CHAPTER 6
" THERMOCHEMISTRY

PROBLEM-SOLVING STRATEGIES AND TUTORIAL SOLUTIONS

TYPES OF PROBLEMS

Problem Type 1: The First Law of Thermodynamics.
(a) Applying the First Law of Thermodynamics.
(b) Calculating the work done in gas expansion.
(¢) Enthalpy and the First Law of Thermodynamics. Calculating the internal energy change of a
gaseous reaction.

Problem Type 2: Thermochemical Equations.
Problem Type 3: Calculating Heat Absorbed or Released Using Specific Heat Data.

Problem Type 4: Calorimetry.
(a) Constant-volume calorimetry.
(b) Constant-pressure calorimetry.

Problem Type 5: Standard Enthalpy of Formation and Reaction, '
- (a) Calculating the standard enthalpy of reaction.
(b) Direct method of calculating the standard enthalpy of formation.
(¢) Indirect method of calculating the standard enthalpy of formation, Hess’s law.

PROBLEM TYPE 1: THE FIRST LAW OF THERMODYNAMICS

A. Applying the First Law of Thermodynamics | «

The First Law of Thermodynamics states that energy can be converted from one form to another, but cannot be
created or destroyed. Another way of stating the first law is that the energy of the universe is constant, The universe
is composed of both the system and the surroundings. :

AEgys + AEguer = 0

where, )
the subscripts “sys” and “surr” denote system and surroundings, respectively.

However, in chemistry, we are normally interested in the changes associated with the system (which may be a flask
containing reactants and products), not with its surroundings. Therefore, a more useful form of the first law is

AE = g+w (6.1, text)
where,
AE is the change in the internal energy of the system
g is the heat exchange between the system and surroundings
w is the work done on {or by) the system

Using the sign convention for thermochemical processes (see Section 6.3 of your text for discussion), g is positive for
an endothermic process and negative for an exothermic process. For work, w is positive for work done on the system
by the surroundings and negative for work done by the system on the surroundings. Try to understand the sign

convention in this manner. If a system loses heat to the surroundings or does work on the surroundings, we expect its
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internal energy to decrease since both processes are energy depleting. Conversely, if heat is added to the system or if
work is done on the sysfem, then the internal energy of the system would increase.

EXAMPLE 6.1 .
A system does 975 kJ of work on its surroundings while at the same time it absorbs 625 kJ of heat. What is the
change in energy, AE, for the system?

Strategy: The system does work on the surroundings, so what is the sign for w? Heat is absorbed by the gas from
the surroundings. Is this an endothermic or exothermic process? What is the sign for g7

Solution: To calculate the energy change of the gas (AE), we need Equation (6.1) of the text. To solve this problem,
you must make sure to get the sign convention correct. The system does work on the surroundings; this is an energy-
depleting process.

w=-975kJ

The system absorbs 625 kJ of heat. Therefore, the internal energy of the system would increase.

q = +625kJ
Finally,

AE = g+w = 625kJ + (=975 kJ) = ~350 kJ

PRACTICE EXERCISE

1.  The surroundings do 455 kJ of work on the system while at the same time the system releases 253 kJ of heat.
What is the change in energy, AE, for the system?

Text Problem: 6.18

B. Calculating the work done in gas expansion

A useful example of mechanical work is the expansion of a gas. Picture a gas-filled cylinder that is fitted with a
weightless, frictionless, movable piston, at a certain temperature, pressure, and volume. As the gas expands, it
pushes the piston upward against a constant, opposing, external atmospheric pressure, P. The gas (system) is doing
work on the surroundings. The work can be calculated as follows:

w = —PAV (6.3, text)
where,
P is the external pressure
AV is the change in volume (Fr— V)
Note: The minus sign in the equation takes care of the sign convention for w. For gas expansion,
AV>0, so —PAV is a negative quantity. When a gas expands, it’s doing work on the surroundings;
the internal energy of the system decreases. For gas compression, AV <0, so ~PAV is a positive
quantity. When a gas is compressed, the surroundings are doing work on the system, increasing the
internal energy. '
EXAMPLE 6.2

A gas initially at a pressure of 10.0 atm and occupying a volume of 5.0 L is allowed to expand at constant
temperature against a constant external pressure of 4.0 atm. After expansion, the gas occupies a volume of
12.5 L. Calculate the work done by the gas on the surroundings.

Strategy: The work done in gas expansion is equal to the product of the external, opposing pressure and the change
in volume [Equation (6.3) of the text].

w = —PAV

What is the conversion factor between L-atm and J? -
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Solution: We are given the external pressure in the problem, but we must calculate AV

AV = Vi-¥; = 125L-50L = 75L

Substitute P and AV into Equation (6.3) of the text and solve for w.
w = —PAV = —(4.0 atm)(7.5L) = -3.0 x 10" L-atm

It would be more convenient to express w in units of joules. The following conversion factor can be obtained from
Appendix 1 of the text: '
1 Latm = 101.37

Thus, we can write:
101,317

W= (—3.0x1o‘/r49nﬁ)_xm = -3.0x10°J

Check: Because this is gas expansion (work is done by the system on the surroundings), the work done has a
negative sign.

PRACTICE EXERCISE

2. Calculate the work done on the system when 6.0 L of a gas is compressed to 1.0 L by a constant external
pressure of 2.0 atm.

Text Problem: 6.20

C. Enthalpy and the First Law of Thermodynamics—Calculating the internal
energy change of a gaseous reaction
Let’s return to the following form of the first law of thermodynamics.

AEsys = q+w

G

Under constant-pressure conditions we can write:
AE = gpt+w
Recall that the heat evolved or absorbed (g) by a reaction carried out under constant-pressure conditions is equal to the
enthalpy change of the system, Af.
Thus,
AF = AH+w

Also, we know that for gas expansion or compression under a constant external pressure, w=—PAV. Substituting into
the above equation, we have:

AE = AH— PAV
Also, for an ideal gas at constant pr;assu.re,

PAY = A(nRT)

AV = A(nRT)

P

PR
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Substituting gives:
AE = AH ~ A(nRT)

Finally, at constant temperature,
AFE = AH— RTAn {(6.10, text)
where An is defined as

An = number of moles of product gases — number of moles of reactant gases

EXAMPLE 6.3
Calculate the change in internal energy when 1 mole of X; and 1/2 mole of O are converted to 1 mole of H2Q
at 1 atm and 25°C.

Hi(g) + %'Oz(g) — Hy0() AH® = -286 kJ/mol

Strategy: Calculate the total change in the number of moles of gas. Note that the product is a liquid, Substitute the
values of AH° and A into Equation (6.10) of the text.

Solution:

An = 0meol - (1 mol + 1/2 mol) = —1.5 mol
Substitute the values for AH° and An into Equation (6.10),
T =25°+273° = 298K

AE° = AH® - RTAn

AE® = —286 kl/mol — | 8.314 (298,1()(—1.5) X ﬁ = —282 kJ/mol
mol . 1000

PRACTICE EXERCISE '

3. Calculate the change in the internal energy when 1.0 mole of water vaporizes at 1.0 atm and 100°C. Assume that
water vapor is an ideal gas and that the volume of liquid water is negligible compared with that of steam at

100°C. [AHyap(H20) = 40.67 kJ/mol at 100°C].

Text Problem: 6.28

PROBLEM TYPE 2: THERMOCHEMICAL EQUATIONS

Equations showing both the mass and enthalpy relations are called thermochemical equations. The following
guidelines are helpful in writing and interpreting thermochemical equations:

1. The stoichiometric coefficients always refer to the number of moles of each substance.

2. When an equation is reversed, the roles of reactants and products change. Consequently, the magnitude

* of AH for the equation remains the same, but its sign changes,

3. Ifboth sides of a thermochemical equation are multiplied by a factor », then AH must also be multiplied
by the same factor.

4, When writing thermochemical equations, the physical states of all reactants and products must be
specified, because they help determine the actual enthalpy changes,

See Section 6.4 of your text for further discussion.
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EXAMPLE 6.4
Given the thermochemical equation

'SOx(g) + %‘02 (g) —— SO03(g) AH=-99 ki/mol

how much heat is evolved when (a) 1/2 mol of SO; reacts and (b) 3 mol of SO; reacts?

