Chapter 11

Gases



Energy order of the m,, and o,, orbitals
changes across the period.

Due to lower nuclear
chargeof B,C& N
there is no s-p orbitals
Interaction

Due to high nuclear
charge of O, F& Ne
thereis an s-p
orbitals

interaction

This is the correct
order of molecular
orbitals. The order
given in the same
slid of the
presentation on
Chapter 9 is wrong.




Topics

> Properties of gases

> The gas laws Avogadro

> The ideal gas equation

> Reactions with gaseous reactants and
products

> Gas mixtures
> The kinetic molecular theory of gases
> Deviation from ideal behavior




11.1 Properties of Gases

 The properties of a gas are almost
Independent of its identity.

(Gas molecules behave as if no other
molecules are present.)

— Compressible (gas molcules are far apart
from each other)

— Low density compared to liquids and solids

— Expand to fill a container (assume the
shape and the volume of its container)

— Form homogeneous mixtures with one
another in any proportion.



Gas pressure: definition
* Pressure: force per unit area

force

DICSSUIC — ———
L arca

—newton (N): Unit of force
I N'=1kg- m/s’

—pascal (Pa): Unit of pressure mrm
| Pa = 1 N/m°

101,325 Pa
760 mmHg*

760 torr*
1.01325 bar

14.7 psi
— Stan d ar d p ressure *ThespeSIare exact numbers.




Gas pressure: units

TABLE 11.2

Unit Origin Definition

standard Pressure at sea level | atm = 101.325 Pa
atmosphere
(atm)

mmHg Barometer measurement | mmHg = 133.322 Pa

torr Name given to mmHg in honor of | torr = 133.322 Pa
Torricelli, the inventor of the
barometer

Same order of magnitude | bar = 1 X 10” Pa
as atm, but a decimal multiple of Pa

Standard Atmospheric Pressure:

1atm = /6 cm Hg =760 mm Hg = 760 Torr =
101,325 Pa



If a weatherman says that atmospheric
pressure is 29.12 inches of mercury, what is it in
torr?

29.12 in(

2.54 cmj(lo mmj(ltorr

_ ) = 7/39.6 torr
1in 1cm /\1lmm



Example

A. What is 475 mm Hg expressed in atm?

485 mm Hg Xx _1atm = 0.625 atm
/60 mm Hg

B. The pressure of atire is measured as 29.4 psi.
What Is this pressure in mm HQg?
29.4 psi x 1.00 atm x 760 mmHg = 1.52 x 10° mmHg
14.7 psi  1.00 atm




e Calculation of atmospheric pressure

Area
Icmxlcm

or
0.0001 m?

Column of air

Mass: 1 kg

.m/s° = 10N

where 9.80665 m/s?is the gravitational
constant.

ION_ _ | % 10°Pa

0.0001 m*




Measurement of pressure
Jorricellilan Barometer

Barometer: an instrument used to measure
atmospheric pressure

P=d-gh

/60 mmHg

d - density
g - acc. of

atmospherig gravity

atmospheric
pressure

pressure




Manometer
Device for Measuring the Pressure of a confined gas

Vacuum

Open tube

manometer T,
:

/]

Mercury




11.2 The Gas Laws

« Gas laws — empirical relationships among
gas parameters

—Volume (V)

— Pressure (P)

— Temperature (T)

— Amount of a gas (n)



5.2 The Gas Laws of Boyle, Charles
and Avogadro

> Boyle’s Law: PV = const

> Charles’ Law: V/T = const

> Avogadro’s Law: V/n = const



Boyle’s law
pressure-volume relationship at constant temperature

P,V1=P,V,




Boyle’s Law

Slope=1/K

‘ PV =k
slope = k (at constant
T and n)

P,V,=P,V,

0 0.01 0.02 0.03
/P (in Hg)

IIIIIIII \I—/

100
Volume (L)




Charles’s Law .v/T=p
N/ = bT

temperature-volume relationship at
(constant P & n)

constant pressure

Charles' Law

Volume (L)

100 200 300 400
Temperature (K)




Plots of V Versus T(Celsius) for Several Gases

Volume of a gas

Changes by
273

When the temp.
Changes by
1°C.

l.e., at -27/3°C ,
V=0 ?7?7?

