
 Unfortunately, there are many problems associated with scrubbing. The systems are 
complicated and expensive and consume a great deal of energy. The large quantities of 
calcium sulfite produced in the process present a disposal problem. With a typical 
scrubber, approximately 1 ton of calcium sulfite per year is produced per person served 
by the power plant. Since no use has yet been found for this calcium sulfite, it is usu-
ally buried in a landfill. As a result of these difficulties, air pollution by sulfur dioxide 
continues to be a major problem, one that is expensive in terms of damage to the envi-
ronment and human health as well as in monetary terms.

Coal

CaCO3

Air

To
smokestack

S + O2 SO2

CaSO3

unreacted SO2

+

CO2 + CaO

Combustion chamber

CaSO3 slurry

Water + CaO

Scrubber

Figure	5.33 | A schematic diagram 
of the process for scrubbing sulfur 
dioxide from stack gases in power 
plants.

Key	terms State	of	a	gas
Section 5.1
barometer
manometer
mm Hg
torr
standard atmosphere
pascal

Section 5.2
Boyle’s law
ideal gas
Charles’s law
absolute zero
Avogadro’s law

Section 5.3
universal gas constant
ideal gas law

Section 5.4
molar volume
standard temperature and 

pressure (STP)

❯ The state of a gas can be described completely by specifying its pressure (P), volume (V), 
temperature (T ), and the amount (moles) of gas present (n)

❯ Pressure
❯ Common units

 1 torr 5 1 mm Hg

 1 atm 5 760 torr

❯ SI unit: pascal

1 atm 5 101,325 Pa

Gas	laws
❯ Discovered by observing the properties of gases

❯ Boyle’s law: PV 5 k

❯ Charles’s law: V 5 bT

❯ Avogadro’s law: V 5 an

❯ Ideal gas law: PV 5 nRT

❯ Dalton’s law of partial pressures: Ptotal 5 P1 1  P2 1 P3 1 c, where Pn represents the 
partial pressure of component n in a mixture of gases

For review

Key	terms Kinetic	molecular	theory	(KMT)
Section 5.5
Dalton’s law of partial 

pressures
partial pressure
mole fraction

Section 5.6
kinetic molecular theory 

(KMT)
root mean square velocity
joule

Section 5.7
diffusion
effusion
Graham’s law of effusion

Section 5.8
real gas
van der Waals equation

Section 5.10
atmosphere
air pollution
photochemical smog
acid rain

❯ Model that accounts for ideal gas behavior

❯ Postulates of the KMT:
❯ Volume of gas particles is zero
❯ No particle interactions
❯ Particles are in constant motion, colliding with the container walls to produce  pressure
❯ The average kinetic energy of the gas particles is directly proportional to the  temperature 

of the gas in kelvins

Gas	properties
❯ The particles in any gas sample have a range of velocities

❯ The root mean square (rms) velocity for a gas represents the average of the squares of the 
particle velocities

❯ Diffusion: the mixing of two or more gases

❯ Effusion: the process in which a gas passes through a small hole into an empty chamber

Real	gas	behavior
❯ Real gases behave ideally only at high temperatures and low pressures

❯ Understanding how the ideal gas equation must be modified to account for real gas behavior 
helps us understand how gases behave on a molecular level

❯ Van der Waals found that to describe real gas behavior we must consider particle  interactions 
and particle volumes
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Key	terms State	of	a	gas
Section 5.1
barometer
manometer
mm Hg
torr
standard atmosphere
pascal

Section 5.2
Boyle’s law
ideal gas
Charles’s law
absolute zero
Avogadro’s law

Section 5.3
universal gas constant
ideal gas law

Section 5.4
molar volume
standard temperature and 

pressure (STP)

❯ The state of a gas can be described completely by specifying its pressure (P), volume (V), 
temperature (T ), and the amount (moles) of gas present (n)

❯ Pressure
❯ Common units

❯ SI unit: pascal

Gas	laws
❯ Discovered by observing the properties of gases

❯ Boyle’s law: PV 5 k

❯ Charles’s law: V 5 bT

❯ Avogadro’s law: V 5 an

❯ Ideal gas law: PV 5 nRT

❯ Dalton’s law of partial pressures: Ptotal , where Pn represents the 
partial pressure of component n in a mixture of gases

Key	terms Kinetic	molecular	theory	(KMT)
Section 5.5
Dalton’s law of partial 

pressures
partial pressure
mole fraction

Section 5.6
kinetic molecular theory 

(KMT)
root mean square velocity
joule

Section 5.7
diffusion
effusion
Graham’s law of effusion

Section 5.8
real gas
van der Waals equation

Section 5.10
atmosphere
air pollution
photochemical smog
acid rain

❯ Model that accounts for ideal gas behavior

❯ Postulates of the KMT:
❯ Volume of gas particles is zero
❯ No particle interactions
❯ Particles are in constant motion, colliding with the container walls to produce  pressure
❯ The average kinetic energy of the gas particles is directly proportional to the  temperature 

of the gas in kelvins

Gas	properties
❯ The particles in any gas sample have a range of velocities

❯ The root mean square (rms) velocity for a gas represents the average of the squares of the 
particle velocities

urms 5 Å
3RT

M

❯ Diffusion: the mixing of two or more gases

❯ Effusion: the process in which a gas passes through a small hole into an empty chamber

Real	gas	behavior
❯ Real gases behave ideally only at high temperatures and low pressures

❯ Understanding how the ideal gas equation must be modified to account for real gas behavior 
helps us understand how gases behave on a molecular level

❯ Van der Waals found that to describe real gas behavior we must consider particle  interactions 
and particle volumes

Review	questions	 Answers to the Review Questions can be found on the Student website (accessible from www.cengagebrain.com).
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 1. Explain how a barometer and a manometer work to 
measure the pressure of the atmosphere or the pressure 
of a gas in a container.

 2. What are Boyle’s law, Charles’s law, and Avogadro’s 
law? What plots do you make to show a linear relation-
ship for each law?

 3. Show how Boyle’s law, Charles’s law, and Avogadro’s 
law are special cases of the ideal gas law. Using the 
ideal gas law, determine the relationship between P and 
n (at constant V and T ) and between P and T (at 
constant V and n).

 4. Rationalize the following observations.

a. Aerosol cans will explode if heated.

b. You can drink through a soda straw.

c. A thin-walled can will collapse when the air inside 
is removed by a vacuum pump.

d. Manufacturers produce different types of tennis 
balls for high and low  elevations.

 5. Consider the following balanced equation in which gas 
X forms gas X2:

2X 1g2 h X2 1g2
Equal moles of X are placed in two separate containers. 
One container is rigid so the volume cannot change; the 
other container is flexible so the volume changes to 
keep the internal pressure equal to the external pressure. 
The above reaction is run in each container. What 
happens to the pressure and density of the gas inside 
each container as reactants are converted to products?

 6. Use the postulates of the kinetic molecular theory 
(KMT) to explain why Boyle’s law, Charles’s law, 
Avogadro’s law, and Dalton’s law of partial pressures 
hold true for ideal gases. Use the KMT to explain the P 
versus n (at constant V and T )  relationship and the P 
versus T (at constant V and n) relationship.
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d. Capillary action of the mercury causes the mercury to go 
up the tube.

e. The vacuum that is formed at the top of the tube holds up 
the mercury.

  Justify your choice, and for the choices you did not pick, ex-
plain what is wrong with them. Pictures help!

 3. The barometer below shows the level of mercury at a given at-
mospheric pressure. Fill all the other barometers with mercury 
for that same atmospheric pressure. Explain your answer.

Hg(l )

 4. As you increase the temperature of a gas in a sealed, rigid 
container, what happens to the density of the gas? Would the 
results be the same if you did the same experiment in a con-
tainer with a piston at constant pressure? (See Fig. 5.17.)

 5. A diagram in a chemistry book shows a magnified view of a 
flask of air as follows:

Active	Learning	Questions
These questions are designed to be used by groups of students in 
class.

 1. Consider the following apparatus: a test tube covered with a 
nonpermeable elastic membrane inside a container that is 
closed with a cork. A syringe goes through the cork.

Syringe

Membrane

Cork

a. As you push down on the syringe, how does the mem-
brane covering the test tube change?

b. You stop pushing the syringe but continue to hold it 
down. In a few seconds, what happens to the membrane?

