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Topic 10 – The Gaseous State

GAS PRESSURE AND ITS MEASUREMENT

A. Pressure



The force exerted per unit surface area


B. Units of pressure



1. The SI unit is the pascal (Pa)




a. Units

1 Pa = 1 N/m2
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[image: image1.wmf]F

A

  = 
[image: image2.wmf]N

m

2





b. Size





(1) One pascal is a very small unit.





(2) Atmospheric pressure is about 100,000 Pa.



2. Commonly used units in chemistry




a. Atmospheres (atm)




b. Millimeters of mercury (mm Hg) also called a “torr”



3. Defined values




1 mm Hg = 1 torr  (exactly)




1 atm = 760 mm Hg = 101.325 kPa

  



     (exactly)         (exactly)


C. Measuring pressure



1. Atmospheric pressure




a. Uses a barometer





(1) Mercury barometer






(a) First type developed






(b) Is a tube closed at the top whose open 

      end sits in a pool of mercury






(c) The higher the pressure the higher the 

                  mercury rises in the tube





(2) Aneroid barometer






Measures pressure on a diaphragm




b. Varies slightly with weather.



2. Pressure of gases




a. Closed-tube manometer





(1) A U-shaped tube filled with mercury closed at 

     one end, whose other end can be attached to a 

      container of gas.





(2) Used to measure pressure below atmospheric 

     pressure





(3) Pgas = h
The pressure is equal to the difference in height between the two arms.




b. Open-ended manometer





(1) A U-shaped tube filled with mercury open to the 

      atmosphere at one end whose other end can be 

      attached to a container of gas.





(2) Used to measure pressures near atmospheric 

      pressure





(3) Pgas = Patm + h  (If Pgas > Patm)





(4) Pgas = Patm ( h  (If Pgas < Patm)

EMPIRICAL GAS LAWS


A. Boyle’s Law:  Pressure-Volume relationship



1. Verbal definition

For a given mass of gas at a constant temperature, the volume of the gas varies inversely with pressure.



2. Mathematical definition




V ( 
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PV = constant




Therefore  P1V1 = P2V2   if T is constant



3. Example




A sample of gas has a volume of 6.40 L at a pressure of 

1.00 atm.  What is its volume when the pressure is increased to 4.00 atm while keeping the temperature constant?

	Given
	Find

	V1= 6.40 L

P1 = 1.00 atm

P2 = 4.00 atm
	 V2 = ?





P1V1 = P2V2   

	V2
	=
	P1V1

	
	
	P2


	=
	(1.00 atm)(6.40 L)

	
	4.00 atm





       = 1.60 L


B. Charles’ Law: Temperature-Volume relationship



1. Verbal definition




For a given mass of gas at a constant pressure, the volume

of that gas is directly proportional to its Kelvin 

temperature.



2. Mathematical definition




V ( T



V = constant x T

	V
	=
	constant

	T
	
	


	Therefore
	V1
	=
	V2
	if P is constant

	
	T1
	
	T2
	




3. Example

A sample of a gas has a volume of 2.75 L at 0.00 (C.  What is its volume when the temperature is increased to 100.00 (C while keeping the pressure constant?

	Given
	Find

	V1 = 2.75 L

T1 = 0.00 (C

T2 = 100.00 (C
	 T1 in K = ? 

 T2 in K = ?

 V2 = ?


T1 =     0.00 + 273.15 = 273.15 K

T2 = 100.00 + 273.15 = 373.15 K

	V1
	=
	V2

	T1
	
	T2


	V2
	=
	V1T2

	
	
	T1


	=
	(2.75 L)(373.15 K)

	
	273.15 K


      = 3.75677 L





      = 3.76 L


C. Gay-Lussac’s Law:  Temperature-Pressure relationship



1. Verbal definition




For a given mass of gas at constant volume, the pressure of 

the gas is directly proportional to its Kelvin temperature.



2. Mathematical definition




P ( T



P = constant x T

	P
	=
	constant

	T
	
	


	Therefore
	P1
	=
	P2
	if V is constant

	
	T1
	
	T2
	


3. Example

A sample of gas has a pressure of 744 mm Hg at a temperature of 325 K.  What is its pressure when the temperature is increased to 575 K while keeping the volume constant?

	Given
	Find

	P1 = 744 mm Hg

T1 = 325 K 

T2 = 575 K
	 P2 = ?


	P1
	=
	P2

	T1
	
	T2


	P2
	=
	P1T2

	
	
	T1


	=
	(744 mm Hg)(575 K)

	
	325 K


                    = 1.3163076923 x 103 mm Hg

            = 1.32 x 103 mm Hg


D. Avogadro’s Law:  Quantity-Volume relationship



1. Verbal definition

At constant pressure and temperature, the volume of a gas is directly proportional to the number of moles of the gas.