Strategy: The thermochemical equation shows that for every 1 mole of SO reacted, 99 kJ of heat are given off
(note the negative sign). We can write a conversion factor from this information.

-99 kJ
I mol SO,
Solution:
(a) If 1/2 mole of SO; reacts, that means that we are multiplying the equation by 1/2. Therefore, we must multiply
AH by 1/2.
heat evolved = 0.5 mol SOg X 2K 5.0 x 161 kJ
1mol 80,

{b) Following the same argument as in part (a):
heat evolved = 3(99 kJ) = 3.0 x 10 kJ
Why isn’t there a negative sign in our answer? The sign convention for an exothermic reaction (energy, as heat,

is released by the system) is negative (~AH). However, in the above example, we state that heat is evolved, so a
negative sign is unnecessary. :

Tip: Remember, that the heat evolved or absorbed (g) by a reaction carried out under constant-
pressure conditions is equal to the enthalpy change of the system, AH,

PRACTICE EXERCISE
4.  Given the thermochemical equation

SOa(g) + %Oz(g) —— S03(g) AH=-99klJ/mol

how tuch heat is evolved when 75 g of SOz is combusted?

Text Problem: 6.26

PROBLEM TYPE 3: CALCULATING HEAT ABSORBED OR RELEASED
USING SPECIFIC HEAT DATA

If the specific heat (5) and the amount of substance is known, then the change in the sample’s temperature (A7) will tell
us the amount of heat (g) that has been absorbed or released in a particular process. The equation for calculating the

heat change is given by:
msAt (6.12, text)

g
or
g = CAt

where m is the mass of the sample and At is the temperature change.

At = ffinal = finitial




CHAPTER 6: THERMOCHEMISTRY 151

EXAMPLE 6.5
How much heat is absorbed by 80.0 g of iron (Fe) when its temperature is raised from 25°C to 500°C? The
specific heat of iron is 0.444 J/g-°C.

Strategy: We know the mass, specific heat, and the change in temperature for iron. We can use Equation (6.12) of
the text to solve this problem.

Solution: Substitute the known values into Equation (6.12).

q = mFeSFell

(80.0 £(0.444 1/g2§(500 - 25)%¢ = 1.69 x 10* J

q

PRACTICE EXERCISE

S. A piece of iron initially at a temperature of 25°C absorbs 10.0 kJ of heat. If its mass is 50.0 g, calculate the final
temperature of the piece of iron. The specific heat of iron is 0.444 J/g-°C.

Text Problems: 6.34, 6.36

PROBLEM TYPE 4: CALORIMETRY

A. Constant-volume calorimetry

For a discussion of constant-volume calorimetry, see Section 6.5 of your text. Heat of combustion is usually
measured in a constant-volume calorimeter. The heat released during combustion is absorbed by the calorimeter.
Because no heat enters or leaves the system throughout the process, we can write:

Gsystem = 0 = Geal + Grxn
or,

drxn = —Gcal

The heat absorbed by the calorimeter can be calculated using the heat capacity of the bomb calorimeter and th
temperature rise. ‘

deal = Cealht

Note: The negative sign for gryy, indicates that heat was released during the combustion. You i
should expect this, because all combustion processes are exothermic. Thermal energy is transferred
from the system to the surroundings.

EXAMPLE 6.6
0.500 g of ethanol [CH3CH2OH(J}] was burned in a bomb calorimeter. The temperature of the water rose
1.60°C. The heat capacity of the calorimeter plus water was 9.06 kJ/°C.

(2) Write a balanced equation for the combustion of ethanol.
(b) Calculate the molar heat of combustion of ethanol

(a) Recall that a combustion reaction is typically a vigorous and exothermic reaction that takes place between

certain substances and oxygen. If the reactant contains only C, H, and/or O, then the products are CO; and H,0.
Therefore, the balanced equation for the combustion of ethanol is:

CH3CH20H(!) +302(g) —— 2C0s(g) + 3H20(g)
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(b . .
Strategy: Knowing the beat capacity and the temperature rise, how do we calculate the heat absorbed by the
calorimeter? What is the heat generated by the combustion of 0.500 g ethanol? What is the conversion factor

between grams and moles of ethanol?

Solution: The heat absorbed by the calorimeter and water is equal to the product of the heat capacity and the
temperature change. From Equation (6.16) of the text, assuming no heat is lost to the surroundings, we write

geal = CoalM
 Heal = (9.06 k1/°C)(1.60°C) = 14.5kJ

Because gsys = 0 = gcal + grxn, drin = ~Goal- The heat change of the reaction is —14.5 kJ. This is the heat released by
the combustion of 0.500 g of ethanol; therefore, we can write the conversion factor as

-14.5KJ
0.500 g ethanol

From the molar mass of ethanol and the above conversion factor, the heat of combustion of 1 mole of ethanol can be
calculated.
Methanoi = 2(12.01 g) +6(1.008 )+ 16.00 g = 46.07 g

“l45K 46'07‘% ethanol _ —1.34 x 10° kJ/mol ethanol
0.500 /g/ethanol 1 mol ethanol

Molar heat of combustion =

+

PRACTICE EXERCISE _

6. The combustion of benzoic acid is often used as a standard source of heat for calibrating combustion bomb
calorimeters. The heat of combustion of benzoic acid has been accurately determined to be 26.42 kJ/g. When
0.8000 g of benzoic acid was burned in a calorimeter containing water, a temperature rise of 4.08°C was
observed. What is the heat capacity of the bomb calorimeter plus water?

Text Problem: 6.102 -

B. Constant-pressure calorimetry

A simpler device than the constant-volume calorimeter is the constant-pressure calorimeter that is used to determine
the heat changes for noncombustion reactions. The reactions usually occur in solution. Because the measurements

are carried out under constant atmospheric pressure conditions, the heat change for the process (grxn) is equal to the
enthalpy change (AH).

The heat released during reaction is absorbed both by the solution in the calorimeter. We ignore the small heat
capacity of the calorimeter in our calculations. Because no heat enters or leaves the system throughout the process,
we can write:
gsystem = 0 = gsoln + Irxn
or,

Gsoln = —dmxn
"The heat absorbed by the solution can be calculated using the equation

Gsoln = MsolnSsolndM
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EXAMPLE 6.7
The heat of neutralization for the following reaction is —56.2 kJ/mol.

NaOH(ag) + HCl(ag) —> NaCl(ag) + H20()

1.00 x 10% mL of 1.50 M HCl is mixed with 1.00 x 10> mL of 1.50 M NaOH in a constant-pressure calorimeter.

The initial temperature of the HCl and NaOH solutions is the same, 23.2°C. Calculate the final temperature of
the mixed solution. Assume that the density and specific heat of the mixed solution is the same as for water

(1.00 g/mL and 4.184 J/g-°C, respectively).

._ ..._.,_. .

Strategy: The neutralization reaction is exothermic. 56.2 kJ of heat are released when 1 mole of H' reacts with

1 mole of OH . Assuming no heat is lost to the surroundings, we can equate the heat lost by the reaction to the heat
gained by the combined solution. How do we calculate the heat released during the reaction? Are we reacting 1 mole

of H" with 1 mole of OH ? How do we calculate the heat absorbed by the combined solution?

Solution: Assuming no heat is lost to the surroundings, we can write:

Gsoln + Grxn = 0
or

dsoln = —qrxn
First, let's set up how we would calculate the heat gained by the solution,

- gsoln = MisolnSsolnAl

where m and s are the mass and specific heat of the solution and Ar'= fp— 4.

We assume that the specific heat of the solution is the same as the specific heat of water, and we assume that the
density of the solution is the same as the density of water (1.00 g/mL). Since the density is 1.00 g/mL, the mass of
200 mL of solution (100 mL + 100 mL) is 200 g.

Substituting into the equation above, the heat gained by the solution can be represented as:

Fsoln = (2.00 x'10% g)(4.184 V/g-°C)(tr— 23.2°C)

Next, let's calculate grxa, the heat released when 100 mL of 1.50 M HCI are mixed with 100 mL of 1.50 A/ NaOH.
There is exactly enough NaOH to neutralize all the HCl. Note that 1 mole HCl = 1 mole NaOH. The number of
moles of HCl is:

(1.00 x 102 gty x =20 HEL 4 150 mot HC

1000 .