 2. Figure 5.2 shows a picture of a barometer. Which of the fol-
lowing statements is the best explanation of how this barom-
eter works?

a. Air pressure outside the tube causes the mercury to move in 
the tube until the air pressure inside and outside the tube is 
equal.

b. Air pressure inside the tube causes the mercury to move in 
the tube until the air pressure inside and outside the tube is 
equal.

c. Air pressure outside the tube counterbalances the weight 
of the mercury in the tube.

A	discussion	of	the	Active	Learning		Questions	can	be	found	online	in	the		Instructor’s	Resource	Guide	and	on	PowerLecture.	The	questions	
allow	students	to	explore	their	understanding	of	concepts	through	discussion	and	peer	teaching.	The	real	value	of	these	questions	is	the	
learning	that	occurs	while	students	talk	to	each	other	about	chemical	concepts.
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 7. Consider the following velocity distribution curves A 
and B.

Velocity (m/s)

A

B

R
el

at
iv

e 
nu

m
be

r 
of

 m
ol

ec
ul

es

a. If the plots represent the velocity distribution of 
1.0 L of He(g) at STP versus 1.0 L of Cl2(g) at 
STP, which plot corresponds to each gas? Explain 
your reasoning.

b. If the plots represent the velocity distribution of 
1.0 L of O2(g) at temperatures of 273 K versus 
1273 K, which plot corresponds to each tempera-
ture? Explain your reasoning. Under which tem-
perature condition would the O2(g) sample  behave 
most ideally? Explain.

 8. Briefly describe two methods one might use to find the 
molar mass of a newly synthesized gas for which a 
molecular formula was not known.

 9. In the van der Waals equation, why is a term added to 
the observed pressure and why is a term subtracted 
from the container volume to correct for nonideal gas 
behavior?

 10. Why do real gases not always behave ideally? Under 
what conditions does a real gas behave most ideally? 
Why?
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  What do you suppose is between the dots (the dots represent 
air molecules)?

a. air

b. dust

c. pollutants

d. oxygen

e. nothing

 6. If you put a drinking straw in water, place your finger over the 
opening, and lift the straw out of the water, some water stays 
in the straw. Explain.

 7. A chemistry student relates the following story: I noticed my 
tires were a bit low and went to the gas station. As I was filling 
the tires, I thought about the kinetic molecular theory (KMT). 
I noticed the tires because the volume was low, and I realized 
that I was increasing both the pressure and volume of the tires. 
“Hmmm,” I thought, “that goes against what I learned in 
chemistry, where I was told pressure and volume are inversely 
proportional.” What is the fault in the logic of the chemistry 
student in this situation? Explain why we think pressure and 
volume to be inversely related (draw pictures and use the 
KMT).

 8. Chemicals X and Y (both gases) react to form the gas XY, but 
it takes a bit of time for the reaction to occur. Both X and Y are 
placed in a container with a piston (free to move), and you 
note the volume. As the reaction occurs, what happens to the 
volume of the container? (See Fig. 5.18.)

 9. Which statement best explains why a hot-air balloon rises 
when the air in the balloon is heated?

a. According to Charles’s law, the temperature of a gas is 
directly related to its volume. Thus the volume of the bal-
loon increases, making the density smaller. This lifts the 
balloon.

b. Hot air rises inside the balloon, and this lifts the balloon.

c. The temperature of a gas is directly related to its pressure. 
The pressure therefore increases, and this lifts the balloon.

d. Some of the gas escapes from the bottom of the balloon, 
thus decreasing the mass of gas in the balloon. This 
decreases the density of the gas in the balloon, which lifts 
the balloon.

e. Temperature is related to the root mean square velocity of 
the gas molecules. Thus the molecules are moving faster, 
hitting the balloon more, and thus lifting the balloon.

  Justify your choice, and for the choices you did not pick, ex-
plain what is wrong with them.

 10. Draw a highly magnified view of a sealed, rigid container 
filled with a gas. Then draw what it would look like if you 
cooled the gas significantly but kept the temperature above the 
boiling point of the substance in the container. Also draw what 
it would look like if you heated the gas significantly. Finally, 
draw what each situation would look like if you evacuated 
enough of the gas to decrease the pressure by a factor of 2.

 11. If you release a helium balloon, it soars upward and eventually 
pops. Explain this behavior.

 12. If you have any two gases in different containers that are the 
same size at the same pressure and same temperature, what is 
true about the moles of each gas? Why is this true?

 13. Explain the following seeming contradiction: You have two 
gases, A and B, in two separate containers of equal volume and 
at equal pressure and temperature. Therefore, you must have 
the same number of moles of each gas. Because the two tem-
peratures are equal, the average kinetic energies of the two 
samples are equal. Therefore, since the energy given such a 
system will be converted to translational motion (that is, move 
the molecules), the root mean square velocities of the two are 
equal, and thus the particles in each sample move, on average, 
with the same relative speed. Since A and B are different gases, 
they each must have a different molar mass. If A has a higher 
molar mass than B, the particles of A must be hitting the sides 
of the container with more force. Thus the pressure in the con-
tainer of gas A must be higher than that in the container with 
gas B. However, one of our initial assumptions was that the 
pressures were equal.

 14. You have a balloon covering the mouth of a flask filled with air 
at 1 atm. You apply heat to the bottom of the flask until the 
volume of the balloon is equal to that of the flask.

a. Which has more air in it, the balloon or the flask? Or do 
both have the same amount? Explain.

b. In which is the pressure greater, the balloon or the flask? 
Or is the pressure the same? Explain.

 15. How does Dalton’s law of partial pressures help us with our 
model of ideal gases? That is, what postulates of the kinetic 
mo lecular theory does it support?

 16. At the same conditions of pressure and temperature, ammonia 
gas is less dense than air. Why is this true?

 17. For each of the quantities listed below, explain which of the 
following properties (mass of the molecule, density of the 
gas sample, temperature of the gas sample, size of the mol-
ecule, and number of moles of gas) must be known to calcu-
late the quantity.

a. average kinetic energy

b. average number of collisions per second with other gas 

 molecules

c. average force of each impact with the wall of the 
container

d. root mean square velocity

e. average number of collisions with a given area of the 
container

f. distance between collisions

 18. You have two containers each with 1 mole of xenon gas at 
158C. Container A has a volume of 3.0 L, and container B has 
a volume of 1.0 L. Explain how the following quantities com-
pare  between the two containers.

a. the average kinetic energy of the Xe atoms

b. the force with which the Xe atoms collide with the con-
tainer walls

c. the root mean square velocity of the Xe atoms

d. the collision frequency of the Xe atoms (with other 
atoms)

e. the pressure of the Xe sample

 19. Draw molecular-level views that show the differences among 
solids, liquids, and gases.
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A blue question or exercise number indicates that the answer to 
that question or exercise appears at the back of the book and a 
solution appears in the Solutions Guide, as found on PowerLecture.

Questions
 20. At room temperature, water is a liquid with a molar volume of 

18 mL. At 1058C and 1 atm pressure, water is a gas and has a 
molar volume of over 30 L. Explain the large difference in 
molar volumes.

 21. If a barometer were built using water (d 5 1.0 g/cm3) instead 
of mercury (d 5 13.6 g/cm3), would the column of water be 
higher than, lower than, or the same as the column of mercury 
at 1.00 atm? If the level is different, by what factor? Explain.

 22. A bag of potato chips is packed and sealed in Los Angeles, 
 California, and then shipped to Lake Tahoe, Nevada, during 
ski season. It is noticed that the volume of the bag of potato 
chips has increased upon its arrival in Lake Tahoe. What exter-
nal conditions would most likely cause the volume increase?

 23. Boyle’s law can be represented graphically in several ways. 
Which of the following plots does not correctly represent 
Boyle’s law (assuming constant T and n)? Explain.

P

PV

V

P

1/P

V

1/V

P

 24. As weather balloons rise from the earth’s surface, the pressure 
of the atmosphere becomes less, tending to cause the volume 
of the balloons to expand. However, the temperature is much 
lower in the upper atmosphere than at sea level. Would this 
temperature effect tend to make such a balloon expand or con-
tract? Weather balloons do, in fact, expand as they rise. What 
does this tell you?

 25. Which noble gas has the smallest density at STP? Explain.

 26. Consider two different containers, each filled with 2 moles of 
Ne(g). One of the containers is rigid and has constant volume. 
The other container is flexible (like a balloon) and is capable 
of changing its volume to keep the external pressure and inter-
nal pressure equal to each other. If you raise the temperature in 
both containers, what happens to the pressure and density of 
the gas inside each container? Assume a constant external 
pressure.

