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5.1 Gases: What AreThey Like:
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Gases: What Are They Like? Substance Formula
Acetylene CaH:
. . . Ammonia NH,
Composed of widely separated particlesin constant, Argon Ar
5 Butane CyHyy
random mOtI on. Carbon dioxide (‘:}_-I
Flow readi |y and occupy L4 Carbon monoxide co tin metallurgy
. . - " Chlorine Cla Disinfectant, hleach
the entire volume of their - Ethylene CoH, iure of plastics
. f . 't e it [ bl
container A 0 N
X a8
Vapor isthe term used to denote the gaseous state o, !
P . . Mirragen M Mamfacmre of ammaenia
of a substance existing more commonly asaliquid Nitroen mide N0 ostheric
eg. water isa vapor, oxygen isa gas Oxvzen 0, Support of corhustion, respiration
! ! Propune CaHy Fuel tur hewting (LG
Many low molar mass molecular compounds are Sullir dioxide sy Preservative, Jisinleciant, bleach
gases— methane (CH4), carbon monoxide (CO) AL o these subslances are wiees o Lerpersune (shel 2 s compurabe  almespheric
£0s s, bt Uiy a0 wuarviried b Liguids aad salids oy oo
o Chapter 5: Gases SN 2004 Pearba
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An Introduction to
Kinetic-Molecular Theory
* Providesamodel for gases
q . . at the microscopic level.
5.2 An Introduction to the kinetic- « Molecules arein rapid, 4
Molecular Theory random motion. - € |
* Movement of gases through %
three-dimensional spaceis i \d\// m
called trandlational motion.
« Pressure: collision of gas molecules with wall of container.
« Temperature: related to average speed of gas molecules.
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5.3 GasPressure
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Gas Pressure

* Pressureistheforce per unit area.

« In S, forceis expressed in newtons (N) and areain square
meters (M?).

e Theunit of pressurein Sl is the pascal (Pa) with the units N/m?2.

« Kilopascals (kPa) are often used instead since the pascal is such
asmall unit.

¢ The atmosphereand mmHg (Torr) are the most common
scientific units for pressure.

« Converting from one unit to another simply requires the
appropriate conversion factor(s).
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Table 5.2 The Standard

Atmosphere of Pressure Barometers

in Different Units

 Used to measure atmospheric pressure.
| atm = 760 mmHg i
760 Torr « One atmosphere (atm): pressure exert_ed by a
1.01325 bar column of mercury exactly 760 mm high.
1013.25 mb * Onemillimeter of mercury iscalledaTorr.
14,696 Tb/in.” lam =760 mmHg
101,325 N/m"* =760 Torr
101,325 Pa =101.325kPa
101.325 kPa
Copyrign, 8 2097 Paarson Prective 4l Iz
PrentceHall © 2005 S —— ChiepierFive PrenticeHal © 2005 P —— ChaptarFive
11 12
A Mercury Barometer
T Example 5.1
Ey A Canadian weather report gives the
The pressure exerted atmospheric pressure as 100.2 kPa. What is
[y lipEEluinn e the pressure expressed in the unit Torr?
Aif TED (ENR) oo
Mercury pressure
TheeegP Ty o SE—
e ) ' ... must be the same
|, ——— “amess ) asthat exerted by the
i " } ] i‘ atmosphere.
{a) ih)
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Manometers

* A manometer is used to measure the pressure of a
sample of gas.

* Pressure is measured using the differencein the
heights of mercury (or other liquid) in the two arms of

14
A Closed-End Manometer
B is zero here ...

« If theliquid is
mercury, Ah can be
expressed directly in
mmHg.

« For other liquids, the
pressure exerted by a

liquid columniis:
the manometer.
P=g-d'h
Coppepht © 2004 Paarson Premios Hal, e,
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An Open-End Manometer

Weseethat gas For part (b), what is Py if
Ah =100 mm and Pp,= 760 mm?
Y

pressure isgreater than
outside pressure ...

{a) Gus pressure g {h) Gas pressure less
than barometric pressure
Capyright €

than barometric pressure
an Prentics Hall, Inc.

... because the mercury has
been pushed down here.
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Example 5.2

Calculate the height of a column of water (d =
1.00 g/cm?3) that exerts the same pressure as a
column of mercury (d = 13.6 g/cm?) 760 mm high.
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Example 5.3: A Conceptual Example

Without doing calculations, arrange the drawings in Figure
5.5 so that the pressures denoted in red are in increasing
order.

