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6.1 The Nature of Energy

Your textbook describes a number of terms for you. The terms, along with brief definitions, are
given:

Thermodynamics: The study of energy and its interconversions.
Energy: The capacity to produce work or heat.

e Kinetic Energy: The energy of motion. Kinetic Energy = % mass x (velocity)®
Measured in Joules. (1 J=1 kg m%s%.

e Potential Energy Energy that can be converted into useful work. Measured in Joules.
(1J=1kg m%s). ..01«%”139

e Heat: Involves transfer of energy betw%en 2 objects Measured in Joules. Symbolized
by the letter q.

e Work: Force x distance. Measured in Joules (1 7=1 Nm = 1 kg m%s®). Symbolized by
the letter w.

¢ State Function: A property that is independent of pathway. That is, it does not matter
how you get there, the difference in the value is the same. For example, you can drive
from New York to Los Angeles via many different routes. No matter which one you
take, you are still going from NY to LA. The actual difference between the two cities is
the same. Energy is a state function, work and heat are not.

Four more definitions will set the stage for thermodynamics. The universe is composed into
the system and the surroundings.

System: That which we are focusing on.
Surroundings: Everything else in the universe.
Exothermic: Energy (as heat) flows out of the system.
Endothermic: Energy (as heat) flows into the system.

Work: We will take a different approach to this topic than your textbook does. Let’s look from
the point of view of units.
Force = mass x acceleration = kg x m/s* = Newton (N)
Work = force x distance = kg m/s* x m = kg m*/s* = Nm = Joule (J)

Example 6.1A The units of work
If pressure = force/area, what are the units of pressure x volume?
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Therefore, P x V has the same units as force x distance (work), and both are measures of energy.

Conclusion
For an ideal gas, Work PAV
This equation holds at constant pressure.



The sign conversions for work are as follows:
- When the system expands, it is doing
it is doing negative work on the system.
- 'When the system contracts, the surroundings have done work on the system,
therefore there is positive work done on the system.

positive work on the surroundings. Therefore,

From the point of view of the system, then: w=-(PAY)

Example 6.1B Work '
Calculate the work (with the proper sign) associated with the contractio
30 L (work is done “on the system”) at a constant external pressure of 6.0 atm in:

a. Lam
b. Joules (1 L'atm=101.37J)

n of a gas from 75 L to

Helpful hint: Keep in mind that system compression is positive work and system expansion
is negative work.
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The First Law of Thermodynamics
The law of conservation of energy also called the first law of thermodynamics is

described in your book. It states that energy can be converted from one form to another, but
can neither be created nor destroyed. Another way of stating the first law is that:
THE ENERGY OF THE UNIVERSE IS CONSTANT
We know that energy can be changed through work. As chemical bonds are made and
broken, energy is converted between the potential energy (stored within chemical bonds) and
thermal energy (kinetic energy) as heat. '
The change in the internal energy of the system, which is equal in size but opposite in
sign to that of the surroundings is equal to the sum of the heat and work.
AE=q+w o DE=Q-PAN
Your textbook points out that the SIGN of the energy change must be viewed from the point of
view of the SYSTEM.
AE = - means the system LOSES energy
AE =+ means the system GAINS energy

Example 6.1C The First Law
Calculate the change in energy of the system if 38.9 J of work is done by the system with an

associated heat loss of 16.2 J.

Strategy: The most important part of a problem involving thermodynamics is gefting the signs
correct. : '
q = (-) because the heat is lost
w = (-) because work is done by the system

Solution: AE=q+w=-162J+(-3891)=-55.11J. The system has lost 55.1 J of energy.
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Example 6.1D Practice with Heat and Work

A piston is compressed from a volume of 8.3 . to 2.8 L against a constant pressure of 1.9 atm,

In the process, there is a heat gain by the system of 350 J. Calculate the change in energy of the
system. '

Solution: w=-PAV=-19 atm (-5.5 L) = +10.45 L'atm
+10.45Latmx 101.3) = +1059J

1 L'atm
q=+3501J
AE=q+w=+1059T+350J=1409J = 1400 J (2 sig figs)
Problems:
1. Calculate:
a.  Q when a system does 72 J of work and its internal energy decreases by 90 J.
w=~133 DE=Q+
AE = -%T Q=AE-W - ~903- () = +4%T

Los\‘fa (83 of ket
b. AE for a gas that releases 35 J of heat and has 128 J of work done on it.