 27. In Example 5.11 of the text, the molar volume of N2(g) at STP 
is given as 22.42 L/mol N2. How is this number calculated? 
How does the molar volume of He(g) at STP compare to the 
molar volume of N2(g) at STP (assuming ideal gas behavior)? 
Is the molar volume of N2(g) at 1.000 atm and 25.0°C equal to, 
less than, or greater than 22.42 L/mol? Explain. Is the molar 
volume of N2(g) collected over water at a total pressure of 
1.000 atm and 0.0°C equal to, less than, or greater than 22.42 
L/mol? Explain.

 28. Consider the flasks in the following diagrams.

volume = Xvolume = 2X

volume = X volume = X

  Assuming the connecting tube has negligible volume, draw 
what each diagram will look like after the stopcock between 
the two flasks is opened. Also, solve for the final pressure in 
each case, in terms of the original pressure. Assume tempera-
ture is constant.

 29. Do all the molecules in a 1-mole sample of CH4(g) have the 
same kinetic energy at 273 K? Do all molecules in a 1-mole 
sample of N2(g) have the same velocity at 546 K? Explain.

 30. Consider the following samples of gases at the same 
temperature.

i ii iii iv

Ne
Ar

v vi vii viii

  Arrange each of these samples in order from lowest to highest:

a. pressure

b. average kinetic energy

c. density

d. root mean square velocity

  Note: Some samples of gases may have equal values for these 
attributes. Assume the larger containers have a volume twice 
the volume of the smaller containers, and assume the mass of 
an argon atom is twice the mass of a neon atom.
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 31. As NH3(g) is decomposed into nitrogen gas and hydrogen gas 
at constant pressure and temperature, the volume of the prod-
uct gases collected is twice the volume of NH3 reacted. Ex-
plain. As NH3(g) is decomposed into nitrogen gas and hydro-
gen gas at constant volume and temperature, the total pressure 
increases by some factor. Why the increase in pressure and by 
what factor does the total pressure increase when reactants are 
completely converted into products? How do the partial pres-
sures of the product gases compare to each other and to the 
initial pressure of NH3?

 32. Which of the following statements is(are) true? For the false 
statements, correct them.

a. At constant temperature, the lighter the gas molecules, the 
faster the average velocity of the gas molecules.

b. At constant temperature, the heavier the gas molecules, 
the larger the average kinetic energy of the gas molecules.

c. A real gas behaves most ideally when the container vol-
ume is relatively large and the gas molecules are moving 
relatively quickly.

d. As temperature increases, the effect of interparticle inter-
actions on gas behavior is increased.

e. At constant V and T, as gas molecules are added into a 
container, the number of collisions per unit area increases 
resulting in a higher pressure.

f. The kinetic molecular theory predicts that pressure is 
inversely proportional to temperature at constant volume 
and moles of gas.

 33. From the values in Table 5.3 for the van der Waals constant a 
for the gases H2, CO2, N2, and CH4, predict which of these gas 
molecules show the strongest intermolecular attractions.

 34. Without looking at a table of values, which of the following 
gases would you expect to have the largest value of the van der 
Waals constant b: H2, N2, CH4, C2H6, or C3H8?

 35. Figure 5.6 shows the PV versus P plot for three different gases. 
Which gas behaves most ideally? Explain.

 36. Ideal gas particles are assumed to be volumeless and to neither 
attract nor repel each other. Why are these assumptions crucial 
to the validity of Dalton’s law of partial pressures?

Exercises
In this section similar exercises are paired.

Pressure

 37. Freon-12 (CF2Cl2) is commonly used as the refrigerant in cen-
tral home air conditioners. The system is initially charged to a 
pressure of 4.8 atm. Express this pressure in each of the fol-
lowing units (1 atm 5 14.7 psi).

a. mm Hg c. Pa

b. torr d. psi

 38. A gauge on a compressed gas cylinder reads 2200 psi (pounds 
per square inch; 1 atm 5 14.7 psi). Express this pressure in 
each of the following units.

a. standard atmospheres

b. megapascals (MPa)

c. torr

 39. A sealed-tube manometer (as shown below) can be used to 
measure pressures below atmospheric pressure. The tube 
above the mercury is evacuated. When there is a vacuum in the 
flask, the mercury levels in both arms of the U-tube are equal. 
If a gaseous sample is introduced into the flask, the mercury 
levels are different. The difference h is a measure of the pres-
sure of the gas inside the flask. If h is equal to 6.5 cm, calculate 
the pressure in the flask in torr, pascals, and atmospheres.

Gas

h

 40. If the sealed-tube manometer in Exercise 39 had a height dif-
ference of 20.0 inches between the mercury levels, what is the 
pressure in the flask in torr and atmospheres?

 41. A diagram for an open-tube manometer is shown below.

Atmosphere

  If the flask is open to the atmosphere, the mercury levels are 
equal. For each of the following situations where a gas is con-
tained in the flask, calculate the pressure in the flask in torr, 
atmospheres, and pascals.

Atmosphere
(760. torr)

Atmosphere
(760. torr)

Flask

a. b.

11
8 

m
m

Flask

21
5 

m
m

c. Calculate the pressures in the flask in parts a and b (in 
torr) if the atmospheric pressure is 635 torr.

 42. a. If the open-tube manometer in Exercise 41 contains a non-
volatile silicone oil (density 5 1.30 g/cm3) instead of mer-
cury (density 5 13.6 g/cm3), what are the pressures in the 
flask as shown in parts a and b in torr, atmospheres, and 
pascals?
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b. What advantage would there be in using a less dense fluid 
than mercury in a manometer used to measure relatively 
small differences in pressure?

Gas Laws

 43. A particular balloon is designed by its manufacturer to be in-
flated to a volume of no more than 2.5 L. If the balloon is filled 
with 2.0 L helium at sea level, is released, and rises to an alti-
tude at which the atmospheric pressure is only 500. mm Hg, 
will the balloon burst? (Assume temperature is constant.)

 44. A balloon is filled to a volume of 7.00 3 102 mL at a tempera-
ture of 20.08C. The balloon is then cooled at constant pressure 
to a temperature of 1.00 3 102 K. What is the final volume of 
the balloon?

 45. An 11.2-L sample of gas is determined to contain 0.50 mole of 
N2. At the same temperature and pressure, how many moles of 
gas would there be in a 20.-L sample?

 46. Consider the following chemical equation.

2NO2 1g2 h N2O4 1g2
  If 25.0 mL NO2 gas is completely converted to N2O4 gas under 

the same conditions, what volume will the N2O4 occupy?

 47. Complete the following table for an ideal gas.

P (atm) V (L) n (mol) T

a. 5.00  2.00 1558C

b. 0.300  2.00 155 K

c. 4.47 25.0  2.01

d.  2.25 10.5  758C

 48. Complete the following table for an ideal gas.

P V n T

a. 7.74 3 103 Pa 12.2 mL  258C

b. 43.0 mL 0.421 mol 223 K

c. 455 torr 4.4 3 1022 mol 3318C

d. 745 mm Hg 11.2 L 0.401 mol

 49. Suppose two 200.0-L tanks are to be filled separately with the 
gases helium and hydrogen. What mass of each gas is needed 
to produce a pressure of 2.70 atm in its respective tank at 
248C?

 50. The average lung capacity of a human is 6.0 L. How many 
moles of air are in your lungs when you are in the following 
situations?

a. At sea level (T 5 298 K, P 5 1.00 atm).

b. 10. m below water (T 5 298 K, P 5 1.97 atm).

c. At the top of Mount Everest (T 5 200. K, P 5 0.296 atm).

 51. The steel reaction vessel of a bomb calorimeter, which has a 
volume of 75.0 mL, is charged with oxygen gas to a pressure 
of 14.5 atm at 228C. Calculate the moles of oxygen in the reac-
tion vessel.

 52. A 5.0-L flask contains 0.60 g O2 at a temperature of 228C. 
What is the pressure (in atm) inside the flask?

 53. A 2.50-L container is filled with 175 g argon.

a. If the pressure is 10.0 atm, what is the temperature?

b. If the temperature is 225 K, what is the pressure?

 54. A person accidentally swallows a drop of liquid oxygen, O2(l), 
which has a density of 1.149 g/mL. Assuming the drop has a 
volume of 0.050 mL, what volume of gas will be produced in 
the person’s stomach at body temperature (378C) and a pres-
sure of 1.0 atm?