¢
«©

Examale 5.3 Hlustrated
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5.4 Bolye’s Law: The Pressure-

Volume Relationship
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Boyle’s Law:

Pressure-Volume Relationship

* For afixed amount of agasat constant temperature,
the volume of the gas varies inversely with its pressure.

* For afixed amount of agas at constant temperature,
the product of pressure and volume is a constant.

PV =constant or  PjtiqVinitia = Pfinal Vfina

PV,=P,V,
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Graphical Representation of Boyle’s Law

— Estimate the pressure at 3V and
am at 5V. Which plot is easier to use
i il for making this estimation?

g
e \ e

J When volume isincreased thereismore area
o

PrenticeHall © 2005 for the molecules to “hit”; less force per area. |chapter Five
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Example 5.4
A helium-filled party balloon has a volume of 4.50 L at sea
level, where the atmospheric pressure is 748 Torr.
Assuming that the temperature remains constant, what will
be the volume of the balloon when it is taken to a mountain
resort at an altitude of 2500 m, where the atmospheric
pressure is 557 Torr?

Example 5.5: An Estimation Example
A gas is enclosed in a cylinder fitted with a piston. The
volume of the gas is 2.00 L at 398 Torr. The piston is moved
to increase the gas pressure to 5.15 atm. Which of the
following is a reasonable value for the volume of the gas at
the greater pressure?

0.20 L 0.40L 1.00L 16.0L
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5.5 Charles’s Law: The Temperature-

Volume Relationship
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Charles’s Law:

Temperature-Volume Relationship

Charles’s Law:
Temperature-Volume Relationship

» The volume of afixed amount of agas at constant
pressure is directly proportional to its Kelvin
(absolute) temperature.

* VT or V=bT

» Absolute zero( % % &) isthe temperature
obtained by extrapolation to zero volume.

* Absolute zero on the Kelvin scale= -273.15 °C
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e Voc T or V=bT

Viita _ Vina Vi_V,
Tinitial Tfinal 1 2
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Graphical Representation of Charles’s Law

When temper atureis
decreased (constant P) ...

Extrapolation to the lowest
possiblevolume (zero)
givesthe lowest possible
temperature (0 K).

Vodume. mi
10K

e, { Te
Y Capyright & 2004 Fearson Frantica Hal, Inc
... volume
decreases.
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Example 5.6

A balloon indoors, where the temperature is 27 C, has a
volume of 2.00 L. What will its volume be outdoors, where
the temperature is —23 C? (Assume no change in the gas
pressure.)

Example 5.7: An Estimation Example
A sample of nitrogen gas occupies a volume of 2.50 L
at —120 C and 1.00 atm pressure. To which of the
following approximate temperatures should the gas be
heated in order to double its volume while maintaining a
constant pressure?

30C -12C -60C -240T
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Avogadro’s Law:
Mole-Volume Relationship
« At afixed temperature and pressure, the volume of a
5.6 Avogadro’s Law: The Mole- gasisdirectly proportional to the amount of gasin
Volume Reationshi p moles (n) or to the number of molecules of gas.
van = V=cn = V/in=c
¢ Standard temperature and pressure (STP) isegual to
0 ‘Cand 1 atm.
¢ The molar volume of agasis the volume occupied by
one mole of the gas.
« At STP, molar volume of anideal gasis22.4 liters.
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Example 5.8
Calculate the volume occupied by 4.11 kg of
methane gas, CH,(g), at STP. 5.7 The Combined Gas L aw
PrenticeHall © 2005 Chapter Five PrenticeHall © 2005 Chapter Five
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The Combined Gas Law

V=cn

nT

Wecan cancel any term

Example 5.9

The flasks pictured in Figure 5.11 contain O,(g), the one on
the left at STP and the one on the right at 100 C. What is
the pressure at 100 C?