2. Mathematical definition




V ( n



V = constant x n
	V
	=
	constant

	n
	
	


	Therefore
	V1
	=
	V2
	if P and T are constant

	
	n1
	
	n2
	




3. Example

A sample of gas containing 2.00 moles of H2 and 1.00 mole of O2 have a combined volume of 67.2 L. What is the volume of the water vapor when the H2 and the O2 react according to the equation 

2 H2 (g) + O2 (g) ( 2 H2O (g)
while keeping pressure and temperature constant?

	Given
	Find

	n1 = 3.00 mol


V1 = 67.2 L

n2 = 2.00 mol
	 V2 = ?


	V1
	=
	V2

	n1
	
	n2


	V2
	=
	V1n2

	
	
	n1


	=
	(67.2 L)(2.00 mol)

	
	3.00 mol


         = 44.8 L

DERIVED GAS LAWS


A. Combined Gas Law



1. Mathematical derivation

	PV
	=
	k1
	Boyle’s Law


	V
	=
	k2
	Charles’ Law

	T
	
	
	


	P
	=
	k3
	Gay-Lussac’s Law

	T
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	P2V2
	=
	k1k2k3

	T2
	
	


	PV
	=
	new constant

	T
	
	


	P1V1
	=
	P2V2

	T1
	
	T2


2. Example

A weather balloon with a volume of 27.0 L at a pressure of 762 mm Hg at a temperature of 22.6 (C is released.  At altitude it experiences a pressure of only 247 mm Hg

and a temperature of ( 45.5( C.  What is its new volume?

	Given
	Find

	V1 = 27.0 L


P1 = 762 mm Hg

T1 = 22.6 (C


P2 = 247 mm Hg

T2 = ( 45.5 (C
	 T1 in K = ? 

 T2 in K = ? 

 V2 = ?



T1 =  22.6 + 273.15 = 295.75 K


T2 = ( 45.5 (C + 273.15 = 227.65 K

	P1V1
	=
	P2V2

	T1
	
	T2






T1P2V2 = P1V1T2
	V2
	=
	P1V1 T2

	
	
	T1P2


	=
	(762 mm Hg)(27.0 L)(227.65 K)

	
	(295.75 K)(247 mm Hg)






          = 64.1157 L 

                      = 64.1 L


B. Ideal Gas Law



1. Mathematical derivation




V ( 
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PV = nRT


2. Calculations using the Ideal Gas Law




a. Calculations involving just P, V, n, and T




(1) Procedure






(a) Use the basic ideal gas law equation.

Equation 1



PV = nRT





(b) Algebraically solve for the unknown.






(c) Use R = 0.082058 
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(2) Example

A rigid steel container with a volume of 20.0 L is filled with nitrogen gas to a final pressure of 2.00 x 102 atm at 27.0 (C.  How 






many moles are in the cylinder?

	Given
	Find

	V = 20.0 L

P = 2.00 x 102 atm

T = 27.0 (C

	 T in K = ? 

 n = ? 






T =  27.0 + 273.15 = 300.15 K






PV = nRT





n = 
[image: image11.wmf]T

PV

R

 

                          = 
[image: image12.wmf](

)

(

)

(

)

K

 

1

300

mol

K

atm

L

082058

0

L

 

0

20

atm

10

 x 

00

2

2

5

.

.

.

.

÷

ø

ö

ç

è

æ

·

·


   = 162.40549 mol 






   = 162 mol

b. Calculations involving mass or molar mass, P, V, n, 

    and T




(1) Procedure






(a) Use the modified equation.







   Since n = 
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         PV = 
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      MM = 
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(b) Algebraically solve for the unknown.





(2) Examples






(a) Finding mass

A helium balloon has a volume of 3.50 L at a temperature of 298.0 K and a pressure of 1.35 atm.  What is the mass of the helium gas in that balloon?

	Given
	Find

	V = 3.50 L


T = 298.0 K 

P = 1.35 atm


MM He = 4.002602 g/mol
	 m = ? 





      MM = 
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 = 0.773405 g





 = 0.773 g






(b) Finding molar mass

A sample of xenon tetrafluoride was collected in a container with a volume of 226 mL at a pressure of  

0.9855 atm and a temperature of 285.2 K.  The mass of the gas sample was 1.973 g.  What is the molar mass of xenon tetrafluoride?

	Given
	Find

	V = 226 mL


P = 0.9855 atm 

T = 285.2 K

m = 1.973 g
	 V in L = ?