Q- 387 AE=Gulo =(-357)* 1%J = 933
L=+ |3%3 |
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2. Find:

a.  AE when a gas absorbs 45 J of heat and has 32 J of work done on it.

Q= +4y53 NE = = 1 Ny -

E=@Q+uw0= 4STHNT = PTC\_J

o= +323 9 -

b. Q when 62 T of work are done on a system and its internal energy is increased by

84 1.
WEIT B AE-lo s UT-CIT
ANT=+84J

3. A gas expands from 10 L to 20 L against a constant pressure of 5 atm. During this
time, it absorbs 2 kJ of heat. Calculate the work done in kJ.
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4. A piston expands against 1.00 atm of pressure, from 11.2 L to 29.1 L. This is done
without any transfer of heat.
a. Calculate the change in energy of the system.

NE= /@iw - -PQ;\]\ = - Clq{m\@’u L~1-9 L\ = Y1404 [16L33
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b. Calculate the change in encrgy for the above change if, in addition, the system
absorbs 1,037 J of heat from the surroundings. - _

Q = +o513 |
AE= Qe = +HO31Y + (—l%\"s_‘}‘w‘x\t -16.973 % ~TIoX (

N

5. Ifthe internal energy of a thermodynamic system is decreased by 300 J when 75 J of
work is done on the system, how much heat was transferred, and in which direction,

to or from the system?
AE - .3003 Q-: AE—W o *‘300-3‘“(_]'53—3: "375“3-
w=+153 5;6"‘4&:-&21“ Hgf—g f@v?ﬂ ‘MQ
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6. A gas is compressed against a constant pressure of 3.4 atm from 27.9 L to 163 L.
During this process, there is a heat gain by the system of 122 J. Calculate the change

in energy of the system. : :
= <Pln= 34 (3229)
v AE-Grto= @*@(B\J\S (o< +3MU Lam=43795 3
\\’,‘;3&1[@ AE = 393+ 39533 3
Q- AEWOT =[4. keS|

6.2 Enthalpy and Calorimetry

Enthalpy Your textbook derives and defines a term called enthalpy (H), or the flow of heat.
It is a state function, so that the change in H is independent of pathway. That is,

AH = Hproducts = Hreactants
AH=E + PV

The change in enthalpy (AH) of the system is equal to the energy flow as heat at constant
pressure. AH=gqp

If AH > 0, the reaction is endothermic (Heat is absorbed by the system). (q>0)
If AH < 0, the reaction is exothermic (Heat is given off by the system). (q <0}  surroundings

)

ENDO
thermic
qsys>0

(OUT)

EXO
thermic

q(sys) <0




Example 6.2 A Enthalpy
Upon adding solid potassium hydroxide pellets to water, the following reaction takes place:

NaOH(s) > NaOH(a) N\, = Ua}ﬂv 0
3

For this reaction at constant pressure, AH = -43 kJ/mole. Answer the following questions
regarding the addition of 14 g of NaOH to water:

a. Does the beaker get warmer or coldet?

b. Is the reaction exo- or endothermic?

¢. What is the enthalpy change for the dissolution?

—

()

Solution: Sumwn\h“%&

a. If AH <0, then heat is given off by the system. The beaker therefore gets warmer.
b. Ifheat is given off by the system, the reaction is exothermic.
c. 14 gNaOH x 1 mol NaOH x -43 kJ = -15kJ=AH

40.0 grams mole

Calorimetry Calorimetry is the experimental technique used to determine the heat exchange
(q) associated with a reaction.
At constant pressure, q = AH
At constant volume, g = AE
In both cases, however, heat gain or loss is being determined. The amount of heat exchanged in
a reaction depends upon;:
1. The net temperature change during the reaction.
2. The amount of substance. The more you have, the more heat can be exchanged.
3. The heat capacity (C) of a substance. -
C = heat absorbed =J/I'C
Increase in temperature

Some substances can absorb more heat than others for a given temperature change.
There are three ways of expressing heat capacity:

1. Heat capacity (as above) = J/°C
2. Specific Heat Capacity = heat capacity per gram of a substance (j/g°C)
3. Molar heat capacity = heat capacity per mole of substance (j/mol°C or j/mol’K)

You can solve calorimetry problems very well using dimensional analysis. Before we solve
numerical problems, let’s do a problem involving interpretation of specific heat capacities.