T muncmeter — Tie manometer ——=

32

Therefore V a —— (P,V, n, T) that isthe
P same on both sides. '
q ’y
g PV <ot OR PV, PV, § /
and —— = aconstan — = - 4 T
< " Wh Id b
nT nTy Nl A ~p 4 certed f hovessl
i . weretransferred to an
= oil bath at 200 C?
33 34
The Ideal Gas Law
PV
—T =constant = R
n
5.8 Theldeal GasLaw and Its R = 0.08206 (L -atm)/(mol-K)
. B The ideal gas constant
Applications
PV =nRT ¢ Theideal gaslaw
e Pinatm, VinL, ninmoles, Tin kelvins.
« |f any other units are used for these variables, a
different value for R must be used ...
PrenticeHall © 2005 e — Chapter Five PrenticeHall © 2005 e — Chapter Five
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Example 5.10
. What is the pressure exerted by 0.508 mol O, in
Table 5.3 Units for the Gas Constant, R - 2
R has the value When
0.082058 L atm mol ' K Pis in atm Example 5.11
62.364 L Torr mol—! K~ Pis in torr What is the volume occupied by 16.0 g ethane
83145 Jmol ' K! PisinPa; Visinm’ gas (C,Hg) at 720 Torr and 18 C?
Copyrign & 2004 Pearson Prersce Hal, inc.
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Applications of the Ideal Gas
Molecular Mass Determinal
Mw = molar mass and m = massin grams
Example 5.12
_ m (grams) _ m If 0.550 g of a gas occupies 0.200 L at 0.968 atm and
Mw= — o n= — .
n (moles) Mw 289 K, what is the molecular mass of the gas?
) ) PV
Theideal gas equation rearranges to: n= " Example 5.13
Calculate the molecular mass of a liquid that, when
Setting the equations equal to oneanother: ™ _ PV vaporized at 100 ‘C and 755 Torr, yields 185 mL of
Mw RT vapor that has a mass of 0.523 g.
/ Alternative to equation: (A) find
. . _ MRT " using theideal gas equation; (B)
...and SOIVmg for M: Mw = PV Divide m (grams) by n (moles) to
get grams/mol.
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Applications of the Ideal Gas Law:
Gas Densities
* Gases are much less dense than liquids and solids, so gas Example 5.14
densities are usually reported in g/L. Calculate the density of methane gas, CH,, in
Alternative: find grams per liter at 25 ‘C and 0.978 atm.
mMRT m volume of one mole
Mw= rearranges to v = (n=1) or other fixed
quantity of gas.
Divide mass of that Example 5.15
tity by vol
and density = m o goMw e i Under what pressure must O,(g) be
Y RT maintained at 25 ‘C to have a density of 1.50
L?
Density of agasisdirectly proportional to its molar mass o/
and pressure, and is inversely proportional to Kelvin
temperature.
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5.9 Gasesin Reaction Stiochiometry
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Gases in Reaction Stoichiometry:

The Law of Combining Volumes

« \When gases measured at the same temperature and pressure
are allowed to react, the volumes of gaseous reactants and
products are in small whole-number ratios.

« Example: At agiven temperature and pressure, 2.00 L of H,
will react with 1.00 L of O, (Why 2:1? Balance the equation ...)

« Example: At agiven temperature and pressure, 6.00 L of H, of
will react with 2.00 L of N, to form 4.00 L of NH; (Why 6:2:4?
Balance the equation ...)

* We don’t need to know actual conditions for the reaction ... as
long as the same conditions apply to all the gases.
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Avogadro’s Explanation of Gay-Lussac’s

Law of Combining Volumes

At a fixed temperature and pressure ...

&
“ v
b @ o % P20 »
6 & O - " ¥
“ . g & &

A A A S

’ ... each of the identical flasks contains the same number of molecules.

Therefore, the ratio of volumesis the same as
the mole ratio from the balanced equation:
2H, + 0, > 2H,0
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Example 5.16

How many liters of O,(g) are consumed for every
10.0 L of CO,(g) produced in the combustion of
liquid pentane, CgH,,, if all volumes are measured
at STP?

PrenticeHall © 2 General Chemistry 4 edition, Hill, Petrucci, McCreary, Perry
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The Ideal Gas Equation in The Ideal Gas Equation in
Reaction Stoichiometry Reaction Stoichiometry

* Asin other ‘
stoichiometry Moles of substance A
* We can use the law of combining volumes calculations, the
for stoichiometry only for gases and only if problem centers mol B
the gases are at the same temperature and around the mole ratio: __— mol A
——
pressure. - . Remember this? From Moles of substance B
» Otherwise, we must use stoichiometric Chapter 3, Stoichiometry? S
methods from Chapter 3 — combined with
the ideal gas equation. » If Alis a gas, we find moles of A first by using the ideal
gas equation and P, V, and T.
« If B is a gas, we solve for moles of B (n), then use the
ideal gas equation to find P, V, or T.
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Example 5.17
In the chemical reaction used in automotive air-bag
safety systems, N,(g) is produced by the decomposition . . )
of sodium azide, NaN,(s), at a somewhat elevated 5'10 Mixtures Of Gases. Dalton sLaw
temperature: of Partial Pressures
2 NaNg(s) > 2Na(l) + 3 Ny(g)
What volume of N,(g), measured at 25 C and 0.980 atm,
is produced by the decomposition of 62.5 g NaN;?
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Mixtures of Gases:

Dalton’s Law of Partial Pressures

» Dalton’s law of partial pressures isused in dealing
with mixtures of gases.