 55. A gas sample containing 1.50 moles at 258C exerts a pressure 
of 400. torr. Some gas is added to the same container and the 
temperature is increased to 50.8C. If the pressure increases to 
800. torr, how many moles of gas were added to the container? 
Assume a constant-volume container.

 56. A bicycle tire is filled with air to a pressure of 75 psi at a tem-
perature of 198C. Riding the bike on asphalt on a hot day in-
creases the temperature of the tire to 588C. The volume of the tire 
increases by 4.0%. What is the new pressure in the bicycle tire?

 57. Consider two separate gas containers at the following 
conditions:

Container	A Container	B

Contents: SO2(g) Contents: unknown gas
Pressure 5 PA Pressure 5 PB

Moles of gas 5 1.0 mol Moles of gas 5 2.0 mol
Volume 5 1.0 L Volume 5 2.0 L
Temperature 5 78C Temperature 5 2878C

  How is the pressure in container B related to the pressure in 
container A?

 58. What will be the effect on the volume of an ideal gas if the 
pressure is doubled and the absolute temperature is halved?

 59. A container is filled with an ideal gas to a pressure of 11.0 atm 
at 08C.

a. What will be the pressure in the container if it is heated to 
458C?

b. At what temperature would the pressure be 6.50 atm?

c. At what temperature would the pressure be 25.0 atm?

 60. An ideal gas at 78C is in a spherical flexible container having 
a radius of 1.00 cm. The gas is heated at constant pressure to 
888C. Determine the radius of the spherical container after the 
gas is heated. [Volume of a sphere 5 (4y3)pr3.]

 61. An ideal gas is contained in a cylinder with a volume of 5.0 3 
102 mL at a temperature of 30.8C and a pressure of 710. torr. 
The gas is then compressed to a volume of 25 mL, and the 
temperature is raised to 820.8C. What is the new pressure of 
the gas?

 62. A compressed gas cylinder contains 1.00 3 103 g argon gas. The 
pressure inside the cylinder is 2050. psi (pounds per square inch) 
at a temperature of 188C. How much gas remains in the cylinder 
if the pressure is decreased to 650. psi at a temperature of 268C?

 63. A sealed balloon is filled with 1.00 L helium at 238C and 1.00 
atm. The balloon rises to a point in the atmosphere where the 
pressure is 220. torr and the temperature is 2318C. What is the 
change in volume of the balloon as it ascends from 1.00 atm to 
a pressure of 220. torr?
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 64. A hot-air balloon is filled with air to a volume of 4.00 3 
103 m3 at 745 torr and 218C. The air in the balloon is then 
heated to 628C, causing the balloon to expand to a volume of 
4.20 3 103 m3. What is the ratio of the number of moles of air 
in the heated balloon to the original number of moles of air in 
the balloon? (Hint: Openings in the balloon allow air to flow 
in and out. Thus the pressure in the balloon is always the same 
as that of the atmosphere.)

Gas Density, Molar Mass, and Reaction Stoichiometry

 65. Consider the following reaction:

4Al 1s2 1 3O2 1g2 h 2Al2O3 1s2
  It takes 2.00 L of pure oxygen gas at STP to react completely 

with a certain sample of aluminum. What is the mass of alumi-
num reacted?

 66. A student adds 4.00 g of dry ice (solid CO2) to an empty bal-
loon. What will be the volume of the balloon at STP after all 
the dry ice sublimes (converts to gaseous CO2)?

 67. Air bags are activated when a severe impact causes a steel ball 
to compress a spring and electrically ignite a detonator cap. 
This causes sodium azide (NaN3) to decompose explosively 
according to the following reaction:

2NaN3 1s2 h 2Na 1s2 1 3N2 1g2
  What mass of NaN3(s) must be reacted to inflate an air bag to 

70.0 L at STP?

 68. Concentrated hydrogen peroxide solutions are explosively de-
composed by traces of transition metal ions (such as Mn or Fe):

2H2O2 1aq2 h 2H2O 1l2 1 O2 1g2
  What volume of pure O2(g), collected at 278C and 746 torr, 

would be generated by decomposition of 125 g of a 50.0% by 
mass hydrogen peroxide solution? Ignore any water vapor that 
may be present.

 69. In 1897 the Swedish explorer Andreé tried to reach the North 
Pole in a balloon. The balloon was filled with hydrogen gas. 
The hydrogen gas was prepared from iron splints and diluted 
sulfuric acid. The reaction is

Fe 1s2 1 H2SO4 1aq2 h FeSO4 1aq2 1 H2 1g2
  The volume of the balloon was 4800 m3 and the loss of hydro-

gen gas during filling was estimated at 20.%. What mass of 
iron splints and 98% (by mass) H2SO4 were needed to ensure 
the complete filling of the balloon? Assume a temperature of 
08C, a pressure of 1.0 atm during filling, and 100% yield.

 70. Sulfur trioxide, SO3, is produced in enormous quantities each 
year for use in the synthesis of sulfuric acid.

 S 1s2 1 O2 1g2 h SO2 1g2
 2SO2 1g2 1 O2 1g2 h 2SO3 1g2

  What volume of O2(g) at 350.8C and a pressure of 5.25 atm is 
needed to completely convert 5.00 g sulfur to sulfur trioxide?

 71. A 15.0-L rigid container was charged with 0.500 atm of kryp-
ton gas and 1.50 atm of chlorine gas at 350.8C. The krypton 
and chlorine react to form krypton tetrachloride. What mass of 
krypton tetrachloride can be produced assuming 100% yield?

 72. An important process for the production of acrylonitrile 
(C3H3N) is given by the following equation:

2C3H6 1g2 1 2NH3 1g2 1 3O2 1g2 h 2C3H3N 1g2 1 6H2O 1g2
  A 150.-L reactor is charged to the following partial pressures 

at 258C:

 PC3H6
5 0.500 MPa

 PNH3
5 0.800 MPa

 PO2
5 1.500 MPa

  What mass of acrylonitrile can be produced from this mixture 
(MPa 5 106 Pa)?

 73. Consider the reaction between 50.0 mL liquid methanol, 
CH3OH (density 5 0.850 g/mL), and 22.8 L O2 at 278C and a 
pressure of 2.00 atm. The products of the reaction are CO2(g) 
and H2O(g). Calculate the number of moles of H2O formed if 
the reaction goes to completion.

 74. Urea (H2NCONH2) is used extensively as a nitrogen source in 
fertilizers. It is produced commercially from the reaction of 
ammonia and carbon dioxide:

2NH3 1g2 1 CO2 1g2  8888n H2NCONH2 1s2 1 H2O 1g2
  Ammonia gas at 2238C and 90. atm flows into a reactor at a 

rate of 500. L/min. Carbon dioxide at 2238C and 45 atm flows 
into the reactor at a rate of 600. L/min. What mass of urea is 
produced per minute by this reaction assuming 100% yield?

 75. Hydrogen cyanide is prepared commercially by the reaction of 
methane, CH4(g), ammonia, NH3(g), and oxygen, O2(g), at 
high temperature. The other product is gaseous water.

a. Write a chemical equation for the reaction.

b. What volume of HCN(g) can be obtained from the reaction 
of 20.0 L CH4(g), 20.0 L NH3(g), and 20.0 L O2(g)? The 
volumes of all gases are measured at the same temperature 
and pressure.

 76. Ethene is converted to ethane by the reaction

C2H4 1g2 1 H2 1g2  8888n C2H6 1g2
  C2H4 flows into a catalytic reactor at 25.0 atm and 300.8C with 

a flow rate of 1000. L/min. Hydrogen at 25.0 atm and 300.8C 
flows into the reactor at a flow rate of 1500. L/min. If 15.0 kg 
C2H6 is collected per minute, what is the percent yield of the 
reaction?

 77. An unknown diatomic gas has a density of 3.164 g/L at STP. 
What is the identity of the gas?

 78. A compound has the empirical formula CHCl. A 256-mL 
flask, at 373 K and 750. torr, contains 0.800 g of the gaseous 
compound. Give the molecular formula.

 79. Uranium hexafluoride is a solid at room temperature, but it 
boils at 568C. Determine the density of uranium hexafluoride 
at 60.8C and 745 torr.

 80. Given that a sample of air is made up of nitrogen, oxygen, and 
argon in the mole fractions 0.78 N2, 0.21 O2, and 0.010 Ar, what 
is the density of air at standard temperature and pressure?