Example 6.2 B Specific Heat Capacity
Look at Table 6.1 in your textbook. Based on the values for specific heat capacity, which
conducts heat better, water or aluminum? Why is this important in cooking?

Solution: '

The heat capacity of water is 4.18 J/g°C. This means that it takes 4.18 J of energy to raise the
temperature of one gram of water 1 °C,

The heat capacity of aluminum is 0.89 j/g°C. This means that it takes 0.89 J of energy to raise
the temperature of one gram of aluminum 1°C.



In other words, it takes almost 5 times as much energy (4.18/0.89) to raise the temperature of an
equivalent amount of water by 1 °C. Therefore, aluminum conducts heat better because less
heat causes an equal rise in temperature. This is important in cooking because pots made of
aluminum transfer heat very well to food. Note that iron pots conduct heat even more readily

than aluminum (but they are more difficult to take care of).

Your textbook discusses doing constant pressure calorimetry using a “coffee cup
calorimeter.” In this case, AH = qp in units of joules. Remember that you may use dimensional

analysis to solve calorimetry problems.

To measure the heat flow in a reaction, it is carried out in a devnce known as a
Coffee-Cup Calorimeter  calorimeter. The apparatus contains water, :

Thermormeter

Water

Polystyrene
foam cup
(good
insulator)

Figure 8.2

Coffee-cup calorimeter. The heat
given off by a reaction is absorbed by
the water. If you know the mass of
the water, its specific heat (4.18 J/g -
°C), and the temperature change as
read on the thermometer, you can
calculate the heat flow, g, for the re-
action.

Areaction =

reaction = —Ycalorimeter

—Mwater X 4.18 g _Joc

X At

Example 6.2 C Constant Pressure Calorimetry (Coffee Cup Calorimetry)

Recall from Example 6.2 A that the AH of NaOH is -43 kJ/mole when NaOH (s) - NaOH(aq).
If 10.0 grams of solid NaOH is added to 1.0 L of water (specific heat capacity = 4.18 J/g°C) at
25.0 °C in a constant pressure calorimeter, what will be the final temperature of the solution?

(Assume the density of the final solution is 1.05 g/mL)

Strategy: We need to know 3 things.

1. Mass of the solution = 1000 mL x 1.05 g/mL = 1050 grams

2. Heat capacity of the solution = 4.18 j/g°C
3. The enthalpy of the solution =

o %N“O\*l Cq@ o \( w3 %Y
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We want to know the change in temperature (AT). We can solve using Q = mcAT. Keep in
mind the temperature will rise because heat is evolved, or absorbed. AL Q
~ mce

Solution: 10,150} . s
At Jose)(UETzeC) :

The final temperature will equal 25.0 °C +2.4 °C =27.4 °C.

Constant Volume calorimetry is discussed in your book. The bomb calorimeter is used for this
application. In this case, because AV = 0, no work is done, and AE = g, in units of joules. Here
as well, dimensional analysis works well. Each bomb calorimeter is different. The heat
capacity (3/°C) of the bomb and its parts must be determined using a known substance before
the energy (or heat) of combustion can be determined.

Bomb Culorimets)

A coffec-cup calorimeter is suitable for measuring heat flows for reactions in
solition. However, it cannoi be used for reactions involving gases, which would
escape from the cup: nor would it be appropriale for reactions in which the
prodacts reach high temperatures. The bomb calorimeter, shown in Figure 5.7,
is a more versatile instrument. This type of calorimeter was used to determine
mosi of the enthalpy changes that we have referred to in (his chapter,

Ignition
wires

-~ Thermomatar

/Lr;iL{iﬂtneec: outer . The lromb calorimeter
. 1< usually used with

i Steal . combustion reactions
- container o
| Water FIGURE 5.7 Bomb calorimeter. To

determine q for a reaction carried out
in this apparatus, we must consider the
heat absorbed by the metal parts of the
calorimeter as well as by the water. To
find quome, @ reaction is carried out for
which q is known and At is measured.

|.—-Steal bamb

W — Sampla dish

Example 6.2 D Constant Volume Calorimetry (bomb calorimeter)

The heat of combustion of glucose, C¢H;204 is 2500 kJ/mole. A sample of glucose weighing
5.00 g was burned with excess oxygen in a bomb calorimeter. The temperature of the bomb rose
2.4 °C. What is the heat capacity of the calorimeter?