The amount of heat released when 1 mole of H' is reacted is given in the problem (-56.2 kJ/mol). The amount of heat
liberated when 0.150 mole of H" is reacted is:

562 x10°7 3
Grxn = 0.150 mal T -843x10°J

Finally, knowing that the heat lost by the reaction equals the heat gained by the solution, we can solve for the final
temperature of the mixed solution.

Gsoln = ~Grxn
(2.00 x 10 g)(4.184 J/g-°C)(tp— 23.2°C) = ~(-8.43 x 10° J)
(8.37 x 109 — (1.94 x 10%) = 8.43x 10° ]

f = 33.2°C
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PRACTICE EXERCISE .

7. A 10.4 g sample of an unknown metal at 99.0°C was placed in a constant-pressure calorimeter containing
75.0 g of water at 23.5°C. The final temperature of the system was found to be 25.7°C. Calculate the specific
heat of the metal, then use Table 6.2 of the text to predict the identity of the metal.

Text Problem: 6.38

PROBLEM TYPE 5: STANDARD ENTHALPY OF FORMATION AND '
REACTION

The standard enthalpy of formation ( AHj ) is defined as the heat change that results when one mole of a compound
is formed from its elements at a pressure of 1 atm. The standard enthalpy of formation of any element in its most
stable form is zero. ‘

A. Calculating the standard enthalpy of reaction

From standard enthalpies of formation, we can calculate the standard enthalpy of reaction, AH ..
Consider the hypothetical reaction
gA + BB —— ¢C + dD

where a, b, ¢, and d are stoichiometric coefficients.

The standard enthalpy of reaction is given by

AH = [cAHF(C) + dAHp(D)] - [aAH: (A) + bAH; (B)]
Note that in calculations, the stoichiometric coefficients are just numbers without units.
The equation can be written in the general form:

AHS,, = ZnAH{(products) — EmAH; (reactants) (6.18, text)

where m and r denote the stoichiometric coefficients for the reactants and products, and £ (sigma) means “the sum of”.

EXAMPLE 6.8
A reaction used for rocket engines is

NaH4(D) + 2H202() —— MNalg) +4H20()
What is the standard enthalpy of reaction in kilojoules? The standard enthalpies of formation are
AHj [N2H4(7)] = 95.1 kJ/mol, AH{ [H202(})) =-187.8 k¥/mol, and AH§ [H0(D)] =-285.8 kJ/mol.

=

Strategy: The enthalpy of a reaction is the difference between the sum of the enthalpies of the products and the sum
of the enthalpies of the reactants. The enthalpy of each species (reactant or product) is given by the product of the

stoichiometric coefficient and the standard enthalpy of formation, AHf , of the species.

Solution: We use the AH} values in Api:uendix 3 and Equation (6.18) of the text.

AH? . = T nAHg(products) — ¥ mAH¢ (reactants)

AH, = AHF[N(g)] + SAHF[H,0()] — {AHF[NoH, (1) + 2885 [H 0, (D}

st

LR




CHAPTER 6: THERMOCHEMISTRY 155

Remember, the standard enthalpy of formation of any element in its most stable form is zero. Therefore, AHF [Na(g)] = 0.
AHZ = [0 + 4(—285.8 kJ/mol)] — [95.1 kJ/mol + 2(-187.8 ki/mol)] = -862.7 kJ/mol
PRACTICE EXERCISE
8. The combustion of methane, the main component of natural gas, occurs according to the equation
CHa(g) + 202(g) —— COa(g) +2H0() AH [, = —890 kJ/mol

Use standard enthalpies of formation for CO; and H2O to determine the standard enthalpy of formation of
methane.

Text Problems: 6.52, 6.54, 6.56, 6.60

B. Direct method of calculating the standard enthalpy of formation

This method of measuring AH; applies to compounds that can be readily synthesized from their elements. The best
way to describe this direct method is to look at an example.

EXAMPLE 6.9
The combustion of sulfur occurs according to the following thermochemical equation:

S(rhombic) + Q2(g) ——> SOz2(g) AH,, =-296 kJ/mol
What is the enthailpy of formation of 50;?

Strategy: What is the A} value for an element in its standard state?

Solution: Knowing that the standard enthalpy of formation of any element in its most stable form is zero, and using
Equation {6.18) of the text, we write:

AH?, . = ZnAH;(products) — ZmAH{ (reactants)
AH, = [AHR(SO,)] ~ [AHE(S) + AHF(0,)]
—296 kl/mol = [AH;(8O0;) — [0 + 0]
AH$(SO,) = —296 kI/mol SO,

Note: You should recognize that this chemical equation as written meets the definition of
| formation reaction. Thus, AHp,,, is AHp of SOa(g).

PRACTICE EXERCISE
9.  Hydrogen iodide (HI) can be produced according to the following equation:

Ha(g) + Io(s) ~—> 2HI(g) AH . = 51.8 ki/mol

What is the enthalpy of formation (AH{ ) of HI?

Text Problem: 6.50
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C. Indirect method of calculating the standard enthalpy of formation, Hess’s law

Many compounds cannot be directly synthesized from their elements. In these cases, AHy can be determined by an

indirect approach using Hess’s law. Hess’s law states that when reactants are convetted to products, the change in
enthalpy is the same whether the reaction takes place in one step or in a series of steps. This means that if we can break

down the reaction of interest into a series of reactions for which AHyy, can be measured, we can calculate AH,, for the
overall reaction. Let’s look at an example.

EXAMPLE 6.10

From the following heats of combustion with fluorine, calculate the enthalpy of formation of methane, CHg.
(a) CHgy(g) +4F2(g) —— CF4(g) + 4HF(g) AH = -1942 kJ/mol
(b) C(graphite} + 2F2(g) —— CF4(g) AH, = —933 kJ/mol
(¢) Haig)+Fa{g) —— 2HF(g) AHp = -542 kJ/mol

Strategy: Our goal is to calculate the enthalpy change for the formation of CHy from its elements C and Hz. This
reaction does not occur directly, however, so we must use an indirect route using the information given in the three
equations, which we will call equations (a), (b), and (c).

Solution: The enthalpy of formation of methane can be determined from the following equation.

C(graphite) + 2Hz(g) —— CHa(g) AHL, =17
First, we need one mole of Cgraphite) as a reactant. Equation (b) has C(graphite) on the reactant side so let’s keep
that equation as written. Next, we need two moles of Hj as a reactant. Equation (c) has 1 mole of Hy as a reactant, so
let's multiply this equation by 2.

(d) 2Hy(g) + 2F2(g) —— 4HF(g) AH?, = 2(-542 kl/mol) = —1084 kJ/mol

Last, we need one mole of CHy as a product. Equation (a) has one mole of CHy as a reactant, so we need to reverse
the equation. o

() CFa(g)+4HF(g) — CHa(g) +4Fa(g) AHS, = +1942 kl/mol

Note: AH,, changed sign when reversing the direction of the reaction.

Adding Equations (b), (d}, and (e) together, we have:

(b) C(graphite) +}F/2 (g) — Qﬁﬁ(g) AHpn = ~933 kJ/mol
(dy 2Hx(e)+ ;Pé(g) — 4J7P15(g) AHp, = —1084 kJ/mol
(e) %(g) + 4}I’r4(g) —— CHalg) + §>F/2(g) AHpq, = +1942 k)/mol
C(graphite) + 2H2(g) —— CHua(g) AHp . = =75 kl/mol

Since the above equation represents the synthesis of CHy from its elements, the AH,, calculated is the AHf of

methane.
AH?