» Thetotal pressure exerted by a mixture of gasesis
equal to the sum of the partial pressures exerted by the
separate gases:

Pa =Py + Py + P +
Partial pressure: the pressure agas would exert if it
were alone in the container.

n,RT nRT nsRT
P = b P,= Py= o
\% \%
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Example 5.18

A 1.00-L sample of dry air at 25 C contains
0.0319 mol N,, 0.00856 mol O,, 0.000381 mol Ar,
and 0.00002 mol CO,. Calculate the partial
pressure of N,(g) in the mixture.

50
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Partial Pressures

What would be the total pressure
if 0.90 mol of N, were added to
the gas mixture in (c)?

lllustrated

Partial pressure of H, is2.9 atm. ‘

‘. o

Ak ol Hy i sinl Hie 1
.
- | 2
- L e ™ A -
fah SOL a1 NI°C Al S0 an 30T ) S L 0T

Partial pressure of Heis 7.2 atm. ‘

Hmm ... partial pressure appears to be related to the number of moles of gas ...
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Mole Fraction(x 2 » %)
* Themolefraction (x) of agasisthe fraction of al
the molecules in a mixture that are of agiven type.
n; Wecan find the partial

X1= —
Niotal total pressure.

» Since pressure (at constant T and V)
isdirectly proportional to number of
moles: /)

P]_ V4
Xp= —— or P1 = X1 Py

Ptutal

pressure of agas from
itsmole fraction and the

PrenticeHall © 2005 Chapter Five
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Example 5.19

The main components of dry air, by volume, are N,,
78.08%; O,, 20.95%; Ar, 0.93%; and CO,, 0.04%. What
is the partial pressure of each gas in a sample of air at
1.000 atm?

Example 5.20: A Conceptual Example
Describe what must be done to change the gaseous
mixture of hydrogen and helium shown in Figure 5.15a to
the conditions illustrated in Figure 5.15b.

P e T, /
RS0 el He

Prentice He iht Chapter Five
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Collection of Gases over Water
« As(essentialy insoluble) gas geggriast:ﬁ"g
is bubbled into the container —

for collection, the water is
displaced.
« Thegas collected is usualy Waler

saturated with water vapor.

Assuming the gas is saturated with Pour
water vapor, the partia pressure of I
the water vapor is the vapor
pressure of the water.
Water

Pgas = Piota — Przog = Poar — Przog) ... what TWO gases

arepresent here?

54
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Example 5.21
Hydrogen produced in the following reaction is collected
over water at 23 ‘C when the barometric pressure is 742
Torr:
2 Al(s) + 6 HCl(aq) > 2AICly(aq) + 3 H,(9)
What volume of the “wet” gas will be collected in the
reaction of 1.50 g Al(s) with excess HCl(aq)?
PrenticeHall © 2005 Chapter Five
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5.11 The Kinetic-Molecular Theory:

Some Quantitative Aspects
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The Kinetic-Molecular Theory: The Kinetic-Molecular Theo
Some Q itative Aspects Some Quantitative Aspects (
o . o Using the assumptions of kinetic-molecular theory, we
The principal assumptions of kinetic-molecular theory can show that:
are:
- A gasis made up of molecules that are in constant, random, 1 N —
straight-line motion. P= 3V m-u
— Molecules of agas are far apart; agas is mostly empty space. where
- There areno f_o_rces between molecules except during the P = pressure
instant of collision. _
o ) N = number of molecules
— Individual molecules may gain or lose energy as aresult of V = volume
collisions; however, the total energy remains constant. _
m=mass of each molecule
u? = average of the squares of the speeds of the molecules.
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The Kinetic-Molecular Theory Molecular Speeds
and Temperature
From the previous equation we can derive the following: * Gasmolecules do not all move at the same speed, they
have awide distribution of speeds.
3 R » The root-mean-square speed, Uy, isthe square root of the
&= E : N_ T average of the squares of the molecular speeds.
where "
R =ideal gas constant (a constant) U= / Z = 3RT
N, = Avogadro’s number (a constant), therefore: ms M
&= (constant) - T « Typical speeds are quite high, on the order of 1000 m/s.
The average trandational kinetic energy of the molecules * Atafixed temperature, molecules of higher mass (M)
of a gasis directly proportional to the Kelvin temperature. move more slowdy than molecules of lower mass.
Chapter Five PrenticeHall © 2005 Chapter Five
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By {842 gl