A 4.40 g sample of propane (C3Hg) was then burned with excess oxygen in the same bomb
calorimeter. The temperature of the bomb increased 6.85 °C. Calculate AEcombustion Of propane.

Qg CoorlorNE



Strategy: There are two patts to this problem. First, we must calculate the heat capacity of the
borb calorimeter using the data for glucose. Second, we can use this heat capacity to determine
the energy (heat) of combustion of propane.

Remember that the energy of combustion is expressed in kJ/mole. ‘A useful beginning is to
convert grams of substance to moles of substance.

Solation:
A. Heat Capacity of the calorimeter S A Hucose

Moles C¢H206 = 5.00 g x 1 mole = 2.78 x 107 moles gl ¥ WM& |
oles CeH1206=5.00 gx 1 mole=2.78 x moles glucose &

1800 ¢ 24 C—Leafupq‘
Heat capacity (kJ/°C) =2.78 x 102 moles glucose x 2800 kJ = 77.84 kJ

Mole

77.84kJ =324 KkJ/I°C
24°C

B. Energy of Combustion of Propane & - Qbﬂﬁ - MRS T

Moles C3Hg = 4.40 g propane x 1 mole = (.100 moles propane
44.0¢g

AEcombugﬁm = 32.4 kJ/OC X 6.85 OC = 22.2 kJ

22.2kJ =-2200 kJ/mole (note: We add negative sign because heat is evolved.)
0.100 moles

Problems:
7. Calcium chloride is a compound frequently found in first-aid hot packs. It gives off
-heat when dissolved in water. When 1.50 g of CaCl, is dissolved in 150.0 g of water,
the temperature of the water rises from 20.50 °C t0 22.25 °C. Assume that all the heat
is absorbed by the water (specific heat = 4.18 j/g°C). :
a. Write a balanced equation for the solution process.
b. What is q for the solution process?
c. Is the solution exo- or endothermic?
d. How much heat is absorbed by the water if one mole of calcium chloride is
dissolved?

C\\ CQC‘}Cg\ — C“(eq QC[;QQ\
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8. A 5.037 g piece of iron is heated to 100. °C and placed in a coffee-cup calorimeter
S that initially contains 27.3 g of water at 21.2 °C. If the final temperature is 22.7 °C,

LTy

S what is the specific heat capacity of the iron (j/g"C)?
Q = ‘@'Fe mwf‘-gj-Bﬁ M&l -

Mool e Ce Ao Cu= B HE Cpn”
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9. The specific heat of aluminum is 0.89 J/g°C. How much energy is required to raise
the temperature of a 15.0 gram aluminum can 18 °C?

Gomert (oo o) (57 {35707

10. The heat capacity of a bomb calorimeter was determined by burning 6.79 g of
__> methane (heat of combustion = 802 kJ/mole) in the bomb. The temperature changed

CHy by 10.8°C.
a. 'Whatis the heat capacity of the bomb? (¢ 9 ‘3@0{»(9 nete \ C@‘Q‘
(4

= __'f@“ 2033
Cob 2 w959

b. A 12.6 g sample of acetylene, CoH,, produced a temperature increase of 16.9 °C
in the same calorimeter. What is the heat of combustion of acetylene (kJ/mole)?

PGy CQH)@ZZ = 455 ol GH, Qgory> ~Boxe

Qpordy> Condo M= 31 s,_th\ SR,

11. A sample of C¢HsCOOH (benzoic acid) weighing 1.221 g Was placed in a bonib
calorimeter and ignited in a pure O, atmosphere. A temperature rise from 25.24 °C to
31.67 °C was noted. The heat capacity of the calorimeter was 5.020 kJ/°C and the

combustion products were CO; and H,O. Calculate the AH in kJ/mole for the
reaction.
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12. Methanol, CHsOH, is used as a fuel in some cars. When one mole of methanol burns, .
726 kJ of heat is evolved. Five mL of methanol (d = 0.796 g/mL) is burned in a : ‘
bomb calorimeter; heat capacity = 8342 j/°C. If the bomb is initially at 22.73 °C, Yo
what is the final temperature? -
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The critical point that is made in this section is that enthalpy changes are state '

functions. The implication is that it does not matter if AH for a reaction is calculated in one
step or a series of steps. This idea is called Hess’s Law.