X

. = AHP(CH,) = —75 kJ/mol
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PRACTICE EXERCISE

10. From the following enthalpies of reaction, calculate the enthalpy of combustion of methane {CHy) with Fp:

CHa(g) + 4F2(g) ——> CFa(g) + 4HF(g)

C(graphite) + 2Hx(g) —— CHalg) AH
C(graphite) + 2F2(g) —— CFa(g) AH
Hy(g) + Falg) —— 2HF(g) AH

Text Problems: 6.62, 6.64

ANSWERS TO PRACTICE EXERCISES
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.l
g
AHp = 1

—75 kJ/mol
—933 kJ/mol
—542 k¥/mol

Il
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1. AE =202k
3. AF = 37.57K]
5. 475°C

<

7. Smetal = 0.906 J/g°C. The metal is probably aluminum.

bt

AHZ (HI) = 25.9 kI/mol

2. w=10x10"7J
4. heatevolved = 1.2 x 10° kJ
6. Ceq = 5.18KJ°C

8. AH{(CHg) = -75.1 kJ/mol

10. AHS, = —1942 kI/mol
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SOLUTIONS TO SELECTED TEXT PROBLEMS

6.16 (a) Because the external pressure is zero, no work is done in the expansion.
w = —PAV = —(0)(89.3 - 26.7)mL

w=0

(b) The external, opposing pressure is 1.5 atm, so
w = —PAV = —(1.5 atm){89.3 — 26.7)mL
0.001 L

w=—-94 r/uL/-atmx—IE— = —0.094 L-atm

To convert the answer to joules, we write:

10137
w = —0.094 1 gorft =-9517
LY g
{¢) The external, opposing pressure is 2.8 atm, so
w = —PAF = —(2.8 atm)(89.3 - 26.7)mL
0.001L

w = (-1.8 x 10 gl atm) XW— = —0.18 L-atm
1

To convert the answer to joules, we write:

101.37

w=—0.18/L/-9j4f1x1%9Hﬁ=—18J |

6.18  Applying the First Law of Thennodyhamics, Problem Type 1A.
Strategy: Compression is work done on the gas, so what is the sign for w? Heat is released by the gas to
the surroundings. Is this an endothermic or exothermic process? What is the sign for g7
Solution: To calculate the energy change of the gas (AE), we need Equation (6.1) of the text. Work of

compression is positive and because heat is given off by the gas, ¢ is negative. Therefore, we have:

AE = g+w = ~26k]I+74Kk] = 48 kJ

As a result, the energy of the gas increases by 48 kI

6.20 Calculating the work done in gas expansion, Problem Type 1B.

Strategy: The work done in gas expansion is equal to the product of the external, opposing pressure and
the change in volume, :

w = —PAV

We assume that the volume of liquid water is zero compared to that of steam. How do we calculate the
volume of the steam? What is the conversion factor between L-atm and J?
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Solution: First, we need to calculate the volume that the water vapor will oceupy (V3).

Using the ideal gas equation:

m okl @ rg,e’f)[O.OSM;—z-EIéZJG?‘B K)
2 =

o =5 (L0 ateh)

It is given that the volume occupied by liquid water is negligible. Therefore,

AV =¥ -Vi=31L-0L =31L

=3]1L

Now, we substitute P and A¥ into Equation (6.3) of the text to solve for w.

w = —PAVF = —(1.0 atm)(31 L) = —31 L-atm
The problems asks for the work done in units of joules. The following conversion factor can be obtained
from Appendix 2 of the text.

1 L-atm = 101317

Thus, we can write:

w = —31}49&1x% = ~31x10°F

Check: Because this is gas éxpansion (work is done by the system on the surroundings), the work done has
a negative sign.

Thermochemical Equations, Problem Type 2.

Strategy: The thermochemical equation shows that for every 2 moles of NO; produced, 114.6 kI of heat
are given off (note the riegative sign). We can write a conversion factor from this information.

—114.6 kJ
2 mol N02

How many moles of NO7 are in 1.26 x 104 g of NO2? What conversion factor is needed to convert between
grams and moles?

Solution: We need to first calculate the mumber of moles of NOz in 1.26 x 10* g of the compound. Then,
we can convert to the number of kilojoules produced from the exothermic reaction. The sequence of

conversions is:
grams of NO; — moles of NO; — kilojoules of heat generated

Therefore, the heat given off is:
1mgefNO,  -114.6k]

46.01gNO, * 2 gl NO,

= —1.57 x 10* kJ

(126 x 10* #NO, ) x

We initially have 6 moles of gas (3 moles of chlorine and 3 moles of hydrogen). Since our product is 6
moles of hydrogen chloride, there is no change in the number of moles of gas. Therefore there is no volume
change; AV =10. .

w=—-PAV = —-(latm)(OL) = 0
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AE® = AH® — PAV
—PAV = 0, s0
AE = AH
AH = 3AH., = 3(-184.6 kJ/mol) = —553.8 kJ/mol

We need to multiply AHT,, by three, because the question involves the formation of 6 moles of HC,
whereas, the equation as written only produces 2 moles of HCL

AE® = AFP° = —553.8 kJ/mol
g = mouScult = (6.22 x 10° £)(0.385 J/g-°C)(324.3°C — 20.5°C) = 7.28 x 10° T = 728 kJ

Calculating Heat Absorbed Using Specific Heat Data, Problem Type 3.

Strategy: We know the masses of gold and iron as well as the initial temperatures of each. We can look up
the specific heats of gold and iron in Table 6.2 of the text. Assuming no heat is lost to the surroundings, we
can equate the heat lost by the iron sheet to the heat gained by the gold sheet. With this information, we can
solve for the final temperature of the combined metals. .

Solution: Treating the calorimeter as an isolated system (no heat lost to the surrcundings), we can write:
gaut+gre = 0
dAu = —4Fe

The heat gained by the gold sheet is given by:
gan = MmauSaudt = (10.0 £)(0.129 J/g-°C)(ts — 18.0)°C

where m and s are the mass and specific heat, and Af = ffinal — finitial-

The heat lost by the iron sheet is given by:
gFe = MFeSFelSt = (20.0 g)(0.444 1/g-°C)(#r— 55.6)°C

Substituting into the equation derived above, we can solve for .

JAu = —gFe
(10.0 £)(0.129 J/g:°C)(tr~ 18.00°C = —(20.0 g)(0.444 J/g-°C)(ts— 55.6)°C
1.29 - 232 = -8.88 #p+ 494

1027 = 517

f = 50.7°C

Check: Must the final temperature be between the two starting values?

Constant-pressure calorimetry, Problem Type 4B.

Strategy: The neutralization reaction is exothermic. 56.2 kJ of heat are released when 1 mole of H” reacts
with 1 mole of OH . Assuming no heat is lost to the surroundings, we can equate the heat Jost by the reaction to
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the heat gained by the combined solution. How do we calculate the heat released during the reaction? Are we
reacting 1 mole of 4" with 1 mole of OH ? How do we calculate the heat absorbed by the combined solution?

Solution: Assuming no heat is lost to the surroundings, we can write:

Gsoln*+ grxn = 0
or

Jsoln = —drxn
First, let's set up how we would calculate the heat gained by the solution,

gsoln = MsolnSsolnf

where m and s are the mass and specific heat of the solution and Af = 1 - £

¢

We assume that the specific heat of the solution is the same as the specific heat of water, and we assume that
the density of the solution is the same as the density of water (1.00 g/mL). Since the density is 1.00 g/mL,
the mass of 400 mL of sotution (200 mL + 200 mL}) is 400 g.

Substituting into the equation above, the heat gained by the solution can be represented as:

gsoln = (4.00 x 107 g)(4.184 J/g-°C)(tr— 20.48°C)

" Next, let's calculate gyn, The heat released when 200 mL of 0.862 M HCl are mixed with 200 mL of 0.431 M

Ba(OH);. The equation for the neutralization is:

2HCl(aq) + Ba(OH)(ag) —— 2H20(]) + BaClx(ag)
There is exactly enough Ba(OH)s to neutralize all the HCL. Note that 2 mole HC] = 1 mole Ba(OH)p, and
that the concentration of HCI is double the concentration of Ba(OH);. The number of moles of HCl is:

0.862 mol HCI

2.00 x 10 = 0.172 mol HCI
(2.00 x 10 gy x 1000 1ol mo

The amount of heat released when 1 mole of H is reacted is given in the problem (=56.2 kJ/mol). The
amount of heat liberated when 0.172 mole of H' is reacted is: ‘

562 x10°J 3
Grxn = 0.172 mel T = —9.67x10°J
Finally, knowing that the heat lost by the reaction equals the heat gained by the solution, we can solve for the

final temperature of the mixed solution.
gsoln = —drxn
(4.00 x 10 g)(4.184 J/g°C)(tg — 20.48°C) = —(~9.67 % 10° J)
(1.67 x 10%)— (3.43 x 10%) = 9.67x10°J
f = 26.3°C

The standard enthalpy of formation of any element in its-most stable form is zero. Therefore, since
AHF(0,) = 0, O3 is the more stable form of the element oxygen at this temﬁerature.
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(a) Bra(J) is the most stable form of bromine at 25°C; therefore, AH{[Br, (/)] = 0. Since Bra(g) is less
stable than Bra()), AH7[Br,(g)] > 0.