Heat

Pressure

Catalyst

Unless otherwise noted, all art on this page is © Cengage Learning 2014.

237For	Review

11097_Ch05_0189-0244.indd   237 10/1/12   2:52 PM

Copyright 2012 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).

Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Partial Pressure

 81. Determine the partial pressure of each gas as shown in the 
figure below. Note: The relative numbers of each type of gas 
are depicted in the figure.

1 atm

He
Ne

Ar

 82. Consider the flasks in the following diagrams.

volume = X volume = X

Ne
He

a. Which is greater, the initial pressure of helium or the ini-
tial pressure of neon? How much greater?

b. Assuming the connecting tube has negligible volume, 
draw what each diagram will look like after the stopcock 
between the two flasks is opened.

c. Solve for the final pressure in terms of the original pres-
sures of helium and neon. Assume temperature is constant.

d. Solve for the final partial pressures of helium and neon in 
terms of their original pressures. Assume the temperature 
is constant.

 83. A piece of solid carbon dioxide, with a mass of 7.8 g, is placed 
in a 4.0-L otherwise empty container at 278C. What is the 
pressure in the container after all the carbon dioxide vapor-
izes? If 7.8 g solid carbon dioxide were placed in the same 
container but it already contained air at 740 torr, what would 
be the partial pressure of carbon dioxide and the total pressure 
in the container after the carbon dioxide vaporizes?

 84. A mixture of 1.00 g H2 and 1.00 g He is placed in a 1.00-L 
container at 278C. Calculate the partial pressure of each gas 
and the total pressure.

 85. Consider the flasks in the following diagram. What are the fi-
nal partial pressures of H2 and N2 after the stopcock between 
the two flasks is opened? (Assume the final volume is 3.00 L.) 
What is the total pressure (in torr)?

2.00 L H2

475 torr
1.00 L N2

0.200 atm

 86. Consider the flask apparatus in Exercise 85, which now con-
tains 2.00 L H2 at a pressure of 360. torr and 1.00 L N2 at an 
unknown pressure. If the total pressure in the flasks is 320. torr 
after the stopcock is opened, determine the initial pressure of 
N2 in the 1.00-L flask.

 87. Consider the three flasks in the diagram below. Assuming the 
connecting tubes have negligible volume, what is the partial 
pressure of each gas and the total pressure after all the stop-
cocks are opened?

He

1.00 L
200. torr

Ne Ar

1.00 L
0.400 atm

2.00 L
24.0 kPa

 88. At 08C a 1.0-L flask contains 5.0 3 1022 mole of N2, 1.5 3 102 
mg O2, and 5.0 3 1021 molecules of NH3. What is the partial 
pressure of each gas, and what is the total pressure in the 
flask?

 89. The partial pressure of CH4(g) is 0.175 atm and that of O2(g) 
is 0.250 atm in a mixture of the two gases.

a. What is the mole fraction of each gas in the mixture?

b. If the mixture occupies a volume of 10.5 L at 658C, calcu-
late the total number of moles of gas in the mixture.

c. Calculate the number of grams of each gas in the mixture.

 90. A tank contains a mixture of 52.5 g oxygen gas and 65.1 g 
carbon dioxide gas at 27°C. The total pressure in the tank is 
9.21 atm. Calculate the partial pressures of each gas in the 
container.

 91. Small quantities of hydrogen gas can be prepared in the labora-
tory by the addition of aqueous hydrochloric acid to metallic 
zinc.

Zn 1s2 1 2HCl 1aq2 h ZnCl2 1aq2 1 H2 1g2
  Typically, the hydrogen gas is bubbled through water for col-

lection and becomes saturated with water vapor. Suppose  
240. mL of hydrogen gas is collected at 30.8C and has a total 
pressure of 1.032 atm by this process. What is the partial pres-
sure of hydrogen gas in the sample? How many grams of zinc 
must have reacted to produce this quantity of hydrogen? (The 
vapor pressure of water is 32 torr at 308C.)

 92. Helium is collected over water at 258C and 1.00 atm total pres-
sure. What total volume of gas must be collected to obtain 
0.586 g helium? (At 258C the vapor pressure of water is 
23.8 torr.)

 93. At elevated temperatures, sodium chlorate decomposes to pro-
duce sodium chloride and oxygen gas. A 0.8765-g sample of 
impure sodium chlorate was heated until the production of 
oxygen gas ceased. The oxygen gas collected over water oc-
cupied 57.2 mL at a temperature of 228C and a pressure of 
734 torr. Calculate the mass percent of NaClO3 in the original 
sample. (At 228C the vapor pressure of water is 19.8 torr.)
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 94. Xenon and fluorine will react to form binary compounds when 
a mixture of these two gases is heated to 4008C in a nickel reac-
tion vessel. A 100.0-mL nickel container is filled with xenon 
and fluorine, giving partial pressures of 1.24 atm and 10.10 atm, 
respectively, at a temperature of 258C. The reaction vessel is 
heated to 4008C to cause a reaction to occur and then cooled to 
a temperature at which F2 is a gas and the xenon fluoride com-
pound produced is a nonvolatile solid. The remaining F2 gas is 
transferred to another 100.0-mL nickel container, where the 
pressure of F2

 at 258C is 7.62 atm. Assuming all of the xenon 
has reacted, what is the formula of the product?

 95. Methanol (CH3OH) can be produced by the following reaction:

CO 1g2 1 2H2 1g2 h CH3OH 1g2
  Hydrogen at STP flows into a reactor at a rate of 16.0 L/min. 

Carbon monoxide at STP flows into the reactor at a rate of 
25.0 L/min. If 5.30 g methanol is produced per minute, what 
is the percent yield of the reaction?

 96. In the “Méthode Champenoise,” grape juice is fermented in a 
wine bottle to produce sparkling wine. The reaction is

C6H12O6 1aq2 h 2C2H5OH 1aq2 1 2CO2 1g2
  Fermentation of 750. mL grape juice (density 5 1.0 g/cm3) is 

allowed to take place in a bottle with a total volume of 825 mL 
until 12% by volume is ethanol (C2H5OH). Assuming that the 
CO2 is insoluble in H2O (actually, a wrong assumption), what 
would be the pressure of CO2 inside the wine bottle at 258C? 
(The density of ethanol is 0.79 g/cm3.)

 97. Hydrogen azide, HN3, decomposes on heating by the follow-
ing unbalanced equation:

HN3 1g2 h N2 1g2 1 H2 1g2
  If 3.0 atm of pure HN3(g) is decomposed initially, what is the 

final total pressure in the reaction container? What are the par-
tial pressures of nitrogen and hydrogen gas? Assume the vol-
ume and temperature of the reaction container are constant.

 98. Equal moles of sulfur dioxide gas and oxygen gas are mixed in 
a flexible reaction vessel and then sparked to initiate the for-
mation of gaseous sulfur trioxide. Assuming that the reaction 
goes to completion, what is the ratio of the final volume of the 
gas mixture to the initial volume of the gas mixture if both 
volumes are measured at the same temperature and pressure?

 99. Some very effective rocket fuels are composed of lightweight 
liquids. The fuel composed of dimethylhydrazine [(CH3)2N2H2] 
mixed with dinitrogen tetroxide was used to power the Lunar 
Lander in its missions to the moon. The two components react 
according to the following equation:

1CH32 2N2H2 1l2 1 2N2O4 1l2 h 3N2 1g2 1 4H2O 1g2 1 2CO2 1g2
  If 150 g dimethylhydrazine reacts with excess dinitrogen te-

troxide and the product gases are collected at 1278C in an 
evacuated 250-L tank, what is the partial pressure of nitrogen 
gas produced and what is the total pressure in the tank assum-
ing the reaction has 100% yield?

 100. The oxides of Group 2A metals (symbolized by M here) react 
with carbon dioxide according to the following reaction:

MO 1s2 1 CO2 1g2 h MCO3 1s2
  A 2.85-g sample containing only MgO and CuO is placed in a 

3.00-L container. The container is filled with CO2 to a pressure 

of 740. torr at 20.8C. After the reaction has gone to completion, 
the pressure inside the flask is 390. torr at 20.8C. What is the 
mass percent of MgO in the mixture? Assume that only the MgO 
reacts with CO2.

Kinetic Molecular Theory and Real Gases

 101. Calculate the average kinetic energies of CH4(g) and N2(g) 
 mo lecules at 273 K and 546 K.

 102. A 100.-L flask contains a mixture of methane (CH4) and argon 
gases at 258C. The mass of argon present is 228 g and the mole 
fraction of methane in the mixture is 0.650. Calculate the total 
kinetic energy of the gaseous mixture.