By using values of AH of known reactions, we can use Hess’s Law to solve for enthalpies
of reactions whose values we do not know.

Example 6.3 A Hess’s Law

Given the following reactions and AH values,
a. 2N,0 (g) > Ox(g) + 2Na(g) AH =-164 kJ
b. 2NHi(g) + 3N;0 (g) > 4No(g) + 3H,0() AH=-1012kJ

Calculate AH for: 4NH§(g) + 30,(g) = 2N3(g) + 6H,0(1)

Strategy: The idea is to manipulate equations a and b so that they add up to the desired
equation. There are 3 ways we can manipulate equations.
1. We can reverse the entire equations. By doing this, the products become the reactants
and vice-versa.
2. We can multiply the entire equation by a factor such as 3 2, Y% or 1/3.
3. We can do both #1 and #2.

The most important thing to keep in mind is that WHEN YOU MANIPULATE AN
EQUATION, YOU MUST MANIPULATE THE AH VALUE EXACTLY THE SAME
WAY!

Solution: In my expericnce, the best way to solve Hess’s Law problems is to find a substance

that only appears once in the reactants. Modify that reaction so that the substance appears

where it should be, and in the correct amount, as in the final reaction. The entire substance

equation must therefore be correct. In our example, NHj appears only once in the reactants.

(N0 appears in both equations....STAY AWAY FROM N;O!) |

We have 2NH; on the left hand side. We want 4NH; on that side. Therefore we must multiply

equation b and its AH by +2, which gives:
4NH;(g) + 6N,O(g) > 8Ny(g) + 6H0() AH=-2024 kJ

A



7 Oxygen appears only once in the reactants, Therefore, if we modify equation a to get the correct
/ amount of O, in the proper place, we should be done. (We have modified both equations.) We
need to reverse equation a and multiply it by 3 to get 30, on the left side. This will agree with
the desired reaction. Remember to multiply equation a’s AH by -3 as well! This gives:
304(g) + 6Nx(g) > 6N, 0(g) AH =+492 kJ

Let’s get the final AH by adding our “modified” equations,

4NHi(g) + 6N20(g) -> 8Ny(g) + 6H0(1) AH =-2024 kJ
30,(g) + 6Na(g) > 6N,O(g) AH = +492 kJ

30,(g) + 6N,(g) + 4ANH3(g) + 6N0(g) > 6N,0(g) +8Nx(g) + 6HO() AH =-1532kJ

And cancelling terms,
30.(g) + 4NH;(g) 2> 2ZNx(g) + 6H,O()  AH =-1532kJ

Getting the final reaction serves as your check of correciness.

Problems:
13. Calculate AH for: Na(g) + O2(g) > 2NO(g)

Given:
a.  Ny(g)+20:(g) > 2NO,(g) AH=66.4Kk]
b. 2NO(g) + Ox(g) 2> 2NOx(g) AH=-114.1 kJ

a(,as 75\ " Na*‘goa —-j%&% AH= 669
s () TINE, — INO AR, AH= M

N‘z «—Oé_ _% &NO

M= |%O,f5—_—"

14. For the reaction; HyO(1) = HyO(g) AH=44KkJ
How much heat is evelved when 9.0 grams of water vapor is condensed to liquid
water?