(b) Ix(s) is the most stable form of iodine at 25°C; therefore, AHF[15(s)] = 0. Since Iz(g) is less stable
than a(s), AHF[15(g)] > 0.

Direct method of calculating the standard enthalpy of formation, Problem Type 5B.

Strategy: What is the reaction for the formation of AgoO from its elements? What is the AHY value for an
element in its standard state?

Solution: The balanced equation showing the formation of Ag2O(s) from its elements is:

2A8(s) + %Oz(g) — Ap0(s)

Knowing that the standard enthaipy of formation of any element in its most stable form is zero, and using
Equation (6.18) of the text, we write:

AHL . = X nAH{(produets) — 3 mAH  (reactants)
AHp, = [AHP(Ag,0)] - [2AH7 (Ag) + T AHF(0)]
AHpn = [AH;(Agy0)] - [0 + 0]

AH{(Ag;0) = AH

In a similar manner, you should be able to show that AH{(CaCly) = AH,, for the reaction

Ca(s) + n:(':l;)_(g) —— CaCly(s)

Calculating the standard enthalpy of reaction, Problem Type 5A.

Strategy: The enthalpy of a reaction is the difference between the sum of the enthalpies of the products and
the surn of the enthalpies of the reactants. The enthalpy of each species (reactant or product) is given by the

product of the stoichiometric coefficient and the standard enthalpy of formation, AHy , of the species.

Solution: We use the AH} values in Appendix 3 and Equation (6.18) of the text.
AHpy = ZnAHg(products) — XmAH; (reactants)
(a) HClg) — H'(ag) + Cl(ag)
AHp, = AH{(HT) + AHF(CIT) — AH{ (HCD)
—74.9 kJfmol = 0+ AHE(CI") - (1)(=92.3 kI/mol)

AHZ(CI™) = —167.2 k¥/mol
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(b) The neutralization reaction is:

H'(ag) + OH (ag) — H20()
and,

AHp, = AHF[H,0()] ~ [AH; (H") + AHF(OH )]

AH{[H,O(D)] = —285.8 k¥/mol (See Appendix 3 of the text.)

AH®., = (1)(=285.8 kV/mol) — [(1)(0 kl/mol) + (1)(=229.6 ki/mol)] = —56.2 ki/mol

654 (1) AH° = [2AH}(COy) + 20H; (H,0)] - [AHF(CoHy) + 3AHE(05)]]

AFP = [(2)(~393.5 kI/mol) + (2)(~285.8 kI/moD)] ~ [(1)(523 kJ/mol) + (3)(0)]
AH® = —1411 kJ/mol

() AH® = [2AHF(H,0) + 2AH;(S0,)] - [2AHZ(H,8) + 3AHF(05)]

AHP = [(2)(=285.8 kimol) + (2)(~296.1 kl/mol)] — [(2)(~20.15 kJ/mol) + (3)(0)]
AHP = —1124 kJ/mol

6.56 AH, = ZnKHE (products) — X mAH7 (reactants)

The reaction is:

Ha(g) —— Hlg) +H(g)

and,
AH?,, = [AHR(H) + AHE(H)] - AH¢ (Hj)
AHE(H,) = 0
‘ AH?, = 436.4 kJ/mol = 2AHZ(H) — (1)(0)

AHZ(H) = ﬁ‘ﬁiz.lﬂ’_n,}f’l — 218.2 k/mol

6.58  Using the AHZ values in Appendix 3 and Equation (6.18) of the text, we write

AH;,, = [SAHZ(B,03) + 9AHE (H,0)] - [28H¢ (BsHy) + 124H{(0;)]
AH®
AHP

[(5)(~1263.6 ki/mol) + (9}(—285.8 k¥/mol)] - [(2)(73.2 kJ/mol) + {(12)(0 kJ/mol)]
—9036.6 kJ/mol

Looking at the balanced equation, this is the amount of heat released for every 2 moles~of BsHg reacted. We
can use the following ratio :

—9036.6 kJ
2 mol Bng

to convert to kl/g BsHg. The molar mass of BsHg is 63.12 g, so

heat released per gram BsHg = 2—?;;}686 IleJ X GE?fB];HI?{ = —71.58 kl/g BsH,
el sk 12 g Bslly
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AHL, = ZnAH{ (products) — X mAH{ (reactants)
The balanced equation for the reaction is:

CaCOs(s) —— CaO(s) + COa(g)
AHY, = [AH}(CaO) + AHF(CO,)] — AHZ(CaCO;)
AHS o = [(1)(-635.6 kI/mol) + (1)(=393.5 kl/mol)] — (1)(~1206.9 kl/mol) = 177.8 kJ/mol -

The enthalpy change calculated above is the enthalpy change if 1 mole of CO; is produced. The problem

asks for the enthalpy change if 66.8 g of CO; are produced. We need to use the molar mass of CO7 as a
conversion factor.

1me{CO,  1778K)

4401¢'CO,  1mef CO,

Tndirect method of calculating the standard enthalpy of formation, Hess’s law. Problem Type 5C.

= 270 x 10*kJ

AH® = 66.8 2'CO, x

Strategy: Our goal is to calculate the enthalpy change for the formation of C;Hg from is elements C and

H. This reaction does not occur directly, however, so we must use an indirect route using the information
given in the three equations, which we will call equations (a), (b), and {c).

Solution: Here is the equation for the formation of CoHs from its elements.

2C(graphite) + 3Ha(g) —— CoHs(g) AH L, =7

Looking at this reaction, we need two moles of graphite as a reactant. So, we multiply Equation (&) by two to
obtain:

(d) 2C{graphite) + 202(g) —— 2C02(g) AR = 2(-393.5 kl/mol) = —787.0 kJ/mol

Next, we need three moles of Hj as a reactant. So, we multiply Equation (b) by three to obtain:

(6) 3Ha(g)+ 3 0a(g) —> 3H0() AH] L = 3(—285.8 ki/mol) = —857.4 kI/mol

Last, we need one mole of CyHg as a product. Equation (c) has two moles of CoHg as a reactant, so we need
to reverse the equation and divide it by 2.

() 2COxg)+3H20() ~—> CoHe(g)+ 20xg)  AHp, = $(3119.6 k¥/mol) = 1559.8 k¥/mol

Adding Equations (d), (e), and (f) together, we have:

Reaction AP (kI/mol)
(d) 2C(graphite) + 205(g) — 200:(g) ~787.0
(&) 3Hag)+ $0%e) — 3H00 —857.4
® 200x(g) +3H00) — CHsle) + 205 1559.8

2C(graphite) + 3Hz(g) —— CaHe(g) AHP = -84.6 kJ/mol
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The second and third equations can be combined to give the first equation.

2A1(s) + %,e/z(g)' —— ALO3(s) . AHP =-1669.8 kl/mol
FepO3(s) ——> 2Fe(s) + 200(g) AHP = 822.2 kI/mol
2Al(s) + Fez03(s) ——> 2Fe(s) + Al203(s) AHP =-847.6 kJ/mol

Rearrange the equations as necessary so they can be added to yield the desired equation.

B — X -aH
K— C AHp
2B — C AHP = AHy - AHy

(a) AH, = ZnAH}(products) — Y. mAH (reactants)
AHGy = [4AHF (NH3) + AHF (N;)) - 3AHF (N2Hy)
AHC, = [(4)(~463 Ki/mol) + (0)] ~ (3)(50.42 k¥/mol) = —336.5 k¥/mol

(b) The balanced equations are:
(1)  NoHa(D) +Oo(g) ——> Na(g}+2H:200)
(2) 4NHs(g) +30x(g) — 2Na(g) +6H200)
The standard enthalpy change for equation (1) 1s:
AHZ, = AHF(N,) + 28H(H O(D) — {AHF (N (D] + AHg (02 )}
AH, = [(1)(0) + (2)(-285.8 kl/mol)] - [(1)(50.42 kJ/mol) + (1)(0)] = —622.0 kJ/mol
The standard enthalpy change for equation (2) is:
AHS, = [RAHF(N,) + 6AHR(H,0)] - [4AHE (NH3) + 3AHE (0,)]

AH, = [(2)(0) + (6)(=285.8 KV/moD)] — [(4)(~46.3 kFmol) + (3)(0)] = ~1529.6 kJ/mol

165

We can now calculate the enthalpy change per kilogram of each substance. AH,,, above is in units of

kJ/mol. We need to convert to kl/kg.