—3OOT =200 -100 0 100 200 300
—273.2,°C T (°C)



50

40
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20

Volume (cm®)

10 /

0
—3007 —200 —100 0 100 200 300
_573°C Temperature (°C)

All gases will solidify or liquefy before reaching zero volume.



Avogadro’s law

The volume of a gas sample is directly proportional to the numbel
of moles In the sample at constant pressure and temperature

3 molecules I molecule 2 molecules

3 moles ]| mole 2 moles

3 volumes I volume 2 volumes




* Van
« V=an
(constant P& T)

Avogadro’s Law

Avogadro's Law
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How will the volume of a given gas change if the

guantity of gas, absolute temperature, and
pressure, all

doubleg?

1
2 x 2x = =2 — volume doubles
2




11.3 The ldeal Gas Law

Boyle’s law
V Charles's law

Universal gas
constant

Van Avogadro’s law /

nT
V =R(— —
(P)




The Ideal Gas Law

i

o o
T V n P

The Ideal Gas Law can be used to derive
the gas laws as needed!




The value of R

> What is R for 1.00 mol of an ideal gas at
Given that




The ldeal Gas Law: Final and initial state problems

ﬂ = NR = Constant

(Idealgas equation)




A steel cylinder with a volume of 68.0 L contains O, at

a pressure of 15,900 kPa at 23°C. What is the volume
of this gas at STP?

P, =15,900 kPa x miﬂ =157.0 atm

3 kPa P, = 1atm

T, = 23 + 273 = 296 K T,

1
N
\]
W
A

V, = 68.0L

PV = nRT =

AAP (157.0 atm)(68.0L)(273 K)

iy B (296 K (Latm)



TABLE 11.4

Numerical Value Unit
0.08206 L - atm/K + mol
62.36 L - torr/K + mol
0.08314 L - bar/K + mol
8.314 m” + Pa/K + mol
8.314 J/K + mol
1.987 cal/K + mol

Note that the product of volume and pressure gives units of energy (i.e., joules and calories).




Molar Volume

At STP

4.0 g He 16.0g CH, 44.0 g CO,
1 mole 1 mole 1mole
(STP) (STP) (STP)

V =224 L V=224L V=224L




For an ideal gas, calculate the pressure of the gas If
0.215 mo! occupies 338 mL at 32.0°C.

= 0.215 mol
338 mL = 0.338L

32.0+273.15 = 305.15K
?

T 4 < 5
T

PV = nRT =

15.928
= 15.9 atm



« Applications of the ideal gas equation
— Relation to density (d)




PxXxXV= nxRxT

N =

m
M

PxV= mxRxT
\Y

m = mass, In grams
M = molar mass, in g/mol

Molarmass= mRT
PV



Example

A glass vessel weighs 40.1305 g when clean, dry and
evacuated; it weighs 138.2410 when filled with water
at 25°C (d=0.9970 g cm) and 40.2959 g when filled
with propylene gas at 740.3 mm Hg and 24.0°C.
What is the molar mass of polypropylene?

PV = nRT EEedlPy - © RT

- mRT

P Volume of the vessel

M




138.2410 g — 40.1305 g

(0.997/0gcm?™)

=98.41 cm° = 0.09841 L

Mgas = Miitied = Mempry = (40.2959 g — 40.1305 g)

=0.1654 ¢



3 —m . MRT
PV =nRT PV——I\/| RT /= P\/

(0.6145 g)(0.08206 L atm mol-* K-1)(297.2 K)
(0.9741 atm)(0.09841 L)

\Y/ =

M = 42.08 g/mol



Density

* Density (d) I1s mass divided by volume
*PxV= mxRxT

\Y
P= mxRxT
V x M
d= _m
V
P= dxRxT —




Example

Calculate the density in g/L of O, gas at STP.