.Uy T lmele H,0 _
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15. Calculate AH for: CHa(g) +2 Ox(g) > COx(g) + 2H,0()
Given:
a. 2Hy(g) + C(s) > CHy(g) AH=-74.81kJ
b. 2Hxg) + Ox(g) > 2H0(0) AH =-571.66 kJ
c. C(s) +0x(g) > COAg) AH =-393.52 kJ

fov o CH, —T 8 AL A= +14% ]

® Cla G0, - (O, DH = =335

b (as w3 bﬂro_‘},_:) IO O = -S71-66

C’H‘—lkgba ,__j ®3 4—9"30 T’&H: *‘3“10:3_%

J

16. Caiculate AH for: Ca(s) +2H;0(1) > Ca(OH)(s) + Ha(g)
Given:
a. CaO(s) + H,O(l) > Ca(OH),(s) AH = -64 kJ
b. Hy(g)+ %0u(g) > H0() AH = -285 kJ
c. Ca(s) +%0(g) > CaO(s) AH=-635kJ -
Clsr) G+ %’Qa YA A= -63S
xlos @y @+ HO — G (oH), A= -G4
bl HO — K, + By DM = FES
D= ~tuy S

| Can &-}H}O — Cq(-ol'h}"" H)
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i 6.4 Standard Enthalpies of Formation
Look at your textbook, whete the standard enthalpy of formation (AH;") of a compound is
defined. There are some imporiant points that are worth going over.

1. AH{ is always given per mole if compound formed.

2. AHY{ involves formation of a compound from its elements with the substances in their
standard states.

3. Your textbook lists the following standard state conditions.
For an element:
- Tt is the form which the element exists in at 25 °C and 1 atmosphere.

For a compound:
- Fora gas it is a pressure of exactly 1 atmosphere.
- For a substance in solution, it is a concentration of exactly 1 M.
- For a pure solid or liquid, it is the pure solid or liquid.
4. AH{ for an element in its standard state (such as Ba(s) or Nx(g)) equals 0.

Example 6.4A Standard Enthalpies of Formation
By consulting Appendix 4 of your textbook, and from your knowledge of standard states, list the
standard enthalpy of formation for each of the following substances.

a. ALOs(s) -1676 kJ

b. Ti(s) 0 kJ (solid is the standard state of titanium)

c. Pug) 59kJ

d. SO.%(aq) 909 kJ

e. Fx(g) _ 0 kJ (The gaseous diatom is the standard state of fluorine)

The key to calculating standard enthalpy changes is to remember “products minus reactants.”
More correctly, AH reaction = ZnpAHe éproducts - ZnAH¢ ommmts

. This reads “the sum of the AHy’ for n moles of each of the products minus the sum of the AH™
for n moles of each of the reactants.”
Keep in mind that just as in Hess’s Law problems, when you multiply the substance by

an integer coefficient in a balanced equation, you must multiply the AH;® value by that integer as
well!

Example 6.4B Calculating Standard Enthalpies of Formation
Using your data in Appendix 4 of your textbook, calculate AHy® for the following reaction;

2C3Hg(g) + 90,(g) = 6 COu(g) + 6H0(1)
Solution: AHormﬁcm = EnpAHf 0pn:)duc.m - znrAHf ol’eactants

En,AHr “ produs = 6 X AHe moqy + 6 x AHE coae) = (6 mol x -286 kJ/mol) + (6 mol x -393.5 kJ/mol)
= 4077 k]

ZnpAHs *reactams = 2 X AHe canse) + 9 X AHe 02 = (2 mol x 20.9 kJ/mol) + (9 mol x 0 kJ/mol)
=+41.8 kJ

Finally, AH = (-4077 kJ) — (+41.8 kJ) = -4119 kJ




Problems:
17. Using standard heats of formation (Appendix 4 in your book), calculate AH for the
following reactions:
a. 2Hy0x(1) 2> 2H;0(1) + Ox(g) AH; “ioongy = -187.8 kJ/mole
b. HClg) - H'(ag) + CI'(aq)

c. 2NOsx(g) >N204(g)
d. CHx(g) + Ha(g)> CoHi(g)
e. 2NaOH(s) +CO4(g) = Nay,COs(s) + HyO(g)

) [a(gﬂ o) () (-m,sﬂ ¢ 6N K

B Cor G}~ = 15 <

Q) (831 -[o6a)) = Mhde
C&\ ‘[531 "'tg'aﬂ 1 (33 ~ _M

e) [—1\3\ s () - l-w) + (-3‘135\1 ~ 3 - (=S




/ 18. When one mole of calcium carbonate reacts with ammonia gas, solid calcium cyanamide,
CaCN; and liquid water are formed. The reaction absorbs 90.1 kJ of heat.
a. Write a balanced equation for the reaction. Include the AH.