NoH4 () AHpxy = 62201 Lmef NyH, XIOOO/g/ = —1.941 x 10* KI/kg N, H,,
Imel NoH,  3205¢NHy  lkg

-152061)  1melNH; 1000.8”_ 345 104 /g NI
4mel NH; 1703 ¢NH; kg

NHS (g): AH:XI‘I =

Since ammonia, NHz, releases more energy per kilogram of substance, it would be a better fuel.
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The reaction is, 2Na(s) + Cla(g) — 2NaCl(s). First, let's calculate AHP for this reaction using AH, ¢ values
in Appendix 3.

AHp, = 2AHF(NaCl) — [2AH{ (Na) + AHF(Cl,)]

AH L = 2(—411.0 kJ/mol) — [2(0) + 0] = —822.0 kJ/mol

This is the amount of heat released when 1 mole of Clp reacts (see balanced equation). We are not reacting

1 mole of Cl3, however. From the volume and density of Cla, we can calculate grams of Clp, Then, using the
molar mass of Clz as a conversion factor, we can calculate moles of Cl. Combining these two calculations into
one step, we find moles of Cl; to be:

1.88 gCly L mol Cly

200)Cly x = VCl, 7090 gCl,

= 0.0530 mol Cl,

Finally, we can use the AH, calculated above to find the amount of heat released when 0.0530 mole of Clp

reacts.

0.0530 ma Clyx 2208 _ _ 4361

1 mol Cl,

The initial and final states of this system are identical. Since enthalpy is a state function, its value depends
only upon the state of the system. The enthalpy change is zero.

H(g) + Br(g) ——> HBr(g) AHC =7

Rearrange the equations as necessary so they can be added to yield the desired equation.

Hg — 1 Hilg) AHpy, = 1(-436.4 kl/mol) = ~218.2 ki/mol
Br(g) — 1 Bfs(g) : AHren = 5(-192.5 kJ/mol) = —96.25 ki/mol
15(2) + 1 Bri(g) —— HBr(g) AHp, = $(=72.4 K/mol) = -36.2 kJ/mol i
H(g) + Br(g) —— HBr(g) ARP = ~350.7 kJ/mol

Gsystem = 0 = Gmetal + Gwater + Jealorimeter

Gmetal + Gwater + Gealorimeter = 0

MmetalSmetallffinal — finitial) + MwaterSwater(!final — finitial) + Cealorimeter(#final — finitial) = O

All the needed values are given in the problem. All you need to do is plug in the values and solve for spetal.
(44.0 g)(smetal)(28.4 — 99.0)°C + (80.0 g)(4.184 J/g-°C)(28.4 — 24.0)°C + (12.4 J/°C)(28.4 — 24.0)°C = 0
(=3.11 x 10*)smetal (£°C) = ~1.53 x 10°J
Smetal = 0.492 J/g.-°C

A good starting point would be to calculate the standard enthalpy for both reactions.

Calculate the standard enthalpy for the reaction: C{s) + %Og(g) — CO(g)
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_ This reaction corresponds to the standard enthalpy of formation of CO, so we use the value of —110.5 kJ/mol

(see Appendix 3 of the text).
Calculate the standard enthalpy for the reaction: C(s) -I.-Hzo(g) — CO(g)+ Ha(g)
AHS, = [AHF(CO) + AHF (Hp)] ~ [AH; (C) + AH (Hp0)]
AHL = [(1)(-110.5 kT/mol) + (1)(0)] - [(1)(0) + (1)(—241.8 k)/moD)] = 131.3 kJ/mol
The first reaction, which is exothermic, can be used to promote the second reaction, which is endothermic.
Thus, the two gases are produced alternately.
First, calculate the energy produced by | mole of octane, CgHg.
CaHisl) + 2 Onlg) —> 8CO(g) + IH,0()
AH(, = BAHR(CO,) + 9AHFH,0()] — [AHF (CgHys) + 5 AHF(02)]

AHC, = [(8)(~393.5 ki/mol) + (9)(~285.8 k/moD)] - [(1)(-249.9 k¥/mol) + (£)0)]
~5470 k¥/mol

Il

The problem asks for the energy produced by the combustion of 1 gallon of octane. AH_., above has units

of kJ/mol octane. We need to convert from kJ/mol octane to kJ/gallon octane. The heat of combustion for
1 gallon of octane is:

Ao = —S0KT 1 mof octane 26608 _ | 574 105Kl / gal
1 n}g‘r octane 114.2 /g/ octane 1 gal

The combustion of hydrogen corresponds to the standard heat of formation of water:

Hy(g) + L Oa(g) —> H200)

Thus, AH?,, is the same as AH} for H20()), which has a value of —285.8 kJ/mol. The number of moles of
hydrogen required to produce 1.274 x 10° kJ of heat is:

1mol H
— (1274 x 103 k) x ———2 = 4458 mol H
A, = bl 285.8 | 2

Finally, use the ideal gas law to calculate the volume of gas corresponding to 445.8 moles of Hy at 25°C and

1 atm.
w7 (453 rgaf)[o.osméﬁ})(m)() 4
py = D - = 1.09x10°L
2 P (1 i)

That is, the volume of hydrogen that is energy-equivalent to 1 gallon of gasoline is over 10,000 liters at
1 atm and 25°C!

The combustion reaction is:  CoHe() + 2 02(g) ——> 2CO2(g) + 3H,0()
The heat released during the combustion of 1 mole of ethane is:

AH} = [2AHZ(CO,) + 3AH; (H;0)) - [AHE(CoHe) + ZAH;(07)]
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[(2)(=393.5 kJ/mol) + (3)(=285.8 kl/mol)]— [(1)(~84.7 kJ/mol + ( % X))
-1 569 kl/mol

AHL,

The heat required to raise the temperature of the water to 98°C is:

g = my,08H,0l! = (855/g)'(4.184 Jjg-/%(98.0—25.0)‘;€/= 2.61x10° ] = 261kJ
The combustion of 1 mole of ethane produces 1560 kJ; the number of moles required to produce 261 kJ is:

261}(/f 1 mol cthane = (.167 mol ethane

1560)«1’

The volume of ethane is:

T (0.167 11}945(0.0821[&7@%%}(296}()

Vethane =. P =
722 myHg x 760m g

The heat gained by the liquid nitrogen must be equal to the heat lost by the water.

=410L

N, = —9H,0

If we can calculate the heat lost by the water, we can calculate the heat gained by 60.0 g of the nitrogen.

Heat lost by the water = gy o = my,08y,047

gm0 = (2.00 x 102/g)’(4.184 Jjg-/%(éll.o - 55.3)‘;Q/= -120x10%J
The heat gained by 60.0 g nitrogen is the opposite sign of the heat lost by the water.
N, = —9H,0
g, = 1.20x10%]
The problem asks for the molar heat of vaporization of liquid nitrogen, Above, we calculated the amount of

heat necessary to vaporize 60.0 g of liquid nitrogen. We need to convert from J/60.0 g N3 to J/mol Na.

4
_ 120x10°7 28028Np _ o0 103 Jimol = 560 kifmol

P 60.0gN,  1molN,

Recall that the standard enthalpy of formation { AH? ) is defined as the heat change that results when 1 mole

of a compound is formed from its elements at a pressure of 1 atm. Only in choice (a) does AH,, = AH}.

In choice (b), C(diamond) is no? the most stable form of elemental carbon under standard conditions;
C(graphite) is the most stable form. :

(a) No work is done by a gas expanding in a vacuum, because the pressure exerted on the gas is zero.

(b) w = —PAV
w = —(0.20 atm)(0.50 — 0.050)L = —0.090 L-atm
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Converting to units of joules:

w = —0.090 K" gtfn x 10137 _ 913

(¢) The gas will expand until the pressure is the same as the applied pressure of 0.20 atm. We can calculate
its final volume using the ideal gas equation.