P = 1.00 atm T = 273 K

d= PXM
RxT




(1.00gth ) X (32.0 9 )
d

(0,082 )X(273y<)

The density of O, gas at STP Is
1.43 grams per liter



Example

« 2.00 g sample of SX,(g) has a volume of
329.5 Cm?3 at 1.00 atm and 20°C. Identify the
element X. Name the compound

e P=1.00 atm

V =392.5 CmBXL =0.3295L
1000Cm3

e T=273+20 = 293K




(2.009)(0.0821 ;:tm)(zggK)

MM =

(1.00atm)(0.3295L)
=146 g SXiz /mol
Molar mass of (X )= 146- 32 = 114 g/mol

Molar mass of X = (114 g/mol X;) /6 = 19

X =with amolar mass of 19=F

The compound is Sk,



(1.00gth ) X (32.0 9 )
d

(0,082 )X(273y<)

The density of O, gas at STP Is
1.43 grams per liter



Example

« 2.00 g sample of SX,(g) has a volume of
329.5 Cm?3 at 1.00 atm and 20°C. Identify the
element X. Name the compound

e P=1.00 atm

V =392.5 CmBXL =0.3295L
1000Cm3

e T=273+20 = 293K




(2.009)(0.0821 ;Stm)(zggK)

MM =

(1.00atm)(0.3295L)
=146 g SXiz /mol
Molar mass of (X )= 146- 32 = 114 g/mol

Molar mass of X = (114 g/mol X;) /6 = 19

X =with amolar mass of 19=F

The compound is Sk,



11.4 Reactions with Gaseous Reactants and Products

* Amounts of gaseous reactants and products can
be calculated by utilizing

— The ideal gas law to relate moles to
T, Pand V.

— Moles can be related to mass by the
molar mass

— The coefficients in the balance equation to
relate moles of reactants and products

« Standard Temperature and Pressure (STP):
0°C and 1 atm

« 1 mole of gas occupies 22.4 L at STP.



Carbon monoxide reacts with oxygen to form carbon
dioxide according to the equation:

2 CO(g) + Oy(9) —> 2 CO,4(g)

What volume of O, is required to completely react with 65.8
mL of CO at constant temperature and pressure?

Use the fact that mL of reactant are proportional
to moles of reactant.




Magnesium Is an active metal that replaces hydrogen
from an acid by the following reaction:

Mg(s) + 2HCI(aq) — MgCl,(aq) + Hy(9)

How many g of Mg are needed to produce 5.0 L of H, at a
temperature of 25 °C and a pressure of 745 mmHg?

Mg(s) + 2HCI(aq) - MgCl,(aq) + H,(g)
29 5.0 L

Hint: find moles of H, using PV = nRT then work as a
stoichiometry problem.

n=PV = 745 mmHg 5.0~ moleK
RT 62.4 emmHg 298 ~

n=0.20 mol




Example

e 30.2 mL of 1.00 M HCI are reacted
with excess FeS. What volume of

gas Is generated at S

P?

2 HCI + FeS — FeCl, + H,5(q)

# moles HCI| = Vol (L) X M



2 HCI + FeS — FeCl, + H,S

PV =nRT
V =nRT/P



Example

The decomposition of sodium azide, NaN;, at
high temperatures produces N,(g). What
volume of N,(g), measured at 735 mm Hg and
26°C, Is produced when 70.0 g NaN; Is
decomposed.

2 NaN,(s) — 2 Na(l) + 3 N»(9)




2 NaN,(s) — 2 Na(l) + 3 N,(g)
Determine moles of N,:
1 mol NaN, 3mol N,

65.01 g Na/mol N; 2 mol NaN,

Determine volume of N,:

NRT (1.62 mol)(0.08206 L atm mol* K-1)(299 K)

V= =
P 1.00 atm
JL(735 mm Hg) 260 mm Hg}

=411L




* Relation of changes In pressure to
moles Iin a reaction

—Example

* At constant temperature and
volume

Copyright McGraw-Hill 2009
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11.5 Gas Mixtures

In gaseous mixtures, each gas behaves as if it
occupies the container alone.

— Assuming no reaction between gases
partial pressure (P;): the pressure exerted by each
gas in a gaseous mixture

Dalton’s law of partial pressure

The total pressure is the sum of the partial
pressures.

Prota = P1+ P2+ P3+ Py +Ps ...

P, = SP,



Schematic of Dalton’s Law

PN2




I:)Total = Pl i I:)2 i PB i P4 i PS

> Protg = N{RT + N,RT + n;RT +...
V V V

> In the same container R, T and V are
the same.

> P1otg = (N1 Ny + N3+ )RT
\Y%

Thus,



A 250.0 mL flask contains 1.00 mg of He and 2.00 mg
of H, at 25.0°C. Calculate the total gas pressure in the
flask In atmospheres.

The total pressure is due to the partial pressures of each
of these gases.

