101 arm =2 1200 atm, the valve will not apen.

S PR

(c) initial state: T v
i P, R

linal stale: E =7

Example 5.2 (cont'd)

26g
Because Py = 0915 atm; T, = 300 K; g = 1 f“ | = 0558 mol: Py = 1.200 ating
and T, = 473 K, 4.1 glmal
P T,
=y R : . .I
Py Ty

1200k atm 300 K

= [.358 mol %
0015 am T 473K

= 0464 mol

The tank had 0,558 moles at the start and 0,464 moles after the release of propane.
Henee, 0.094 mol of propane (MM = 44.1 g/fmol) was released:

4dlg
000194 mol = . =
I

415
mol 8

Reality Check The volume of the tank is never used in any of the calculations for the
different parts of the problem. The mass of the propane is relevant only in part (2).

Single state problems — Calculating P, V, nor T

« In this type of problem, one of the state variables is
not known

» The ideal gas equation can be solved for the
unknown

» Take care to follow the units through the calculation!

Example 5.3
(ZELPIERREN  culfor hewalluoride is a gas used as a long-term tamponade (plog) fo

i relioa] Tl | <] relinas in e eve, 1025 s ormpeuned s inlre-
duced info an eva 00 m ] cnntainer af 8370, what pressure in atmospheres s
developed?

d 5

A anfve for B Mete that Voo and T
vmel - K

Strategy  Substitute directly into the ideal g
have Lo be o unils conststent with B = (0.0

SOLUTION  Canverting to the apprapriate units,

i
V5000 mL X 13000
el X, T

T=uz

The mclar mass of sulfur hevatluoride, SF is LR07 ghmal,

1 mal
l_ =017 mal
146,07 @

Substituling 1nte Uhe wdeal gas law,

r- I UOTFT ] % 0021 L almy(mel - KD % 356 10 R
TS0 L 0

Molar Mass and Density

+ Density = mass/volume

+ Recall that the molar mass has units of grams (mass)
per mole

* Now, look at the ideal gas law:
» The number of moles appears
« Moles, n, can be expressed as mass/MM
 There is also a volume term in the ideal gas law

Rewriting the Ideal Gas Law in Density Terms




Density of Gases

» Density is an extensive property

» Does not depend on the amount of substance
+ Density of a gas does depend on

* Pressure

« Temperature

« Molar mass

Balloons

The vellow balloon contatns | The other halloons contain Gas density decreases with

hedi | air, which is more dense

rising temperature, ng
thee balloons to rise, a5 shown
i this time exposure taken
at the Great keno Balloon

Race

and has a lower den: than helium because It has
air at the same tem
and pressure.

Example 5.4

SELERN  Graded

Acetone is widely used as a nail polish remover. A sample of liquid acetone is placed ina
3.00-1. flask and vaporized by heating to 95°C at 1.02 atm. The vapor filling the flask at
this lemperalure and pressure weighs 5.87

(a} What is the densily of acelone vapor under these conditions?
w0 () Caleulate the molar mass of acetone.
#44 () Acetone contains the three elements, C H, and O When 1.000 g of acetone is
burned, 2.27 g ol CO. and (0,932 g of H,O are formed. What is the molecular
formula of acetone?

Example 5.4 (cont'd)

an .

T .
sebecsuti
54T — WM I

salving £ WM

fet Toocal” i Chapelor 31
from zombustion dara {_xa

w10,

“asiH in aampl: = 00025 Ko %

Stoichiometry in Gaseous Reactions

+ Gases can participate as reactants or products in
any chemical reaction

» Gases are balanced in the same way as liquids,
solids, or aqueous solutions in chemical equations

Example 5.5

Hydrogen peroxdde, HxOy, 1s @ commeon bleaching agenl. [ decom-
poses quickly to water and oxygen gas at high temperatures,

2HLOL0 — ZHO() + 0,0k

How many liters of oxvgen are produced at 78°C and 0,934 atm when 1.27 Lot H, (),
[d = 100 gimL) decompose?