L -attn
BT _ (0.020 11}6()[0.0821 : )(273+20)1(

P 0.20 9%

The amount of work done is:
w = —PAV = (0.20 atm)(2.4 — 0.050)L. = ~0.47 L-atm

vV = =24L

Converting to units of joules:

10131
w = —0.47)49nﬁx = —487J
i

(a) The more closely packed, the greater the mass of food. Heat capacity depends on both the mass and
specific heat, ‘
C=ms

The heat capacity of the food is greater than the heat capa;.:ity of air; hence, the cold in the freezer will
be retained longer.

(b) Tea and coffee are mostly water; whereas, soup might contain vegetables and meat. Water has a higher
heat capacity than the other ingredients in soup; therefore, coffee and tea retain heat longer than soup.

4Fe(s) + 302(g) —= 2Fe203(s).' This equation represents twice the standard enthalpy of formation of FexOs.
From Appendix 3, the standard enthalpy of formation of Fep03 = —822.2 kI/mol. So, AH" for the given
reaction is:

AHL = (2)(-822.2 kl/mol) = ~1644 kJ/mol

Looking at the balanced equation, this is the amount of heat released when four moles of Fe react. But, we
are reacting 250 g of Fe, not 4 moles. We can convert from grams of Fe to moles of Fe, then use AH° as a
conversion factor to convert to kJ. '

1 mef Fe
?SO/g/ Fex <585  £'Fe * T el Fe

The heat required to raise the temperature of 1 liter of water by 1°C is:

I 1g 1000pd .
4.184/g{yxlg:fx I xl/Z/—4184J/L

Next, convert the volume of the Pacific Ocean to liters.

3 3
(7.2 x 10° kpf) [IOOO x [100 L = 72x10%0L
1 Laf )" 1000 gf® :

S1644 KT g4 x10% KT
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The amount of heat needed to raise the temperature of 7.2 x 10°° L of water is:
41841
72 x 1020 K x = 3.0x10%7
(AT

Finally, we can calculate the number of atomic bombs needed to produce this much heat.

(3.0x 10241 L%E?@L‘;?E/E = 3.0 x 10” atomic bombs = 3.0 billion atomic bombs
1.0x10

Constant-volume calorimetry, Problem Type 4A.

Strategy: The heat released during the reaction is absorbed by both the water and the calorimeter, How do
we calculate the heat absorbed by the water? How do we calculate the heat absorbed by the calorimeter?
How much heat is released when 1.9862 g of benzoic acid are reacted? The problem gives the amount of
heat that is released when 1 mole of benzoic acid is reacted (~3226.7 kJ/mol).

Solution: The heat of the reaction (combustion) is absorbed by both the water and the calorimeter.

Grxn = —(Gwater + Gcal)

If we can calculate both gwater and grxn, then we can calculate geqr. First, let's calculate the heat absorbed by
the water.

Gwater = MwaterSwaterAl

(2000 gf(4.184 I//g-"}@j(ZSﬁ'? ~21.84)°¢ = 3.20 10°7 = 320K

Jwater

Next, let's calculate the heat reieased (grxn) when 1.9862 g of benzoic acid are burned. AHy is given in
units of kJ/mol. Let’s convert to gy, in kJ.

Gren = 1.9862 &'benzoic acid x L “}"l/be“z‘”‘f acid  3R6TMH 9w
. 1221 /g/ benzoic acid 1 n}e‘l/ benzoic acid
And,
Geal = —q9rxn — Jwater
Geal = 52.49kJ—32.0kJ = 20.5kT

To calculate the heat capacity of the bomb calorimeter, we can use the following equation:

geal = Cealhht

deal _ 20.5 kJ

Cogr = 28 = = 5.35 ki/°C
Al (25.67 - 21.84)°C

First, let’s calculate the standard enthalpy of reaction.

AH}y, = 2AH}(CaSO,) — [2AHE(Ca0) + 2AH(SO4) + AHE(O,)]

(2X(—1432.7 kJ/mol) — [(2)(-635.6 kI/mol) + (2)(—296.1 kJ/mol) + 0]
~1002 kJ/mol

This is the enthalpy change for every 2 moles of SO; that are removed. The problem asks to calculate the
enthalpy change for this process if 6.6 x 10° g of SO are removed.
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1mef(S0, _ -1002kJ

6.6 x 10° 250,) x x = —52x10°KJ
( v 250, 2mel SO,

6.106 First, we need to calculate the volume of the balloon.

(a)

)

6.108 (a)

- %nr —7|:(8 m) = (2.1 x 10° ) x 10(;2;‘ = 21x10°L

We can calculate the mass of He in the balloon using the ideal gas equation.

937;;2/ 1 gtfn 21x10°%)
| J

101325 x 10% kP2

nH = — =
©RT (0.0821%}(273 + 18K

4003 g He

mass He = (86x104r96fH) ——HE—— 3.4><105gHe
He

= 8.6 % 10* mol He

Work done = —PAV

{98.7;2% x —— L )(2.1 x10° L) i

1.01325 x 10% kP2

= (2.0 x 10° 1 gef) x %
Work done = -2.0x 108 J

The heat needed to raise the temperature of the water from 3°C to 37°C can be calculated using the
equation:

g = msit

First, we need to calculate the mass of the water.

2
4 gi:}ss/es of water x 2.5 x10 g;ﬂf 18 water  _ 4 0x10° g water
1 glags lpzﬁ water

The heat needed to raise the temperature of 1.0 x 10° g of water is:

q = msAt = (1.0x 103/g5(4.134 J;g/;e‘)(37—3);ef= 14x10°7 = 1.4x10° kJ

(b= Wenged.to-calculate both the heat needed to melt the snow and also the heat needed to heat liquid

water-form 0°C to 37°C (normal body temperature).

The heat needed to melt the snow is: .

(8.0 x 10> gf Lol 601K _ 0024

18.02 /g’ 1 mol
The heat needed to raise the temperature of the water from 0°C to 37°Cs:

g = msat = (8.0 x 102 gf(4.184 Jgo€)(37 - 0% = 1.2 % 10°] = 1.2x10°KJ
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The total heat lost by your body Is: -
2.7 x 10° KD + (1.2 x 10°KJ) = 3.9 x 10> kJ

(@) AH® = AHR(F) + AHZ(H,0) - [AHF(HF) + AHZ(OH )]
AH®
AH®

[(1)(~329.1 kV/mol) + (1)(~285.8 klmol)] - [(1)(=320.1 kl/mol) + (1)(~229.6 kJ/mol)
—65.2 kJ/mol '

Il

(b) We can add the equation given in part (a) to that given in part (b) to end up with the equation we are
interested in.

HF(ag) + OH (aq) —— F (ag) + B7O() AFP = —65.2 k)/mol
H0() —— H'(ag) + OH (ag) AHP = +56.2 k/mol
HF(ay) —— H+(aq) +F (ag) AH® = -9,0 kJ/mol

The equation we are interested in is the formation of CO from its elements.

C(graphite) + 2 0x(g) —> CO(g) ARP = 7

Try to add the given equations together to end up with the equation above.

C(graphite) + Oz(g) —> COa(g) AHP = -393.5 kl/mol
Coh(g) — CO(g)+ 1 2h(g) AH® = +283.0 ki/mol
C(graphite) + 1 02(2) — CO(g) AHP = —110.5 kJ/mol

We cannot obtain AH{ for CO directly, because burning graphite in oxygen will form both CO and CO,.

(a) mass = 0.0010kg

Potential energy = mgh _
= (0.0010 kg)(9.8 m/s2)(51 m)
Potential energy = 0.50 J

(b) Kinetic energy = %muz = 0.50J

%(0.0010 kg)u? = 0507

W = 1.0 x 10° m%/s”

u=32m's

(c) g = msAt

0.504 = (1.0.g§(4.1842/z“C)at

Ar = 0.12°C



CHAPTER 6: THERMOCHEMISTRY 173

6.116 The reaction we are interested in is the formation of ethanol from its elements.

2C(graphite) + %Oz(g)+3H2(g) — CH;0H()

Along with the reaction for the combustion of ethanol, we can add other reactions together to end up with the
above reaction.

