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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

Current Interest

« 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

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

State Variables

Aol iR
+ 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

» 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




Pressure

» Pressure is force per unit area
« In the English system, pounds per square inch or
psi
» Atmospheric pressure is about 14.7 psi
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The Barometer

» The barometer measures pressure in terms of the

height of a column of 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

o

A\

Gas Pressure Measurement

Other Units of Pressure

« 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

« 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
» The bar = 10° Pa
* 1.013 bar = 1 atm = 760 mmHg = 14.7 psi = 101.3 kPa




Example 5.1

10.00

grams and moles {n). the temperature (T} in °C and K and the pressure (P in bars. mm Hg, and atmospheres,

AMALYSIS

Information given: volume (10,00 ft*); pressure (1.2 psi); temperature (77°F);
Information implied

slume and s

¢ conversion from °F to “C and from “C to K

Asked for:
¢ in atrm, mm Hy, and bar
temperature in °C and K

moles of CO;

STRATEGY

1. Find the necessary conversion factors.

i 2.3
wolume in L | 10,00 ' % s

i 1 atm
pressure in atm i 1.2 psi ¥ ———— = 0762 atm
i 14.7 psi

760 mm Hg

pressure in mm Hy 1.2 psi % - 579 mm Hy
N H Latm

pressure in bar

temperatiire in +32°C; °C = 250

temperature in K 427305 = B K

mol C0y

The Ideal Gas Law

1. Volume is directly proportional to amount
* V=Kk;n (constantT, P)
2. Volume is directly proportional to absolute
temperature
* V=k,T (constant n, P)

Figure 5.3
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The ldeal Gas Law

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

Table 5.1 — Units of R

+ Collect ky, k, and k; into a new constant
+ PV=nRT

* Ris the gas constant

+ Units of R:

R = 0.0g21 = &M
mol -K

TABLE 5.1 Values of R in Different Units
Value Where Used How Obtained

L-atm Gas law problems with Vin liters, From known values of £ V)

Q.08

mol- K Pinatm Tn
a.31 J Equations involving energy in 1L-atm=1013J
mal- K joules
. grm Calculation of melecular speed L B
831 % 10% = : i 1Jd=10°
s*-maol - K (page 142)

Standard Temperature and Pressure

Gas Law Calculations

« STP
* latmP
« 273K

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

7 1.00mol x0.0821 =M, 573
v=2 o mol -K =224L
P 1.00 atm

» Final and initial state problems
+ Single-state problems
» Density or molar mass 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

EXAMPLE

ANALYEIS
Enfitmatine given VIS0 Lk PARSIS stk T (37°C); tnass of propane (246 gl
T (2PC); T (S6°T)
Information implsed: | 2w o conditians o temperature
Ak flr pressure after the temperabare bs it

STRATEGY

1. Gitven two sets of conditd m need bo use the farmula for imittal state-final state condsions.

2 A seale umher of males and the solume are kept constant

3. Make sare all iemperatures are tn K




Example 5.2, (Cont'd)

Information glven: 1 from part (a): P {101 atm}; T (5
i condition for valve

ANALYSIS

pressure)
Asked for: ] Will the valve open?
SOLUTION

Will the valve open? | Valve opens at 1200 atm. L0 (from part (2)) < 1200 The valve will not open

Example 5.2, (Cont'd)

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

EXAMPLE 5.3

Example 5.3 (Cont'd)

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 intensive property

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

* Pressure

» Temperature

* Molar mass

Balloons

Example 5.4

4 GRADED

Acetone is widel
heating to

edd a5 a nall polish rer

A sample of liquid acetone Is placed ina 3
1t 102 atm. The vapaor filling the flask at this temperature and pressare we

00-L flask and vaporized by
47 g

©  Whatis the density of acetone vapor under these conditinns?
O Calculate the molar mass of scetone,

@ Acetone contains the thre
of Ha(» are formed. What

fements, C. H, and O, When L0 g of acetone is burned, 2.
the molecular tormula of acetone?

of Clyand 0,937 g

ANALYSIS

s of

stone vapor

vedume of the flask (3.00 L); n

Information implied: velume of the vapor

Asked for; density of acetone vapor comtinual

Example 5.4, (Cont'd)

STRATEGY
. Recall the formula for density (density = massivolume)

2. A gas vccupies the volame of the flask. Volume of vapor = valume of flask

SOLUTION

" s s g
density density = - 19
¥ vabume 3001 oL
ANALYSIS
Informatscn given: vobume of the flask (00 L); mass of acstane vapor (5
pressure (P} (102 atns}; temperature (T) (95°C)
Asksed for | mokar mass of aceloee

STRATEGY
. Ta find molar mass you need to know mass and n (molar mass = mass/m). Mass is given.
2. Use the ideal gas law to find » (n = PVIRT).