 103. Calculate the root mean square velocities of CH4(g) and N2(g) 
molecules at 273 K and 546 K.

 104. Consider separate 1.0-L samples of He(g) and UF6(g), both at 
1.00 atm and containing the same number of moles. What ra-
tio of temperatures for the two samples would produce the 
same root mean square velocity?

 105. You have a gas in a container fitted with a piston and you 
change one of the conditions of the gas such that a change 
takes place, as shown below:

1.00 atm

  State two distinct changes you can make to accomplish this, 
and explain why each would work.

 106. You have a gas in a container fitted with a piston and you 
change one of the conditions of the gas such that a change 
takes place, as shown below:

volume = X volume = 2X

  State three distinct changes you can make to accomplish this, 
and explain why each would work.

 107. Consider a 1.0-L container of neon gas at STP. Will the aver-
age kinetic energy, average velocity, and frequency of colli-
sions of gas molecules with the walls of the container increase, 
decrease, or remain the same under each of the following 
conditions?

a. The temperature is increased to 1008C.

b. The temperature is decreased to 2508C.

c. The volume is decreased to 0.5 L.

d. The number of moles of neon is doubled.
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 108. Consider two gases, A and B, each in a 1.0-L container with 
both gases at the same temperature and pressure. The mass of 
gas A in the container is 0.34 g and the mass of gas B in the 
container is 0.48 g.

A

0.34 g

B

0.48 g

a. Which gas sample has the most molecules present? 
Explain.

b. Which gas sample has the largest average kinetic energy? 
Explain.

c. Which gas sample has the fastest average velocity? 
Explain.

d. How can the pressure in the two containers be equal to 
each other since the larger gas B molecules collide with 
the container walls more forcefully?

 109. Consider three identical flasks filled with different gases.

  Flask A: CO at 760 torr and 08C
  Flask B: N2 at 250 torr and 08C
  Flask C: H2 at 100 torr and 08C

a. In which flask will the molecules have the greatest aver-
age kinetic energy?

b. In which flask will the molecules have the greatest aver-
age velocity?

 110. Consider separate 1.0-L gaseous samples of H2, Xe, Cl2, and 
O2 all at STP.

a. Rank the gases in order of increasing average kinetic 
 energy.

b. Rank the gases in order of increasing average velocity.

c. How can separate 1.0-L samples of O2 and H2 each have 
the same average velocity?

 111. Freon-12 is used as a refrigerant in central home air condition-
ers. The rate of effusion of Freon-12 to Freon-11 (molar mass 
5 137.4 g/mol) is 1.07:1. The formula of Freon-12 is one of 
the following: CF4, CF3Cl, CF2Cl2, CFCl3, or CCl4. Which 
formula is correct for Freon-12?

 112. The rate of effusion of a particular gas was measured and 
found to be 24.0 mL/min. Under the same conditions, the rate 
of effusion of pure methane (CH4) gas is 47.8 mL/min. What 
is the molar mass of the unknown gas?

 113. One way of separating oxygen isotopes is by gaseous diffu-
sion of carbon monoxide. The gaseous diffusion process be-
haves like an effusion process. Calculate the relative rates of 
effusion of 12C16O, 12C17O, and 12C18O. Name some advan-
tages and disadvantages of separating oxygen isotopes by gas-
eous diffusion of carbon dioxide instead of carbon monoxide.

 114. It took 4.5 minutes for 1.0 L helium to effuse through a porous 
barrier. How long will it take for 1.0 L Cl2 gas to effuse under 
identical conditions?

 115. Calculate the pressure exerted by 0.5000 mole of N2 in a 
1.0000-L container at 25.08C

a. using the ideal gas law.

b. using the van der Waals equation.

c. Compare the results.

 116. Calculate the pressure exerted by 0.5000 mole of N2 in a 
10.000-L container at 25.08C

a. using the ideal gas law.

b. using the van der Waals equation.

c. Compare the results.

d. Compare the results with those in Exercise 115.

Atmosphere Chemistry

 117. Use the data in Table 5.4 to calculate the partial pressure of He 
in dry air assuming that the total pressure is 1.0 atm. Assuming 
a temperature of 258C, calculate the number of He atoms per 
cubic centimeter.

 118. A 1.0-L sample of air is collected at 258C at sea level 
(1.00 atm). Estimate the volume this sample of air would have 
at an altitude of 15 km (see Fig. 5.30). At 15 km, the pressure 
is about 0.1 atm.

 119. Write an equation to show how sulfuric acid is produced in the 
atmosphere.

 120. Write an equation to show how sulfuric acids in acid rain re-
acts with marble and limestone. (Both marble and limestone 
are primarily calcium carbonate.)

 121. Atmospheric scientists often use mixing ratios to express the 
concentrations of trace compounds in air. Mixing ratios are 
often expressed as ppmv (parts per million volume):

ppmv of X 5
vol of X at STP

total vol of air at STP
3 106

  On a certain November day, the concentration of carbon 
monoxide in the air in downtown Denver, Colorado, reached 
3.0 3 102 ppmv. The atmospheric pressure at that time was 
628 torr and the temperature was 08C.

a. What was the partial pressure of CO?

b. What was the concentration of CO in molecules per 
cubic meter?

c. What was the concentration of CO in molecules per cubic 
centimeter?

 122. Trace organic compounds in the atmosphere are first concen-
trated and then measured by gas chromatography. In the con-
centration step, several liters of air are pumped through a 
tube containing a porous substance that traps organic com-
pounds. The tube is then connected to a gas chromatograph 
and heated to release the trapped compounds. The organic 
compounds are separated in the column and the amounts are 
measured. In an analysis for benzene and toluene in air, a 
3.00-L sample of air at 748 torr and 238C was passed through 
the trap. The gas chromatography analysis showed that this 
air sample contained 89.6 ng benzene (C6H6) and 153 ng 
toluene (C7H8). Calculate the mixing ratio (see Exercise 121) 
and number of molecules per cubic centimeter for both ben-
zene and toluene.
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Additional	Exercises
 123. Draw a qualitative graph to show how the first property varies 

with the second in each of the following (assume 1 mole of an 
ideal gas and T in kelvin).

a. PV versus V with constant T

b. P versus T with constant V

c. T versus V with constant P

d. P versus V with constant T

e. P versus 1yV with constant T

f. PVyT versus P

 124. At STP, 1.0 L Br2 reacts completely with 3.0 L F2, producing 
2.0 L of a product. What is the formula of the product? (All 
substances are gases.)

 125. A form of Boyle’s law is PV 5 k (at constant T and n). Table 
5.1 contains actual data from pressure–volume experiments 
conducted by Robert Boyle. The value of k in most experi-
ments is 14.1 3 102 in Hg ? in3. Express k in units of atm ? L. 
In Example 5.3, k was determined for NH3 at various pres-
sures and volumes. Give some reasons why the k values differ 
so dramatically between Example 5.3 and Table 5.1.

 126. A 2.747-g sample of manganese metal is reacted with ex-
cess HCl gas to produce 3.22 L H2(g) at 373 K and 0.951 
atm and a manganese chloride compound (MnClx). What is 
the  formula of the manganese chloride compound produced 
in the reaction?

 127. A 1.00-L gas sample at 100.8C and 600. torr contains 50.0% 
helium and 50.0% xenon by mass. What are the partial pres-
sures of the individual gases?

 128. Cyclopropane, a gas that when mixed with oxygen is used as 
a general anesthetic, is composed of 85.7% C and 14.3% H by 
mass. If the density of cyclopropane is 1.88 g/L at STP, what 
is the molecular formula of cyclopropane?

 129. The nitrogen content of organic compounds can be determined 
by the Dumas method. The compound in question is first re-
acted by passage over hot CuO(s):

Compound 8888n N2 1g2 1 CO2 1g2 1 H2O 1g2
  The product gas is then passed through a concentrated solu-

tion of KOH to remove the CO2. After passage through the 
KOH solution, the gas contains N2 and is saturated with water 
vapor. In a given experiment a 0.253-g sample of a compound 
produced 31.8 mL N2 saturated with water vapor at 258C and 
726 torr. What is the mass percent of nitrogen in the com-
pound? (The vapor pressure of water at 258C is 23.8 torr.)