 MM = ? 


V = 0.226 L 

     MM = 
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= 207.31583 g/mol




       

= 207 g/mol




c. Calculations involving density and molar mass




(1) Procedure






(a) Use the modified equation.







  Since d = 
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(b) Algebraically solve for the unknown.





(2) Examples






(a) Finding molar mass

A sample of gas has a density of 5.00 g/L at 298.0 K and a pressure of 1.00 atm.  What is its molar mass?

	Given
	Find

	d = 5.00 g/L


T = 298.0 K 

P = 1.00 atm
	 MM = ? 
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= 122.26642 g/mol




        

= 122 g/mol






(b) Finding density

What is the density of oxygen gas (O2) at 1.00 atm and 300.0 K?

	Given
	Find

	P = 1.00 atm 

T = 300.0 K

MM = 31.9988 g/mol
	 d = ? 



                    
    

      d = 
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= 1.2998448 g/L







= 1.30 g/L

STOICHIOMETRY AND THE IDEAL GAS LAW


A. Procedure



1. Work as normal for stoichiometry problems.



2. In addition, use the Ideal Gas Law to convert between gas 

    measurements and moles.


B. Examples



1. If  2.78 g of H2O2 decomposes, what volume of oxygen gas will 

    be produced at 298 K and 1.00 atm?

	Given
	Find

	mass of H2O2 = 2.78 g H2O2
T = 298 K 

P = 1.00 atm
	 V of O2 = ?





2 H2O2 ( H2O + O2



mass H2O2 ( mol H2O2 ( mol O2 ( V of O2

	2.78 g H2O2
	1 mol H2O2
	1 mol O2

	
	34.01468 g
	2 mol H2O2


= 4.08647 x 10(2 mol O2
= 4.086 x 10(2 mol O2



        PV = nRT

          
         V = 
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= 0.999161 L




= 0.999 L



2. How many liters of oxygen, measured at 0.9739 atm and 

                            297.4 K, are needed to completely burn 1.00 g of C8 H18?

	Given
	Find

	mass of C8 H18 = 1.00 g C8 H18
T = 297.4 K
P =  0.9739 atm
	 V of O2 = ?





2 C8H18 + 25 O2 ( 16 CO2 + 18 H2O



mass C8H18 ( mol C8H18  ( mol O2 ( V of O2 

	1.00 g C8 H18?
	1 mol C8H18  
	25 mol O2

	
	114.2285 g C8H18
	2 mol C8H18


= 0.10942978 mol O2

=  0.1094 mol O2

    

        V = 
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= 2.741352 L O2




      
= 2.74 L O2
GAS MIXTURES


A. Partial pressures and mole fractions



1. Dalton’s Law of Partial Pressures

At constant volume and temperature, the total pressure of a mixture of gases is equal to the sum of the partial pressures.



2. Partial pressure




a. Verbal definition

The pressure exerted by each gas in a gaseous mixture




b. Mathematical definition





Ptot = PA + PB + PC + . . . Pn


3. Mole fraction




a. Verbal definition

The ratio of the moles of one component gas to the total number of moles in a gaseous mixture




b. Mathematical definition





mole fraction of A = XA = 
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4. Relationship between mole fraction and partial pressure






a. Verbal definition

The partial pressure of a gas in a mixture is equal to its mole fraction multiplied by the total pressure




b. Mathematical definition




  



PA = XAPtot


5. Examples




a. Air contains nitrogen, oxygen, carbon dioxide, and small 

amounts of other gases.  What is the partial pressure of oxygen at 760.0 mm Hg if 
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Ptot = PA + PB + PC + . . . Pn
      
Ptot = 
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b. The mole fraction of nitrogen in air is about 0.78.  What 

                is the partial pressure of N2 in air at a total pressure of 

                740.0 mm Hg?





PA = XAPtot






[image: image52.wmf]2
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      = 5.772 x 102 mm Hg

                                                      = 5.8 x 102 mm Hg


B. Gases collected over water



1. The total pressure in the container is equal to the pressure of the 

    gas plus the vapor pressure of the water.


a. The only pressure that can be measured directly is the 

                total pressure.

b. Vapor pressure

(1) Is the partial pressure of the water vapor

(2) Depends on temperature

(3) Must be determined from a table, such as the 

     handout The Vapor Pressure of Water, and, if 

     necessary, linear interpolation.               



2. Example

A sample of hydrogen gas is collected over water at 20.0 (C with a total pressure of 744 mm Hg.  What is the partial pressure of the hydrogen gas?