QOAKS ¥ CO\COS m@N %5, 5—3 CRCNDE;’\}\’BQ té\

b. Using Appendix 4, calculate AH; ° for calcium cyanamide.

YH{— oy 3(“%,5\‘\& - E{F(qw:;* QW«M—& h C?GJ i

CX—* 3(3%)\ ( wao =20 L@\- 0.1
Cx 4(-953\\ T Q}“q\ =40.
v - 35,3 +naq=90-|

S

19. The heat released when HNO; reacts with NaOQOH is 56 kJ/mo]e of water produced. How
much epergy is released when 400.0 mL of 0.200 M HC j is mixed with 500.0 mL of
0.150 M NaOH? How does this compare with the answer to problgm #78 i in your
textbook? Why?

e W —S MO + 56 P

\. — . = o H+
) ""’E\‘ OF mel HOL =2 o0F ol

(50) (1578) = 075 ot Kl [ 015 wd O] -LR

NS kM SGL‘T\ L[;)Lq‘
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Chapter 16- Spontaneity, Entropy & Free Energy Problems
1. Choose the state that is more random, and thus is more probable. )
a. A lawn before the leaves are raked or after they are raked. - hdare ralted
b. A house being built or after it is built. \sz\\pw\‘\'
c. A deck of cards before of after a successful game of “52 pickup?” R&e
d. A football team at the huddle or after the huddle. Béere

2. Which of the following processes are spontaneous?
a. Glass shattering when it is dropped. S fw-x“-

b. Outlining your chemistry notes. per-Spen
¢. Perfume aroma from an open bottle filling the air. - SF"\

@B b

P o§&)3' Predict the sign of AS for: .

’@b a. The freezing of water m - ¢. ammonia vapor condensing @ AS
o X 3 ..} @

b. Evaporation of a seawater sample to drynes@g d. weeding a garden @AS

@ :
«” 4. Predict the sign of AS for each of the following reactions:
2 N(®)+3HE > NhE @O o 2+ 0 > 2506 @ O

b C(s)+H0(e) > CO) + E@@) ¢ 56+ 0xte) > so:0 (lh

5. Use the table of thermodynamic data to calculate the AS° for each of the following reactions:

AS= C‘-\ (9‘{0\ * Q(_\gq\\ — C"\(- @ o oi-acu\:.-z&{

209U — 9200
b.  2H;0(1) + NHy(l) = Na(g) + 4H;0(g)

5= (1904 ¢ (162)) _@a@o\* nﬁ\ 5

e - 30V =
c. 2H;S(g) +30x(g) > 2H;0(g) +2504(g)

S (5(@ 2B - (3(90(&3@03\\ - & - ) -
Comere

d. Ag(s)+2H (g) + NOs(aq) > Ag'(aq) + H,O(1) + NOo(g)
N (_'BPIO 49@-— (%3*—3(034 \qc) = 3%3-189 Hay Y,




6. Calculate the AH¢ and 8° for CaSOy2H,0 given the following information:
Ca(s) + SOs(g) + 2H;0(1) > CaSOy2H,0(s) AHC = 2795 kJ; AS® = -235.5 J/K

49s = ( ) - (Cb + C—?ﬁ(b + D(f}%\\ % S, 5= (xB-én“aﬁ +Q[‘7cb>
~as= x - (%) m 5S5= X - W3F

X> US> G135 Vel U1
7. Calculate AG® at 25°C for reactions for which:
a. AH°=+210kJ:AS°=+325TK b. AH*=+7.34kJ; AS*=+0.337kI/K

= M-S A~ =TS
~530q - ()39

AG"’; '-'c'3a| K3 ’ -@
8. Show by calculation whether the dissolving of ammonium nitrate in water at 25°C.
NHNO, — R - N0,
a. Is exothermic or endothermic.
(-1 1 (20SY- (BeQ)= + 99 Fhde  enlatheni

b. Increases or decreases in entropy.