5 ;
medes () Frsans — = 0,101 med
KT (95 + 273)K * 0.0821(L - abmimal - K)
mass 5
molar mass ok it — .

Trot e P gmed

Example 5.4, (Cont'd)

AMALYSIS

Information given: from

makar mass of

s of L0 g of samg

2. Follow Fij abrain the simplest formula for the com

3. Compare the simplest formula’s molar mass to the molar mass obtained in part (k) continued




Example 5.4, (Cont'd) _ Stoichiometry in Gaseous Reactions

» Gases can participate as reactants or products in
HILVIION any chemical reaction

1200 g

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

mass O3 2,17

2 Loos) g H
LEL
18,

2gH0
mass O = mass sample — {mass C + mass H) = L000 g — (0,619 + 0.104) g = 0

mass H: 0,932 g H0 %

a1
i ok H:

g 0.l g
c: =4 1 >
1201 glmol 148 gfmol

= 0,103 mol;

moles of each element

.0 R
16,00 g/ mal

014
ComTE

Atomic ratios =&0:

0.

Simplest formula i CH0

MM of simplest formula OL) + 6(LODRY + 16.00 = 58.08 g/

MM of vapor (from part (b)) il

{simplest formula = mobecular formula)

Example 5.5 ! Example 5.5, (Cont'd)

ANALYSIS

ssre (0,934 atm)

Information ghven:
{100 g/mL)

temperature
H0: vol

mass and molar mass of HL0,
st F0

Tnformation implied

volume of oxygen

poses quickly 1o water and oxyye

1 agent. It deco

Hydrogen peroside, HaOh, is a common ble
temperatures,

STRATEGY

2H, O, — 2H,00) + Oyig) 1. Change °C to K and L of Hx(h to mL (Densley is given in g'ml.}

2. Find the muss of 0. Note that yuu cannat directly use the vohume of H, to calelate the volume of O because HyD,
i NOT a g

liters of ox Zand 0.934 atm when 127 Lof HyOy

ml) decompose?

How

=1

re produced at 78

continued

3. Fallow Fign

st et nRT/P
mass H,0p M il w0, moles Oy "ETP, vlime of axygen
h ratio b
SOLUTION
Mass HaOy I mass = (density){volume) = (100 gfmLN127 ®10° mL) = 127 <10 g
Mol Oy 127X 7 mol
niT 18.7 mol ) (00821 L - atm/med - K){(78 + 273K
Volume O | T LN il kBl 576 L

Figure 5.5: Flow Chart for Stoichiometric
Calculations Involving Gases

tors. When ackd is added 1o baking soda,

Sodium bicarbonate (baking soda) is widely used to absorb odors inside refrige
the follo

ing reaction nccurs:

MaHOOs) + HH {ag) — Na*(ag) + € + HO

All experiments here are perfor 45 M HC and 12.75 g of NaHCO, at 752 mm Hg and 38°C.

€ 1fan excess of HCl is used, what volume of €O, is obtained?

@ 1 NaHCO, Is in ex
20y 15 produced when all the NaHCO, s made to react with 500 mL of HCI?

oMmetric

what votume of HCI is required te produce

parent (from :
V or M) 1 @ What volume of

AMALYSIS

Informatic

Information implied:




Example 5.6, (Cont'd)

STRATEGY
1. Follow the flow chart in Figure
2 Convert to appropriate units of pressure and temperature,
MM stoichiometric ART_ .
MaSSrion, —* Mo, ——— = oo, Ve,
ratio ¥
SOLUTION
1 mol 1 ol CO
mal €0 (m) aHCO, % = % i = S8
B B0l g 1 mol NaHCO,

01518 mol % 0.0821 L- atmimol - K X (273 + 381K

= 4021

volume €O, (V)

Linformation givern:

(7321760 )atm

ANALYSIS

mun High: temperature (38°C);
ced (2,65 L);
molarity of HCI (243 M)

Information implied: | H* is the reacting species. HCI is the parent compound.
i stoichinmetric ratio: | H+/1C0,

Example 5.6, (Cont'd)

STRATEGY
Follow the fowchart in Figure
FV = T, _staichiometric atom M
n e Tann T Mo
SOLUTION
mel C0; { n=
ImolH" 1 mol HC1
mad HC| i 0,100 mol €Oy X " + = 0100
i 1 mol COy I mod H
A 1
Volume HCI — = (L0408 L = 40,8 mL
ANALYSIS
Information given: wolume of HCI (50,0 mL);

rature {38°C)

Information implied: H* is the reacting species. HCL is the parent compes
stodchismetric ratios: | H*/1 COy 1 NaHCO,/1 CO;
from part {a}: mol NaHCO,

Example 5.6, (Cont'd)

Figure 5.6:

STRATEGY

1. The presence of envugh given data to calculate the number of males of cach reactant tells yo

. that part {c] is a
limiting reactant problem.