Example 5.5 (cont'd)

Strategy  Determine the mass of 10 using the density and comvert *C o K Use the
following scheme:

MM melar PV = nET
filyn, —* Mg —o Hn, = ¥y,
o ratio B
SOLUTION
137 L % 1000 ml. o lon E -
o 27 L . g
e - 1L mlL e
p—— Tmol 1 |
My, = 120 g 34-025 =370 mo
1 mnl &1,

=187 mel O

1o, = 37.3 mol H:Ox
Py = AT ol L0,

_ 187 mol % 00821 Latm/mol k # (78 + 3173} K
0954 atm

= 577 L

Example 5.6
m Graded

sl ST )

arh sl insidhe relviperatons.

Whem acid s added 1o

skmic] Whal wolume of GO s prodoced wheaall the lal 100, s made et with
a0l ol HCE
Steategy  The not Forget b convert ternpecatre and pressure te the apgrepiiate anits.

@ KM ok

Wlagees,  — Maamco, i,

by volar N
W Vg, it
fd This s a lirmiling reaclant problen.
M N, COMPALS O M, = fe,
Lo e icdeal g T o converd ke sonaller number of nesles of 20 v lune,

Example 5.6 (cont'd)

SOLUTION

{a) 12758 % ™ 6 1518 mol
Al raen, = 1275 g 84.0]g_ 516 mol

1 mal CCy,

T ol Karico, _ iriemel

g, = 01518 mol NaHCO, %

. (L1518 mal > 00821 T-atm/mol-K % {38 273) K
Vi, = Ty = 1021
732760 atm

Example 5.6 (cont'd)

. 2651, % 732760 atm 0100 mol
L A —_ — (b
IO T 0821 Tatmimal K 1 (38 1 2731 K e

- 1 mol H*
- = 0100 mal COy > —————— = 0.100 maol
1 maol COy

- " 0100 mol
V- = = _ L= 00d0E T = 408 ml.
M 245 molil

[c} flep, = fige = Vo M =00500T. > 245 mol/T. = (L1225 mol
A, — My, — 0152 mol (see ()
The limiting reactantis H'.
_ 00225 mol % 00821 L-alm/mol-K % (38 + 273 K
F3LTaatm

ELAE L

Vi,

Gas Mixtures: Partial Pressures and Mole
Fractions
» The ideal gas law applies to all gases, so it applies
to mixtures of gases as well
« A new term is needed for a mixture of gases
« Partial pressure, the part of the total pressure due
to each gas in the mixture
» Sum of the partial pressures is the total pressure

Dalton’s Law of Partial Pressures

» The total pressure of a gas mixture is the sum of the
partial pressures of the gases in the mixture

» Consider a mixture of hydrogen and helium:
e PH,=2.46 atm
* P He =3.69 atm
» P total = 6.15 atm




Vapor Pressure

» The vapor pressure of a substance is the pressure of
the gaseous form of that substance

» Vapor pressure is an intensive property
« Vapor pressure depends on temperature

Collecting a Gas Over Water

» When a gas is collected over water, the total
pressure is the pressure of the gas plus the vapor
pressure of water

Wet Gases

+ P H,O is the vapor pressure of water
+ P H,O is dependent on temperature
» Consider H, gas collected over water:

P

tot = H,0 T PH2

Example 5.8

Example 5.8

at 257, She collects 152 mL of Ha at a total pressure of 758 mm Hg. Using Appendix 1
to find the vapor pressure of water, calculate

A studenl prepares a sample of hydrogen gas by electrolyzing water

{a) the partial pressure of hydrogen.

(I the number of moles of hydrogen collected.

Strategy

{a) Lse Dalton’s law to find the partial pressure of hydrogen, Py

v
(b} Lise the ideal gas law to calculate sy, with Iy, as the pressure.