 130. An organic compound containing only C, H, and N yields the 
following data.

 i.  Complete combustion of 35.0 mg of the compound pro-
duced 33.5 mg CO2 and 41.1 mg H2O.

 ii.  A 65.2-mg sample of the compound was analyzed for 
 nitrogen by the Dumas method (see Exercise 129),  
giving 35.6 mL of dry N2 at 740. torr and 258C.

 iii.  The effusion rate of the compound as a gas was mea-
sured and found to be 24.6 mL/min. The effusion rate of 
argon gas, under identical conditions, is 26.4 mL/min.

  What is the molecular formula of the compound?

 131. A 15.0-L tank is filled with H2 to a pressure of 2.00 3 102 atm. 
How many balloons (each 2.00 L) can be inflated to a pressure 

Hot

CuO(s)

of 1.00 atm from the tank? Assume that there is no tempera-
ture change and that the tank cannot be emptied below  
1.00 atm  pressure.

 132. A spherical glass container of unknown volume contains he-
lium gas at 258C and 1.960 atm. When a portion of the helium 
is withdrawn and adjusted to 1.00 atm at 258C, it is found to 
have a volume of 1.75 cm3. The gas remaining in the first con-
tainer shows a pressure of 1.710 atm. Calculate the volume of 
the spherical container.

 133. A 2.00-L sample of O2(g) was collected over water at a total 
pressure of 785 torr and 258C. When the O2(g) was dried (wa-
ter vapor removed), the gas had a volume of 1.94 L at 258C 
and 785 torr. Calculate the vapor pressure of water at 258C.

 134. A 20.0-L stainless steel container at 258C was charged with 
2.00 atm of hydrogen gas and 3.00 atm of oxygen gas. A spark 
ignited the mixture, producing water. What is the pressure in 
the tank at 258C? If the exact same experiment were per-
formed, but the temperature was 1258C instead of 258C, what 
would be the pressure in the tank?

 135. Metallic molybdenum can be produced from the mineral mo-
lybdenite, MoS2. The mineral is first oxidized in air to molyb-
denum trioxide and sulfur dioxide. Molybdenum trioxide is 
then reduced to metallic molybdenum using hydrogen gas. 
The balanced equations are

 MoS2 1s2 1 7
2 O2 1g2 h MoO3 1s2 1 2SO2 1g2

 MoO3 1s2 1 3H2 1g2 h Mo 1s2 1 3H2O 1l2
  Calculate the volumes of air and hydrogen gas at 178C and 

1.00 atm that are necessary to produce 1.00 3 103 kg pure 
molyb denum from MoS2. Assume air contains 21% oxygen 
by volume, and assume 100% yield for each reaction.

 136. Nitric acid is produced commercially by the Ostwald process. 
In the first step ammonia is oxidized to nitric oxide:

4NH3 1g2 1 5O2 1g2 h 4NO 1g2 1 6H2O 1g2
  Assume this reaction is carried out in the apparatus diagramed 

below.

2.00 L NH3
0.500 atm

1.00 L O2
1.50 atm

  The stopcock between the two reaction containers is opened, 
and the reaction proceeds using proper catalysts. Calculate the 
partial pressure of NO after the reaction is complete. Assume 
100% yield for the reaction, assume the final container volume 
is 3.00 L, and assume the temperature is constant.

 137. A compound contains only C, H, and N. It is 58.51% C and 
7.37% H by mass. Helium effuses through a porous frit 3.20 
times as fast as the compound does. Determine the empirical 
and molecular formulas of this compound.

 138. One of the chemical controversies of the nineteenth century 
concerned the element beryllium (Be). Berzelius originally 
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claimed that beryllium was a trivalent element (forming Be31 
ions) and that it gave an oxide with the formula Be2O3. This 
resulted in a calculated atomic mass of 13.5 for beryllium. In 
formulating his periodic table, Mendeleev proposed that be-
ryllium was divalent (forming Be21 ions) and that it gave an 
oxide with the formula BeO. This assumption gives an atomic 
mass of 9.0. In 1894, A. Combes (Comptes Rendus 1894, 
p. 1221) reacted beryllium with the anion C5H7O2

2 and mea-
sured the density of the gaseous product. Combes’s data for 
two different experiments are as follows:

I II

Mass 0.2022 g 0.2224 g
Volume 22.6 cm3 26.0 cm3

Temperature 138C 178C
Pressure 765.2 mm Hg 764.6 mm

  If beryllium is a divalent metal, the molecular formula of the 
product will be Be(C5H7O2)2; if it is trivalent, the formula will 
be Be(C5H7O2)3. Show how Combes’s data help to confirm 
that beryllium is a divalent metal.

 139. An organic compound contains C, H, N, and O. Combustion 
of 0.1023 g of the compound in excess oxygen yielded  
0.2766 g CO2 and 0.0991 g H2O. A sample of 0.4831 g of the 
compound was analyzed for nitrogen by the Dumas method 
(see Exercise 129). At STP, 27.6 mL of dry N2 was obtained. 
In a third  experiment, the density of the compound as a gas 
was found to be 4.02 g/L at 1278C and 256 torr. What are the 
empirical and molecular formulas of the compound?

 140. Consider the following diagram:

B

A

H2

  Container A (with porous walls) is filled with air at STP. It is 
then inserted into a large enclosed container (B), which is then 
flushed with H2(g). What will happen to the pressure inside 
container A? Explain your answer.

ChemWork	Problems
These multiconcept problems (and additional ones) are found inter-
actively online with the same type of assistance a student would get 
from an instructor.

 141. A glass vessel contains 28 g of nitrogen gas. Assuming ideal 
behavior, which of the processes listed below would double 
the pressure exerted on the walls of the vessel?

a. Adding 28 g of oxygen gas

b. Raising the temperature of the container from 2738C to 
1278C

c. Adding enough mercury to fill one-half the container

d. Adding 32 g of oxygen gas

e. Raising the temperature of the container from 30.8C to 
60.8C

 142. A steel cylinder contains 150.0 moles of argon gas at a tem-
perature of 258C and a pressure of 8.93 MPa. After some ar-
gon has been used, the pressure is 2.00 MPa at a temperature 
of 198C. What mass of argon remains in the cylinder?

 143. A certain flexible weather balloon contains helium gas at a 
volume of 855 L. Initially, the balloon is at sea level where the 
temperature is 258C and the barometric pressure is 730 torr. 
The balloon then rises to an altitude of 6000 ft, where the pres-
sure is 605 torr and the temperature is 158C. What is the 
change in volume of the balloon as it ascends from sea level to 
6000 ft?

 144. A large flask with a volume of 936 mL is evacuated and found 
to have a mass of 134.66 g. It is then filled to a pressure of 
0.967 atm at 318C with a gas of unknown molar mass and then 
reweighed to give a new mass of 135.87 g. What is the molar 
mass of this gas?

 145. A 20.0-L nickel container was charged with 0.859 atm of xe-
non gas and 1.37 atm of fluorine gas at 4008C. The xenon and 
fluorine react to form xenon tetrafluoride. What mass of xenon 
tetrafluoride can be produced assuming 100% yield?

 146. Consider the unbalanced chemical equation below:

CaSiO3 1s2 1 HF 1g2 h CaF2 1aq2 1 SiF4 1g2 1 H2O 1l2
  Suppose a 32.9-g sample of CaSiO3 is reacted with 31.8 L of 

HF at 27.08C and 1.00 atm. Assuming the reaction goes to 
completion, calculate the mass of the SiF4 and H2O produced 
in the reaction.

 147. Consider separate 1.0-L gaseous samples of He, N2, and O2, 
all at STP and all acting ideally. Rank the gases in order of 
increasing average kinetic energy and in order of increasing 
average velocity.

 148. Which of the following statements is(are) true?

a. If the number of moles of a gas is doubled, the volume 
will double, assuming the pressure and temperature of the 
gas remain constant.

b. If the temperature of a gas increases from 258C to 508C, 
the volume of the gas would double, assuming that the 
pressure and the number of moles of gas remain constant.

c. The device that measures atmospheric pressure is called a 
barometer.

d. If the volume of a gas decreases by one half, then the 
pressure would double, assuming that the number of 
moles and the temperature of the gas remain constant.

Challenge	Problems
 149. A chemist weighed out 5.14 g of a mixture containing un-

known amounts of BaO(s) and CaO(s) and placed the sample in 
a 1.50-L flask containing CO2(g) at 30.08C and 750. torr. After 
the reaction to form BaCO3(s) and CaCO3(s) was completed, 
the pressure of CO2(g) remaining was 230. torr. Calculate the 
mass percentages of CaO(s) and BaO(s) in the mixture.