2 Follow the flow chart in Figure determine the number of moles of CO, obtained if HCI is limiting. You

i

ant ta the mokes of C0, abtained using

W,

4. Use the ideal gas law to convert mol CO; to the volume of €0,

SOLUTION

(00500 1,

Theoretical yiekd of 0,

< DL1588; 0122

i al
Velume €0 I v : 351
f 0 atny
END POQINTS
1. When & problens comes in several parts, you may not need to use all the given infar 3 for cach part

2 You should also check to see whether you can use information that pou chtained from the preceding parts far subise
quent questions.

of Water

Example 5.7

Consider the reaction

Mg+ C

) —e 2H,0(7)

&) What vy of Holg) at 35°C and 100 atim is required to resct with LI L of 040 g) at the same semnperatare and pressire?
@ What vokime af H0U) s 25°C and 100 atm {d = 0.997 gimL) is formed from the reaction in (3}

@ What mass of H,(

Information given:

s formed from the reaction in (a), assuming a vield of 85.2%7

ANALYSIS

wolume O, {1.00 L

pressure (L0 atm); teenperature

implied: I e ratio: 1 mod 0,72 mol Hy
i > Fi e .

Asked for: Volume of H,

t constant Tand P that reacts with O,
STRATEGY
Ulsar th v of commbining voburmes (T and P are constant)
stoichiometric Vi
SOLUTION
valume of H, L LO, % 1" F: - 200 LH;

Example 5.7, (Cont'd)
|

ANALYSIS

Infarmation given:

volume of H,00

10D L pressure (100 atm}; temperature (25
3

ume of water obtained

STRATEGY

smbining volumes cannot be used here because water is a liquid.
2. Use the sdeal gas law to calculate the number of moles of Oy

3. Follow the flowchart in Frgure 5

ter cabeulate the volume of water obtained.

4 he density of water w0 calculate its mass,
SOLUTION
v {100 L){1.00 atm}
Moles of O, i gy = - T — = 0.0408
: RT (00821 L - atm/mod - K} WK
| mol HO 1802 g HO
Mass of water i 0409 o] O x : £ —— =147

1 mol 0, | mal

Volure of water L4# mL




Example 5.7, (Cont'd)

ANALYSIS

Infs an imiplied: etical yield

Askied for: mass of water obtained (actual vield)
STRATEGY
1. The mass obtained in part (b) is the theoretical yield,

2. Caleulate actual yield from percent yield.

al yield

i — X 1009
theoretical yield

SOLUTION

% yield 1 ield 85.2%
Actual yiedd actual yield = — ¥ theoretical yield = X 147 g = 135
ual i actual yi To0%, renretical yi To0% "y 8

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:
« 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

e

» P H,O is dependent on temperature
» Consider H, gas collected over water:

Wet Gases

» P H,O is the vapor pressure of water

Pt = PHZO + PH2




Example 5.8

Asked for: 1 ) B

STRATEGY

© Recall that H, and H,0(g) contribute to the total pressure ..
BEP

Use Diahon’s law: F,
Lise the ideal gas baw 1 caliosbate sy, 4 Py,
& l

SOLUTICN

9 . | ru=h

m Hy

)
DG mol
3] m

L=

Partial Pressure and Mole Fraction

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

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

PA =X APtot

Example 5.9

Example 5.9, (Cont'd)

SOLUTION
1. aned CH, ol CH, = & [Problem statis thit CH, bs cosgpletely usd up.}
i 2l O,
mel O reacted 1008 mal CH, 2000
1 mnl CH,
ol 0 wmreacted 4,800 mal 0 irially el reactnd = 21400 mal
2 mal CO, 1009 mol CH, o mal 43, are produced

o
mal Hily 1008 mal CH, 2000 mel H,0 are prodsced

06 2000+ LN + 2000 = 4000

Ko
Ko
Kin
L
Poy
Pes;
Py ) = (DADDOYL26] = BL50 atm
WD PN
The male Fractinns of & the gases shoukd sdd up o 1, AT the partis] pressares should 334 up in 1.6 im, They dof

10



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
Collisions of gas particles are elastic

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

w

F)
o >
2
®

FY >
® ?
> o .