     
Ptot = PA + PB + PC + . . . Pn
Ptot = 
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From the table 
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744 mm Hg = 
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       = 726.458 mm Hg

   




       = 726 mm Hg

KINETIC THEORY


A. Definition

The particles of all matter are in constant random motion.

B. The five postulates of the Kinetic Theory of Ideal Gases



1. Gases are composed of particles, atoms or molecules, whose

    size can be considered to be negligible.


a. The gas particles are very far apart from each other.


b. Most of the volume of a gas is empty space ( in fact, 

    at room temperature and one atmosphere of pressure 

    99.8% of the total volume of a gas is empty space.

c. Therefore the volume occupied by the particles 

     themselves can be ignored.

d. This volume becomes more significant at high pressures 

    and low temperatures.



2. Gas particles are in continuous random motion.

a. They move in straight lines between collisions, changing 

    directions only when they rebound from collisions with 

    each other or with other objects, such as the walls of 

    their container.

b. The pressure exerted by a gas is the result of these            

    collisions with the walls of their container.

c. They move independently of each other.

d. As a group, they move in all directions.

e. As a group, they move at various speeds. 



3. The attractive forces between particles have a negligible effect 

                            on their behavior.



4. Collisions between gas particles are elastic.




a. Energy is transferred from one particle to another during 

    collisions.




b. One speeds up and one slows down.




c. The total kinetic energy of the system remains the same 

                ( no kinetic energy is converted to heat.




d. The particles of a gas will move forever with no change 

    in the average kinetic energy per particle.



5. The average kinetic energy of a particle is directly proportional 

    to the absolute temperature.


a. We can measure changes in the average kinetic energy 
  

                by measuring changes in temperature.


b. Particles of all substances at the same temperature have 

    the same average kinetic energy.


c. In a sample of gas there will be a wide range of kinetic 

    energies from very low to very high.


d. The higher the temperature the wider the range of kinetic 

    energies.

EXPLAINING THE GAS LAWS FROM THE KINETIC THEORY 


A. Explaining Gay-Lussac’s Law



P ( T



The higher the temperature, the greater the average kinetic energy, 

and the greater the force exerted on the wall of the container when the particles collide with the walls.


B. Explaining Boyle’s Law



V ( 
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As volume increases the distance the particles have to travel to collide with the walls of the container also increases, so there are fewer collisions in a given period of time. (Remember that they cannot go faster unless the temperature increases.)

C. Explaining Charles’ Law



V ( T

As temperature increases the particles move faster so the distance to the walls of the container must increase if the pressure is to be kept the same.


D. Explaining Avogadro’s Law



V( n

As the number of particles increases the number of collisions with the walls of the container would increase unless the distance to the walls of the container also increases.


E. Explaining the Ideal Gas Law

According to kinetic theory the pressure of a gas on a container is due to the collision of the gas particles with the walls of the container.

Thus, the pressure of a gas is proportional to two factors: the frequency of the collisions and the average force exerted by a particle in each collision.

	P
	(
	frequency of collisions
	x
	average force


The force a colliding particle exerts is directly proportional to its mass and its velocity, i.e., its momentum.

For a gas particle, the average force exerted is directly proportional to its mass “m” and its average speed “u”, i.e., its momentum “mu”.

	average force
	(
	mu


A little reasoning reveals that the frequency of collisions is directly proportional to the average speed “u” – the faster a particle is moving the more often it will collide with the walls of the container.

	frequency of collisions
	(
	u


Also, the frequency of collisions is inversely proportional to the volume “V” – the larger the container the less often a particle will collide with its walls.

	frequency of collisions
	(
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In addition, the frequency of collisions is directly proportional to the number of particles “N” – the more particles there are the more collisions will take place in a given period of time.

	frequency of collisions
	(
	N


Therefore the frequency of collisions is proportional to the product of these three:

	frequency of collisions
	(
	u x 
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Putting these two factors together in the proportion we get:
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The average kinetic energy of a particle is equal to one-half the product of its mass and the square of its average speed so:

mu2 ( average K.E. 
The Kelvin temperature is proportional to the average K.E. so:

T ( average K.E.



Therefore:




mu2 ( T



  Since mu2 ( T:

PV ( NT
The number of particles is directly proportional to the number of moles of particles, i.e., “n”:


N ( n

Therefore: 

PV ( nT
A proportion can be changed into an equation by inserting a proportionality constant, in this case, “R”:

PV = nRT
DIFFUSION AND EFFUSION AND THE KINETIC THEORY


A. Definitions



1. Diffusion

The process that occurs when the particles of one gas spread out through another gas, moving FROM an area of higher concentration TO an area of lower concentration until the concentration is uniform throughout the system



2. Effusion




The process that occurs when a gas flows through a tiny 

hole in its container


B. Graham’s Law



1. Definitions




a. Verbal definition

At a given temperature and pressure, the rate of effusion of a gas is inversely proportional to the square root of its molar mass.




b. Mathematical definition
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Since the faster a gas effuses the less 

time it takes to effuse, then:
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2. Example

A certain number of moles of Ar required 28 seconds to effuse through a small opening into a vacuum.  It if took 45 seconds for that same number of moles of another gas to effuse through that same hole, what is the molar mass of the second gas?