Reversing the reaction representing the combustion of ethanol gives:

2C0s(g) + 3H0() ——> CoHsOH(D +302 (g) AEP = +1367.4 kJ/mol

We need to add equations to add C (graphite) and remove HO from the reactants side of the equation. We

write:
2C0s(g) + 3H0() ——> CHsOH() +302(2) AHP = +1367.4 kl/mol
2C(graphite) + 202(g) ——> 2C02(g) AFP = 2(~393.5 k/mol)
3Ha(g) + 2 O2(e) — 3H200 | AHP = 3(-285.8 kJ/mol)
2C(graphite) + 1 Ox(g) +3Hz(e) —— C:HsOH() AHE = -277.0 kJ/mol

6.118 Heat gained by ice = Heat lost by the soft drink
Mice X 334 J/g = —mstSdAr
Mice x 334 Ifg = —(361 g)(4.184 J/g-°C)(0 - 23)°C

Mijce = 104 g

6.120 From Chapter 5, we saw that the kinetic energy (or internal energy) of 1 mole of a gas is %RT.‘ For

1 mole of an ideal gas, PV = RT. We can write:

internal energy = %RT = %PV

%(1.2 x 10° Pa)(5.5 x 10° m’)

9.9 x 10° Pa-m’

3 3

1 Pa-m =1E2—m =1Nm=17J
m

Therefore, the internal energy is 9.9 x 108 J.

The final temperature of the copper metal can be calculated. (10 tons =9.07 x 10° 2
g = mcuSCud?
9.9 % 1087 = (9.07 x 10° £)(0.385 J/g°C)(te— 21°C)
(3.49 x 108 = 1.06 x 10°
t; = 304°C

1i
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(@) CaCa(s) + 2H0() —> Ca(OH)(s) + CaHa(g) ™
(b) The reaction for the combustion of acetylene is:
2CHz(g) + 502(g) —— 4C02(g) + 2H20()

We can calculate the enthalpy change for this reaction from standard enthalpy of formation values
given in Appendix 3 of the text.

AHp = [4AHE(CO,) + 2AHF (H,0)] - [24H7 (CoH)) + SAHE(O3)]

AHL, = [(4)(-393.5 kJ/mol) + (2)(—285.8 kJ/mol)] - [(2)(226.6 kJ/mol) + (5)(0)]

AH, = -2599 kJfmol

Il

Looking at the balanced equation, this is the amount of heat released when two moles of C2Hj are
reacted. The problem asks for the amount of heat that can be obtained starting with 74.6 g of CaCa.
From this amount of CaCs, we can calculate the moles of CoHy produced.

1 n}dl/ CaCy « 1 mol C,H,

64.10 g'CaC, ~ 1 mef CaC,

Now, we can use the AH[,, calculated above as a conversion factor te determine the amount of heat

74.6 & CaC,

= ]1.16 mol C2H2

obtained when 1.16 moles of CaH; are burned.

116 mof CoHy x —22 X = 1 51x 103 KJ

2 Tl}ﬁfrC2H2

When 1.034 g of naphthalene are burned, 41.56 kJ of heat are evolved. Let's convert this to the amount of
heat evolved on a molar basis. The molar mass of naphthalene is 128.2 g/mol.

~41.56 kI 1282 Fon:s

= = —5153 kJ/mol
4 1.034/g/CwH8 1 mol €;oHg

g has a negative sign because this is an exothermic reaction.

This reaction is run at constant volume (A¥V = 0); therefore, no work will result from the change.

w = -PAV = 0
From Equation (6.4) of the text, it follows that the change in energy is equal to the heat change.
AE = g+w = gy = 5153 kJ/mol
To calculate AH, we rearrange Equation (6.10) of the text.
AE = AH— RTAn
AH = AE + RTAn

To calculate AH, An must be deterrnined, which is the difference in moles of gas products and moles of gas
reactants. Looking at the balanced equation for the combustion of naphthalene:

CioHzg(s) + 1202(g) — 10CO;(g) + 4H20()
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An=10-12 = 2

AH = AE +RTAn -
AH = —5153 Klfmol + (8.314 HinoL, K)(298 K)(-2) x
o 1000,5”

AH = —5158 kJ/mol

Is AH equal to ¢y in this case?

6.126 We know that AE = g + w. AH =g, and w=—PAV =-RTAn. Using thermodynamic data in Appendix 3 of
the text, we can calculate AH.

2Hy(g) + Ox(g) — 2H,0(), AH = 2(~285.8 k/mol) = —571.6 kJ/mol

Next, we calculate w. The change in moles of gas (An) equals —3.
w = —PAV = =RTAn
w = —{8.314 J/mol/-I()(ZQS/K/)(-G) = +7.43 x 10° J/mol = 7.43 kJ/mol

AE
AE

Il

g+w B}
—571.6 kJ/mol + 7.43 kl/mol = —564.2 kJ/mol

Can you explain why AE is smaller (in magnitude) than A/?

6.128  First, we calculate AH for the combustion of 1 mole of glucose using data in Appendix 3 of the text. We can
then calculate the heat produced in the calorimeter. Using the heat produced along with AH for the -
combustion of 1 mole of glucose will allow us to calculate the mass of glucose in the sample. F inally, the
mass % of glucose in the sample can be calculated.

CeH1206(s) + 602(g) — 6CO(g) + 6H20())

AH?. = (6)(=393.5 kl/mol) + (6)(~285.8 kJ/mol) ~ (1(—1274.5 kl/mol) = —2801.3 ki/mol
The heat produced in the calorimeter is:

(3.134°25(19.65 kI/°25 = 61.58 kJ

Let x equal the mass of glucose in the sample:

x/g/glucosex In}erfglucose N 23013 kI 6158 kI
180.2 /g’ glucose 1 n}df glucose

x=39lg

3.96l g

% glucose = YRIC x 100% = 96.21%
g
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6.130 (a) From the mass of CO3 produced, we can calculate the moles of carbon in the compound. From the mass of
H>0 produced, we can calculate the moles of hydrogen in the compound.

1419 g'CO, x LmplCO,  1molC ) arng ol C

44.01g'CO, 1181 CO,
Ime(H,0 = 2molH

18.02 g'H,0 1 mef Hy0

The mole ratio between C and H is 1:1, so the empirical formula is CH.

0.290/g/H20 X = 0.03219 mol H

(b) The empirical molar mass of CH is 13.02 g/mol.

molar mass _ T6g
empirical molar mass  13.02 g

Therefore, the molecular formula is CgHpg, and the hydrocarbon is benzene. The combustion reaction is:

2CeHg() + 1502(g) — 12C0s(g) + 6H20())

17.55 kJ of heat is released when 0.4196 g of the hydrocarbon undergoes combustion. We can now
calculate the enthalpy of combustion (AH:xn } for the above reaction in units of kJ/mol. Then, from the
enthalpy of combustion, we can caleulate the enthalpy of formation of CeHs.

-17.55kJ _ 78.11g CgHg
0.4196 g CgHg 1 mol CgHj

x 2 mol C4Hg = — 6534 k¥/mol

AH Ly = (12)AH; (CO,) + (6)AH; (H,0) — (2)AH} (CgHy)
6534 kl/mol = (12)(-393.5 kl/mol) + (6)(—285.8 k¥/mol) — (2)AH; (CsHg)

AH{(CgHg) = 49 kJ/mol

6.132  Begin by using Equation (6.20) of the text, AHgoln = U+ AHhydr, where U is the lattice energy.

(D Na+(g) +Cl(g) - Na'(ag)+Cl (ag) AHpydr = (4.0 — 788) kl/mol = ~784.0 kJ/mol
(2) Na'(@)+I(g) » Na'(ag)+1(ag) AHhygr = (=5.1 — 686) kJ/mol = —691.1 kl/mol
(3) K'(@+Cl(g) » K'(ag) + Cl (ag) AHiydr = (17.2 ~ 699) kJ/mol = —681.8 kJ/mol

Adding together equation (2) and (3) and then subtracting equation (1) gives the equation for the hydration of K1.

@ NE@+I(® - Nlag)+1(ag) AH =-691.1 kJ/mol
3) K'(@+Cr(g) — K'(ag)+Clag) AH =—681.8 kJ/mol
(1) N#¥'lag) + CHag) - Nple) + ) AH =+784.0 kJ/mol

K@) +1(g) = K*(ag) +1 (ag) AH =-588.9 kJ/mol

We combine this last result with the given value of the lattice energy to arrive at the heat of solution of K1.

AHgoln = U+ AHhydr = {632 kJ/mol ~ 588.9 kl/mol) = 43 k¥/mol