® 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

* 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

11



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

Example 5.10

Calculate the average speed, w, of an W, molecule at 25°C,

ANALYSIS

Information given termperatur

bntformation inplied:

R =831 %100
MM of N;
Asked for: i average speed, u, of Ny at 25°C comtimed

Example 5.10 ,(Cont’'d)

STRATEGY
1. Change T to the appropriate units,
2. Note the units of the constant &
£ aRTAE
3. Substitute into the squation: u = (\f\'“'l
SOLUTION

2 ? "
g-m .
3 X B3 X 1075 x 298 K
! s mold - K . .
Average speed i u F = 515 mfs
28.02—
il

END POINT

Converting the speed of the nitrogen molecule obtained above to miles per hour:

gs™ Lmi 36008 i
515 = % " = L5 % 107 mif
1609 > 10" m Lh

Mote that the average cruising speed of 4 Boelng 777 is about 580 mi‘h and the speed of sound is 768 mih,

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

1
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

12



Effusion of Gases

High Low
malar mass malar mass

>
e @ |, @ a
.... > -
@, o T
@ @
.... “l -
L
_ |l |
-
@ @
]
@
@
- Y

Example 5.11

sk bt faumd to be 125 mm Hg. This ex
is founel that the pressure in the flask builds up ta 125 mm Hy

ANALYSIS

STRATEGY

1, Since T, P, and V are the same for both gases, the number of moles of gas in both flasks is the same,

e B
e A [ MM,/ rate

Example 5.11, (Cont'd)

SOLUTION
n n
rates rate X = rate Ar =
80% 3205
"
208 MMy 7 MM
MMy =l mm=) - =...1<|—( -
" '\ 39.95 mfmol | .95
4805
) MM, |V MM,
(150} = (I( e } ] — 235 =t o MM, = 895 glmol
|\, 39.95 g/mol 3995 glmol
END BOINT
Since the unknown gus takes longer to effuse, it should have a barger molar mass than argon. It does!

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 228UF; is heavier than the mass of
235U|:6
* Very small difference in mass
« 235UF, effuses more quickly because of its smaller
mass

Distribution of Molecular Speeds

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

« Maxwell-Boltzmann Distribution

Figure 5.10: Distribution of Molecular

Speed

At 26*C more molecules are moving at about
400 m/s than at any other speed

1.0 t
I I
Oy at 25°C

0.8 / \

- O, at 1000°C | At 1000°C many,

5/.-"_\ many more molecules
0.4 A [ are moving at 1600 m/s Y
/ / \ \ than at 25°C

N / i \ ™~
0 B e =sied

1] 200 400 GO0 800 1000 1200 1400 1600 1800 2000
Molecular speed (m/'s)

Relative number of molecules

13



Distribution of Molecular Speeds

« 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

Example 5.12

CONCEPTU,
nsider the tw A and B shown below. Box B has a volume exactly twice that of box A, The chrcles © and @ repre
sent one mole of HCY and He, respectively. The two baxes are at the same temperature,
T ]

{a) Compare the pressures of the gases in the two containers

(b} Compare the densities of the two gases.

(e} Compare the number of atoms in the two boxes.

id} If the HCl in box A were transferred to box B, what would be the mole fraction of HCI in the mixture?
(e} Which of the two gases effuses faster?

SOLUTION
() 5i V and T are the same in both cases, P = nRT/V is the sime for the two gases.
(b) { HCis 20365 g} = 73,0 g that of He is 4(4.00 g) = 16.0 g Since 73,0 gV > 16,0 g2V, HCl has the higher
(¢} Twe Jf diatomic HCT contain the same number of atoms as four moles of He.
(d) Xy = 206 = 13
(e} Becanse HCl and He are at the same pressure, the lighter gas. He, effuses faster,

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

o, Q
P{atm) 50°C 0°C 507C 50°C o°C 50°C
1 -0.0% —0J% —0.2% —0.4% —0.7% —1.4%
0 1.0 213 ) 1
4 1.4 79 =} *)
&L -14.4 Condenses to liquid

Liquefaction of Gases

Two Factors for Real 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 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

14



Attractive Forces

Particle Volume

» 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

» 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

i Tl

Figure 5.11 — Deviation from Ideal Volume

] Ideal
1 gas

UO 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 or molar mass 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

=

15