The distribution of speeds
of three different gases
at the same temperature

Sambser of mabsuiles

£ 1 500

The distribution of speeds
for nitrogen gas molecules
at three different temperatures

Saamiber of ks

3RT
M

urms -

|
E 1o 1500 2000 250

Moeculse spoed (i . 57
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Example 5.22: A Conceptual Example

Without doing detailed calculations, determine which of
the following is a likely value for u,,,s of O, molecules at 0
C, if uy,s of Hy at 0 Cis 1838 m/s.

(a) 115 m/s (b) 460 m/s (c) 1838 m/s
(d) 7352 m/s (e) 29,400 m/s

PrenticeHall © 2005 General Chemisiry 4" ecition, Hill, Petrucei, McCreary, Perry Chapter Five
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Diffusion(# %) Diffusion of Gases
Why is the “smoke™ closer to the
- Diffusion isthe process by which one substance HCl boltle than the NH; bottle?
mixes with one or more other substances as a result
of the trandlational motion of molecules.
 Diffusion of gasesis much slower than would be
predicted by molecular speeds due to the frequent
collisions of molecules.
» The average distance a molecule travels between
collisionsis called its mean free path.
Lighter ammonia molecules
move faster, and diffuse faster,
than heavier HCI molecules.
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Effusion(i& #%)
Example 5.23

« Effusionistheprocessin  * Effusion is (mathematically)
which agas escapes fromits ~ Simpler than diffusion since
container through atiny effusion does not involve
hole, or orifice, into a molecular collisions.
vacuum. « At afixed T, the rates of effusion

HviEr e el S of gas molecules are inversely
19, move more slowly proportional to the square roots

Bl and so they effuse of their molar masses:
] more slowly.

f
/ 3RT
) ]
rateg \' M, | M-
T ee— ]
rate, I|'r,3-RT N M,
=
Fewer light molecules, more \'l M-
heavy molecules remain. &
PrenticeHall © 2005 Chapter Five
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If compared under the same conditions, how much faster
than helium does hydrogen effuse through a tiny hole?

Example 5.24

One percent of a measured amount of Ar(g) escapes

through a tiny hole in 77.3 s. One percent of the same
amount of an unknown gas escapes under the same

conditions in 97.6 s. Calculate the molar mass of the
unknown gas.
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5.12 Real Gases
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Real Gases

Under some conditions, real gases do not follow
theideal gas law.

1. Intermolecular forces of attraction cause the
measured pressure of areal gasto be lessthan
expected.

2. When molecules are close together, the volume of
the molecules themselves becomes a significant
fraction of the total volume of agas.

Under what conditions of temperature and
pressure will #1 and #2 become important?
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Intermolecular Forces of Attraction Real Gases
The blue molecule simply Forces of attraction exist . . .
moves by the neighboring between the blue molecule ° Ideal gas equatlon (ldeal gases)
molecules, and strikes the and neighboring molecules; —
wall of the container with the blue molecule strikes the [P ] (V ) =nRT
consider able force. wall with Igsforoe— e vander Waals equation (real gm)
pressure islower.
\ [P+ {(n2)/V3}] (V —nb) =nRT
¢ a-termisrelated to intermolecular force strength.
o * b-termisrelated to volume of the gas molecules (in
liters per mole).
o « Bothaand b areempirical constants, determined by
experiment.
Prentice Hall © 2005 General Chenistry o, il Ptuos, McCrery, Pty Chapter Five Prentice Hall © 2005 General Chemistry 4 iion,Hil, Peruos, McCreary, Pery Chapter Five
71 72
Cumulative Example
Table 5.5 van der Waals Constants for Selected Gases TW_O cyIir_1ders of gas are used in \_NeIF!ing. One
cylinder is 1.2 m high and 18 cm in diameter,
Substance a(L? atm mol~?) b{Lmol”"} containing oxygen gas at 2550 psi and 19 C.
He 0.0341 7 The other is 0.76 m high and 28 cm in diameter,
i o ot containing acetylene gas (C,H,) at 320 psi and
0, 1.36 0.0318 19 C. Assuming complete combustion, which
b o sl tank will be emptied, leaving unreacted gas in
s . i the other?
Copyright © 2004 Pearson Preraice Hal, inc.
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