. RT
>0 I:)total = I:)He + I:)Hz = (nHe + nH2 )(7)
For He:
1.00x 103gHe mol = 250x%x10%4 mol He
400¢
For H,:
2.00 x 103 g-H, mol =9.92 x 104 mol H,

2.016 g



The mole fraction

> Mole fraction: number of moles of one
component in a mixture relative to the
total number of moles in the mixture

> symbol is Greek letter chi Y

N

1

n+n +n +...




Mole fraction expressed Iin pressures
n

1

n-+n +n +....

Total

R(F:/T)

Y, Vv Vv
w P ) 4P (N )+P( )+

P

Total Total

I:)i — Z i I:)Total




Example

> A 1.00 L sample of dry air at 786 Torr and
25 °C contains 0.925 g N, plus other
gasses (such as O,, Ar and CO,.) a) What
IS the partial pressure of N,? b) What Is
the mole fraction of N,?

09259 - _ 00330 mol AL

280g P=nRT/NV

(0.0330mol )|0.0821atm L mol™ K *| 298K )

=(0.807atm

I:)N — Z N I:)Total

0.807atm-L21°" _g131orr fix, = S TOT
atm > 786 Torr

=0.780




Collecting gas over water
An insoluble gas iIs passed into a container of water, the
gas rises because its density is much less than that of
water and the water must be displaced

Gas volume
Gas collection measurement

[
{l
i
!
|

ﬁ'v:.'_}[,\1\\.*._\1\\h\.\x\,m\\].'.u\,\m\k,




Collection of Gases over Water

Assuming the gas Is saturated with water vapor,
the partial pressure of the water vapor is the
vapor pressure of the water.

Ptotal = Pgas + PHQO(g)



Oxygen was produced and collected over water at 22°C
and a pressure of 754 torr.
2 KCIO4(s) > 2 KCI(s) + 3 0,(9)

325 mL of gas were collected and the vapor pressure of
water at 22°C is 21 torr. Calculate the number of moles
of O, and the mass of KCIO; decomposed.

Cylinder filled with Cylinder being filled
water ready to be placed with oxygen gas
in the plastic basin

i
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Flisial = P02 + PHZO - PO2 + 21 torr = 754 torr
Po, = 754 torr — 21torr = 733 torr = 733/760 atm

V =325mL = 0.3251L
T = 22°C + 273 = 295K =R

_ Y

733/ atm)(0.325 L
M = 1.29x107 mol O,

(0.08206 L -atm )(295 K)
mol - K

noz =

2 mol KCI03J(122.69 KCIO3]

1.29x107* mol O,
1mol KCIO,

=1.06g KCIO,

3mol O,




A 250.0 mL flask contains 1.00 mg of He and and 2.00
mg of H, at 25.0°C. Calculate the total gas pressure in
the flask in atmospheres.

: RT
>0. I:)total=|:)He+|:) _(nHe+nH )( \V/ )
For He:  1.00x10%gHe| mol = 259y 104 mol He
1 4007
0] g o P 2.00 x 103 ¢ Hz‘ mol =90.92 x 104 mol H,
| 2.016¢

And: P, = (2.50 X 10 + 9.92 x 104)(RT/V)

= (0.001242 1el)(0.0821 Reatm)(25 + 273)K
mioleiX (0.2500 )

Piota= 0-1216 atm



11.6 The Kinetic Molecular Theory

> It explains why ideal gases behave the way they do.

> Postulates of the kinetic Theory:

« Agasis composed of particles that are separated by
relatively large distances. The volume occupied by
individual molecules is negligible.

 Gas molecules are constantly in random motion,
moving in straight paths, colliding with the walls of
their container and with one another in perfectly
elastic collisions.

« (Gas particles exert no attractive or repulsive forces
on one another.

« The average kinetic energy of the particles is
proportional to the absolute temperature.



Application of KMT to the gas laws
KMT explains ideal gas laws

Compressibility: gases are compressible because the
gas molecules are separated by large distances.