Example 5.8 (cont'd)

SOLUTION

{a) From Appendix 1, Py » = 23.76 mm Hgzat 25°C. The total pressure, P, is
738 mum Hy,

Py, = Py — Py = 758 mm Hg — 23,76 mm Hg = 734 mm Hy

WPV (734760 atm }{0.152 1)

bl iy = - . -
B = T (00821 L atmimol - K298 K)

0.00E00 mol Hy

Partial Pressure and Mole Fraction

+ One can rearrange the Ideal Gas Law for a mixture
containing two gases, A and B

I:)A n A
P, n

ot tot




Mole Fraction

» The mole fraction of gas A is the number of moles of A
divided by the total number of moles of gas in the mixture

Dalton’s Law and Mole Fraction

» The partial pressure of gas A is its mole fraction
times the total pressure

P, = X,P

tot

Example 5.9

S EIGLINRN when one mole of methane, CH 1 18 healed with four moles of

oxygen, the following reaction occurs:
ClLlgh + 2 Oglg) ——> COLp) + 211,00g)

Assuming all of the methane is converted to CO; and HaO, whal are the mole [ractions
of O, COy, and 110 in the resulling mixiure? I the total pressure of the mixiore is
1.26 atm, what are the partial pressures?

Strategy  First, calculate the number of moles of cach gas (remember that exygen is in
excess). Then determine the mole fractions and finally the partial pressures.

SOLUTION  Since all the methane is consumed,
Ao, = 0 Ao, = L00; o = 2.00; 1, = 400 — 2,00 = 2.00
‘The total number of moles is 100 + 2,00 + 2,00 = 5.00.

10 0.200; X = 0.A00; X 20 0,400
= = D200 Syo= _ = LA An, = _ = LLath]
5.00 9T 500 * 7500

L0y

Example 5.9 (cont'd)

P, = 0.200 % 126 alm = 0.252 atm
o — 0100 > L26 atm — 0,504 atm
P, = 0400 X L26 atm = 0,504 atm
Reality Check  The partial pressures (1.252 atm, 0.504 atm, (.504 atm} add up Lo

Lhe lotal pressure, 1.26 atm, as they should according o Dallon’s law. They are also
in the same ratio as the mole fractions (0,200, 0,400, 0,400},

Kinetic Theory of Gases

The kinetic-molecular model

1. Gases are mostly empty space. The total volume
of the molecules is small

2. Gas molecules are in constant, random motion
3. Collisions of gas particles are elastic

4. Gas pressure is caused by collisions of
molecules with the walls of the container

Figure 5.7 — The Kinetic Molecular Model

>
& ®
?
>
2 2
? >
> o »
9 2




New Variables

» N, the number of gas particles
« m, the mass of the gas particle
* U, the average speed of a gas particle

Pressure and the Molecular Model

_ Nmu?
3V

P

* Notes:
» N/V is the concentration of gas particles
« mu? is a measure of the energy of the collisions

Average Kinetic Energy of Translational Motion

E_SRT
2N,

* Notes:
* R is the gas constant
+ T is the Kelvin temperature
* N, is Avogadro’s number

Results from Kinetic Energy of Translational
Motion

» At a given temperature, all molecules of all gases
have the same average kinetic energy of
translational motion

» The average kinetic energy of a gas particle is
directly proportional to the Kelvin temperature

Average Speed, u

1
3RT )2
MM

» The average speed is proportional to the square root of the
Kelvin temperature

» The average speed is proportional to the inverse of the square
root of the molar mass of the gas

Figure 5.8 — Ammonia and Hydrogen Chloride E

10



Example 5.10

SR Colculate the average speed, v, of an N, molecule at 2570,

Strategy  Use the equation i — {(3R47MM)Y% remember to use the proper value of
Ro= 8315 10 g-m (s mol - KL Te careful aboul unils!

SOLUTION
R 1r,\-'i #2905 K -
N (:s.l?'r\'" _ s omal I - G
WM w0 ©

[uthl

Reality Chocle  Molice that the sverage spewsd is very high. Tn miles per hour s

m Lmi
5 1609 = 10 m

e}

OAA00 } =1.15 ¥ 10° mith
1

Effusion of Gases

« Diffusion

+ Gases move through space from a region of high
concentration to a region of low concentration
» You can smell an apple pie baking as the particles
responsible for the odor diffuse through the room
« Effusion
+ Gas particles will escape through a small hole
(orifice) in a container
« Air will slowly leak out of a tire or balloon through pores
in the rubber

Graham'’s Law of Effusion

a
rate of effusion of B ( MM, |2
rate of effusion of A | MM,

« The rate at which gas B escapes divided by the rate at
which gas A escapes is equal to the square root of the
ratio of the molar mass of gas A to gas B