	Given
	Find

	timeAr = 28 s

timeunknown = 45 s

MMAr = 39.948 g/mol
	 MMunknown = ?



[image: image67.wmf]A

 

time

B

 

time

 = 
[image: image68.wmf]MM

MM

B

A


         
[image: image69.wmf]Ar

 

time

unk

 

time

= 
[image: image70.wmf]MM

MM

unk

Ar


       

   
[image: image71.wmf]s

 

28

s

 

45

 = 
[image: image72.wmf]MM

unk

39

948 g

/

mol

.

 

    
          
[image: image73.wmf]2

s

 

28

s

 

45

÷

ø

ö

ç

è

æ

= 
[image: image74.wmf]MM

unk

39

948 g

/

mol

.


    
           MMunk = 39.948 g/mol 
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           = (39.948 g/mol)(2.58)

           = 1.0 x 102 g/mol


C. Root-mean-square molecular speed (rms)



1. Verbal definition

The root-mean-square speed is a type of average and is the speed of a molecule having the average kinetic energy.



2. Mathematical definition




u = 
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where u = rms




          R = ideal gas law constant 

       = 8.3145 
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  T = temperature Kelvin




    MM = molar mass in kilograms per mole



3. Example




What is the average speed (rms) of an oxygen molecule 

at 25 (C?

	Given
	Find

	T = 25 (C

R = 8.3145 
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MM = 31.9988 g/mol
	 T in K = ?

 MM in kg/mol = ? 

 u = ?



T = 298 K


MM = 0.0319988 kg/mol





u = 
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u = 
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   = 481.96997 m/s

   = 482 m/s

REAL GASES

A. Conditions under which real gases deviate from ideal gases

1. Two assumptions that do NOT hold true for real gases

a. That the volume of the gas particles themselves is 

    effectively zero

b. That there is no force of attraction between gas particles

2. Two conditions under which the behavior of real gases deviate 

    significantly from the behavior of ideal gases.

a. High pressure

b. Low temperature

3. In general, the closer a gas is to the liquid state the more it will 

    deviate from the Ideal Gas Law.


B. Real gases adhere to a corrected form of the Ideal Gas Law Equation 

     called the van der Waals Equation.

1. The van der Waals Equation
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2. The terms explained

a. 
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(1) This corrects the pressure.

(2) This corrects for attractive intermolecular 

      forces.

(3) “a” 

      (a) “a” reduces the pressure of a real gas below 

           that of an ideal gas ( intermolecular forces 

           hold molecules together and reduce the force 

           they exert on the walls of their container.

      (b) The greater the force of attraction, the bigger 

            the value of “a”.

b. (V ( nb)

(1) This corrects the volume.

(2) “nb” corrects for molecular size.

(3) “b” increases the pressure of a real gas above 

      that of an ideal gas ( molecular volume forces 

      molecules farther apart. 

3. “a” and “b” are constants.

a. They are constant for a specific gas.

b. They vary from gas to gas.

c. “a” varies more than “b” from gas to gas.

d. Both “a” and “b” have been determined experimentally 

    and must be looked up in a table such as Table 5.3 p. 224 

    or the handout Table of van der Waals constants.

C. Example

3.50 moles of NH3 occupy 5.20 L at 47 °C.  Calculate the pressure of the gas in atmospheres (a) using the ideal gas law equations, and (b) using the van der Waals equation.

	Given
	Find

	n = 3.50 mol

V = 5.20 L

T = 47 °C = 320. K

R = 0.082058
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	 P (ideal) = ? 

 P (van der Waals) = ?




from Table of van der Waals constants




a = 4.170

b = 0.0371  

(a) ideal gas law equation



  

     PV = nRT


    

       P = 
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= 17.7 atm

(b) van der Waals equation
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calculating 
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calculating “nb”






nb = (3.50 mol)
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nb = 0.12985 L




substituting into the van der Waals equation
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   (P + 1.889 atm)(5.0702 L) = 91.905 L(atm

           P + 1.889 atm = 18.13 atm

       P = 16.241 atm





        P = 16.2 atm
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