P&V: P=(nRT).((1/V) = Pa 1/V (Boyle’s law)
— When V decreases # collisions increases
P&T: P=(nRNV).T =PaT

— When T increases, hits with walls become stronger
and more frequent

V&T: V=(nR/P).T=VaT (Charle’s law)

— When T increases hits with walls become stronger
and more frequent. To keep P constant, V must
Increase to compensate for particles speeds




* V&n:V=(RT/P).N =V an (Avogadro’s law)

— To maintain constant P and T, as V Increases n
must increase

— When n increase P would increase if the volume is
kept constant. V must increase to return P to its
original value

e Py =2P; (Dalton’s law)

— Individual particles are independent of each other and their
volumes are negligible. Thus identities of gas particles do
not matter and would be treated as if they belong to one gas




 Molecular speed

Total kinetic energy of a mole of gas is 3/2 RT

The average kinetic energy of one molecule ism
The average kinetic energy for one mole of ga
molecules is (N, is Avogadro’s number)

NA(%mu_z) =§(RT)

avg

Because m X NA— molar mass = M

3RT
‘ u 1/

— Root mean square (rms) speed (Us)




How fast do N, molecules move at room temperature
(25°C)?

(298 K)

~515 ™ ~1150 mph




 For two gases 1 and 2




Effect of Molar Mass on Molecular Speed

T=300K

[ \~ClL, (70.90 g/mol) so smaller molar masses
| result in higher molecular
speeds

N, (28.02 g/mol)

_~He (4.003 g/mol)

O
:
8
¥
2
g
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| - P—
500 1000 1500
Molecular speed (m/s)




Molecular speed for same gas at two different temperatures




Molecular speed for two different gases at two
different temperatures




QL
:
:
o
;
g
Z

Effect of Temperature on Molecular Speed

N, (28.02 g/mol)

%
_100K so higher temperatures result
In higher molecular speeds

,] _ ,.
500 1000
Molecular speed (m/s)



« Comparison of rms and other speed measurements

- Mean or average speed (U,,,)
- Most probable speed (up,,)
- Rms speed (U,)

Example: Assume five speeds: 2,4, 4,6 and 8 m/s

2+4+44+6+8 24

2 2 2 2 2
_ M _ / _ comfs



Place the following gases in order of
Increasing r.m.s. speed at 300 K,

H,, CO,, Ne, NH,, ClI,

Uci, < Uco, < Une < Unpy < Up,

Which one has the highest average kinetic energy?

At the same temperature, all have the same
average kinetic energy.



* Diffusion:
* Mixing of gases as a results of

random motion and collisions.




Effusion

 The escape of a gas from a container
to aregion of vacuum




Graham’s Law

> The rate of diffusion or effusion iIs
Inversely proportional to the square
root of the molar mass of particles.

Rate of diffusion/effusionforgasl M2

1

Rate of diffusion/effusionfor gas 2 /M



11.7 Deviation from Ideal Behavior

* Real gases do not always behave
Ideally under certain conditions due
to

— Gas molecules occupy significant
volume (at high pressures)

— Gas molecules experience
Intermolecular forces of

attraction and repulsion
(at low temperatures)

Effect of intermolecular forces on P



 Van der Waal’s equation corrects for
— Pressure deviations

,
. an-
Pideal - Preal +

e

where a iIs a constant

— Volume effects

Vieal = Videa — b

where b I1s a constant



 The ideal gas law
PV = nRT

becomes van der Waal’s equation
2
P+ |(V — nb) = nRT
V._

corrected

volume term

a and b have specific values for each gas



TABLE 11.6

atm - L?

Gas

He
Ne
Ar
Kr
Xe
H,
N,

a

mol?
0.034
0211

b el

0.0237

0.0171
0.0322
0.0398
0.0510
0.0266
0.0391

Gas

Cl,
CO,
CH,
CCl,
NH;
H,0

|

atm - L?

mol?
1.36
6.49
3.59
2.25
20.4
4.17
5.46

b

0.0318
0.0562
0.0427
0.0428
0.138

0.0371
0.0305




Key Points

* Properties of gases
— Gas pressure
* Units
 Calculation
* Measurement
 The gas laws
— Boyle’s law
— Charles’ law



Key Points

—Avogadro’s law
 The ideal gas law

* Reactions with gaseous reactants
and products

 Gas mixtures
—Dalton’s law
—Mole fractions
—Partial pressures




Key Points

 The kinetic molecular theory
— Assumptions
— Application to the gas laws
— Molecular speed
— Diffusion and effusion

* Deviation from ideal behavior
— Factors causing deviation
— Van der Waal’s equation