Effusion of Gases

High Low
molar mass msolar mass
@ P * 3
@ " @
@ @ @ & )‘,
:. @ JJ L
'. @ %,
L) ® &
>
@ @
>
@
@
> @
-

Example 5.11

SOLUTION  eyaning the two rates D asoles pen secead

Applying Craam’s T

Subriog Ly sauacing b

Reality Chech T
vazs Hyarn srgon, tdecs)

Gaseous Effusion and the Manhattan Project

» Effusion was used to separate U-238 from U-235
 Recall that isotopes have the same chemical
properties, and so cannot be separated by
chemical means
+ The mass of 228UFg is heavier than the mass of
25UF,
 Very small difference in mass
- 25UF, effuses more quickly because of its smaller
mass

11



Distribution of Molecular Speeds

+ At a given temperature, gas particles will have a set
of speeds, not a single fixed value for speeds

« Maxwell-Boltzmann Distribution

Figure 5.9

——

At 25°C more molecules are moving at about

- — — -

400 m/s than at any other speed.

-

1.0 \ I
08

0, at 25°C

0.6 /

\

é / |0, at 1000°C
El yal | At 1000°C many, many
_::/ 0.4 \ . 1||tnrl:1||tllu:']l:?tl'l}ur:jllj::l\‘\-'iru.',_
Z / \ \_\.11 1600 m/s than at 25°C.
= o2 =5 \
7 \ K'\“m.
[)U 3 200 400 GO0 800 1000 1200 1400 1600 IH!-)_(;__ZE-J[)(P
Molecular speed (m/s)
Distribution of Molecular Speeds Example 5.12
+ Plot the fraction of molecules having a given speed
vs. the molecular speed
 Curve that results has a maximum in the number of
molecules with the given speed
» Most probable speed
 As the temperature increases
« The maximum shifts toward higher speed
« The relative number of molecules at that speed
decreases
il e HCL ool He oo ot (e seane pressurc. Une lipleer g, B, cuses Gsler.
Real Gases Table 5.2

» Recall that the molar volume of a gas at STP is 22.4
L from the ideal gas law

» There are deviations from this volume that depend
on the gas being studied

« The molar volume of a real gas is less than that
calculated by the ideal gas law

SELSE  Real Versus Ideal Gases, Percent Deviation® in Molar Volume

0, o,
P(atm) 50°C 0°C o°C —50°C
1 —0.0% -01% —0.7% —14%
0 -1.0% =11%
40 -37%
0 6.0% Condenses to liquid

100

“Per
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Liguefaction of Gases

+ All gases can be liquefied
 Lowering the temperature
* Increasing the pressure

* When a gas is liquefied, the attractive forces
between gas particles becomes significant

» The closer a gas is to the liquid state, the more it will
deviate from the ideal gas law

Two Factors for Real Gases

» Two factors are important to real gases
1. The attractive forces between the gas particles
2. The volume of the gas particles

+ Both of these are ignored by the ideal gas law

Attractive Forces

+ Note that the observed molar volume for gases is
lower than that calculated by the ideal gas law

» The forces between particles pull the particles
together

» The volume occupied by the gas is then
decreased

« This is a negative deviation from the ideal gas law

Particle Volume

» Consider a plot of the observed molar volume/ideal
molar volume for methane vs. pressure
» Up to 150 atm, the deviation from ideality steadily
increases
» The volume of the gas particles becomes a more
significant factor in determining the volume of the
gas as the pressure increases

Figure 5.10 — Deviation from Ideal Volume

2.0
CH, /
1.5 ==
= /
= ‘8 // Ideal
g 1 ——
LB gas
— -‘-_'-’/
0.5

0
0 100 200 300 400 500 600 700 800
Pressure (atm)

Key Concepts

1. Conversion between P, V, T and n
2. Use of the ideal gas law to:
» Solve initial and final state problems
» Solve single-state problems
+ Calculate the density of a gas
* Relate amounts of gases in reactions
3. Use Dalton’s Law
Calculate the speed of gas molecules

5. Use Graham'’s Law to relate the rate of effusion to
the molar mass of a gas

i
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