 150. A mixture of chromium and zinc weighing 0.362 g was re-
acted with an excess of hydrochloric acid. After all the metals 
in the mixture reacted, 225 mL dry of hydrogen gas was col-
lected at 278C and 750. torr. Determine the mass percent of Zn 
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in the metal sample. [Zinc reacts with hydrochloric acid to 
produce zinc chloride and hydrogen gas; chromium reacts 
with hydrochloric acid to produce chromium(III) chloride and 
hydrogen gas.]

 151. Consider a sample of a hydrocarbon (a compound consisting 
of only carbon and hydrogen) at 0.959 atm and 298 K. Upon 
combusting the entire sample in oxygen, you collect a mixture 
of gaseous carbon dioxide and water vapor at 1.51 atm and 
375 K. This mixture has a density of 1.391 g/L and occupies a 
volume four times as large as that of the pure hydrocarbon. 
Determine the molecular formula of the hydrocarbon.

 152. You have an equimolar mixture of the gases SO2 and O2, along 
with some He, in a container fitted with a piston. The density 
of this mixture at STP is 1.924 g/L. Assume ideal behavior and 
constant temperature and pressure.

a. What is the mole fraction of He in the original mixture?

b. The SO2 and O2 react to completion to form SO3. What is 
the density of the gas mixture after the reaction is complete?

 153. Methane (CH4) gas flows into a combustion chamber at a rate 
of 200. L/min at 1.50 atm and ambient temperature. Air is 
added to the chamber at 1.00 atm and the same temperature, 
and the gases are ignited.

a. To ensure complete combustion of CH4 to CO2(g) and 
H2O(g), three times as much oxygen as is necessary is 
reacted. Assuming air is 21 mole percent O2 and 79 mole 
percent N2, calculate the flow rate of air necessary to 
deliver the required amount of oxygen.

b. Under the conditions in part a, combustion of methane 
was not complete as a mixture of CO2(g) and CO(g) was 
produced. It was determined that 95.0% of the carbon in 
the exhaust gas was present in CO2. The remainder was 
present as carbon in CO. Calculate the composition of the 
exhaust gas in terms of mole fraction of CO, CO2, O2, N2, 
and H2O. Assume CH4 is completely reacted and N2 is 
unreacted.

 154. A steel cylinder contains 5.00 mole of graphite (pure carbon) 
and 5.00 moles of O2. The mixture is ignited and all the graph-
ite reacts. Combustion produces a mixture of CO gas and CO2 
gas. After the cylinder has cooled to its original temperature, it 
is found that the pressure of the cylinder has increased by 
17.0%. Calculate the mole fractions of CO, CO2, and O2 in the 
final gaseous mixture.

 155. The total mass that can be lifted by a balloon is given by the 
difference between the mass of air displaced by the balloon 
and the mass of the gas inside the balloon. Consider a hot-air 
balloon that approximates a sphere 5.00 m in diameter and 
contains air heated to 658C. The surrounding air temperature 
is 218C. The pressure in the balloon is equal to the atmospheric 
pressure, which is 745 torr.

a. What total mass can the balloon lift? Assume that the 
average molar mass of air is 29.0 g/mol. (Hint: Heated air 
is less dense than cool air.)

b. If the balloon is filled with enough helium at 218C and 
745 torr to achieve the same volume as in part a, what 
total mass can the balloon lift?

c. What mass could the hot-air balloon in part a lift if it were 
on the ground in Denver, Colorado, where a typical atmo-
spheric pressure is 630. torr?

 156. You have a sealed, flexible balloon filled with argon gas. The 
 atmospheric pressure is 1.00 atm and the temperature is 258C. 
 Assume that air has a mole fraction of nitrogen of 0.790, the rest 
being oxygen.

a. Explain why the balloon would float when heated. Make 
sure to discuss which factors change and which remain 
constant, and why this matters.

b. Above what temperature would you heat the balloon so 
that it would float?

 157. You have a helium balloon at 1.00 atm and 258C. You want to 
make a hot-air balloon with the same volume and same lift as 
the helium balloon. Assume air is 79.0% nitrogen and 21.0% 
oxygen by volume. The “lift” of a balloon is given by the dif-
ference between the mass of air displaced by the balloon and 
the mass of gas inside the balloon.

a. Will the temperature in the hot-air balloon have to be 
higher or lower than 258C? Explain.

b. Calculate the temperature of the air required for the hot-
air balloon to provide the same lift as the helium balloon 
at 1.00 atm and 258C. Assume atmospheric conditions are 
1.00 atm and 258C.

 158. We state that the ideal gas law tends to hold best at low pres-
sures and high temperatures. Show how the van der Waals equa-
tion simplifies to the ideal gas law under these conditions.

 159. You are given an unknown gaseous binary compound (that is, 
a compound consisting of two different elements). When 10.0 
g of the compound is burned in excess oxygen, 16.3 g of water 
is  produced. The compound has a density 1.38 times that of 
oxygen gas at the same conditions of temperature and pres-
sure. Give a possible identity for the unknown compound.

 160. Nitrogen gas (N2) reacts with hydrogen gas (H2) to form am-
monia gas (NH3). You have nitrogen and hydrogen gases in a 
15.0-L container fitted with a movable piston (the piston al-
lows the container volume to change so as to keep the pres-
sure constant inside the container). Initially the partial pres-
sure of each reactant gas is 1.00 atm. Assume the temperature 
is constant and that the reaction goes to completion.

a. Calculate the partial pressure of ammonia in the container 
after the reaction has reached completion.

b. Calculate the volume of the container after the reaction 
has reached completion.

Integrative	Problems
These problems require the integration of multiple concepts to find 
the solutions.

 161. In the presence of nitric acid, UO21 undergoes a redox pro-
cess. It is converted to UO2

21 and nitric oxide (NO) gas is 
produced according to the following unbalanced equation:

H1 1aq2 1 NO3
2 1aq2 1 UO21 1aq2 h

NO 1g2 1 UO2
21 1aq2 1 H2O 1l2

  If 2.55 3 102 mL NO(g) is isolated at 298C and 1.5 atm, what 
amount (moles) of UO21 was used in the reaction? (Hint: Bal-
ance the reaction by the oxidation states method.)
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 162. Silane, SiH4, is the silicon analogue of methane, CH4. It is 
prepared industrially according to the following equations:

 Si 1s2 1 3HCl 1g2 h HSiCl3 1l2 1 H2 1g2
 4HSiCl3 1l2 h SiH4 1g2 1 3SiCl4 1l2

a. If 156 mL HSiCl3 (d 5 1.34 g/mL) is isolated when 15.0 L  
HCl at 10.0 atm and 358C is used, what is the percent yield 
of HSiCl3?

b. When 156 mL HSiCl3 is heated, what volume of SiH4 at 
10.0 atm and 358C will be obtained if the percent yield of 
the reaction is 93.1%?

 163. Solid thorium(IV) fluoride has a boiling point of 16808C. 
What is the density of a sample of gaseous thorium(IV) fluo-
ride at its boiling point under a pressure of 2.5 atm in a 1.7-L 
container? Which gas will effuse faster at 16808C, thorium(IV) 
fluoride or uranium(III) fluoride? How much faster?

 164. Natural gas is a mixture of hydrocarbons, primarily methane 
(CH4) and ethane (C2H6). A typical mixture might have xmethane 5 
0.915 and xethane 5 0.085. What are the partial pressures of the 
two gases in a 15.00-L container of natural gas at 20.8C and 

1.44 atm? Assuming complete combustion of both gases in the 
natural gas sample, what is the total mass of water formed?

Marathon	Problem
This problem is designed to incorporate several concepts and tech-
niques into one situation.

 165. Consider an equimolar mixture (equal number of moles) of 
two diatomic gases (A2 and B2) in a container fitted with a 
piston. The gases react to form one product (which is also a 
gas) with the formula AxBy. The density of the sample after the 
reaction is complete (and the temperature returns to its origi-
nal state) is 1.50 times greater than the density of the reactant 
mixture.

a. Specify the formula of the product, and explain if more 
than one answer is possible based on the given data.

b. Can you determine the molecular formula of the product 
with the information given or only the empirical formula?

Marathon	Problems	can	be	used	in	class	by	groups	of	students	to	
help	facilitate	problem-solving	skills.
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