= C“’B 3 \LLQ,\ - \3| = [0%37,“]” \Nreas‘m:.) in en""rof“l

c. Is spontaneous. -— = .[
L wats  O6=spd
o={ -4 -i-L lcﬂ\\ Gl%‘h {9 de - A6 29 - gct&(mg\ =3 18Y

9. Calculate the AHY, and AS¢ for the formation of 1 mole of HBr(g) from its elements Calculate
the temperature at which AGy’ is -60.0 kJ/mol.

W S %rg %}H&r
By ‘b 8e, — HBr
M= Y - (o) h(@)) = a5
&S = (1) ~ C‘b(ﬁ\}r‘lg( 53)) = +51.5% ket M = <0575 “hdu

AG= DH-TS

2 BEDH | MMM —3%1;@5.\\\

— 06"15




10. A student warned his friends not to swim in a river close to an electric plant. He claimed that the
ozone produced by the plant furned the river water to hydrogen peroxlde which would bieach
hair. The reaction is:

0s(g) + H,0(l) -> H,04(aq) + Ox(g)

Show by calculation whether his claim is plausible (a spontaneous reaction would be “plausible”),
assuming the river water is at 25°C, and all the species are at standard concentrations. Take AG?®
Os3(g) at 25°C to be +163.2 kI/mol and AG;® H,O,(aq) at 25°C to be -134.0 kJ/mol.

N= ZGe fpred)- EGF(!’&E['\
%: - -4 wymle, -+ 05 - C' (a?)!)ujimfe ¥ ('331 m‘rd?\\
AG': —\3u - (‘73 %3 = —6L0D “:r/rm(f

PQQL’(Wbﬂ 3 Sfb,ﬂuneguj C‘ AQ ; So F" 3 P’Q.us:ble.

11. It has been proposed that wood alcohol, CH;OH, a relatively inexpensive fuel to be produced, be
decomposed to produce methane. Methane is a natural gas commonly used for heating homes. Is
the decomposition of wood alcohol to methane and oxygen thermodynamically feasible at 25°C?

CH;OH() = CH,y(g) + 1 Ox(g)

Calculate AH?, and AS?. Calculate AG using formula AG = AH - TAS.

A= (=75 + 10N (322) = +164 Tk ’
AS= (156hin =+t (2057t DY = () =Gl Sk M = NolS ot I

AG- QM -'\'[Sg > 16‘( Chede — @%QG%IS‘%@
N\G= +115.9 Slde

J"ﬁ&’ m&a“nmmt y\g\‘ —%qg\ble

+ 057 moﬂe.{m\c[om -Feag&jf |




A= A\ -TAS —AG= spo e
406> norvSporT’ﬁfH‘U
12. Discuss the effect of temperature change upon the spontaneity of the following reactions at 1 atm.

Also, at what temperature does AG” become zero (reaches equilibrium) for each of the reactions.

a. AlLOq(s) + 2Fe(s) > 2Al(s) + Fe,0x(s) AH®= 851.5 kJ; AS°=385J/K
+ -+

@ gqrﬂk OG>8S1.SUT “’(3‘13)(.03‘35\': +5o ey - W'SPOWMEDUS
oo T s M-AG _5?5:.5 - O ’:):Te Gr A6=0
e LAY M

M -
A—H —(-th k&lhw fea 9.3 ]VIOLU’( AU be Spon neo.)
b. NyH4(1) = Na(g) +2Ha(g) AL = -50.6 1 S 09315 LK

EIBU  NG= 506 -Caqé)(a33!'5\= =49 43 - SPoNTANEBOUS
peeo  T=BRE. 0L 153K (Tepssble fo hae 0Ok,
So “”B Cﬁa’\ 3 4[m7s Sf:@i"

c. SOs(g) = SOs(g) + % Oxe) AH® = 98.9 kJ; AS° = 0.0939 kI/K

eyxgvw 6= BA- (aﬁg)(cOQ3ﬁ35 70 [t —@p non sfp.ﬁuneovg

No=o  T-Ad-N¢_ %A 1653 i

= s

OS ik <

Thes rentbion will be spotanecs st “vﬁmp above (0534

13. Red Phosphorus is formed when hcatmg white phosphorus. Calculate the temperature at which

the two forms are at equilibrium given: . P white) € P Plrey Q - (‘ )
White P: AH® = 0.00 kJ/mot; S°=41.09 /K O e?""[ b”"‘ﬂ
RedP: AH® =-17. 6 kl/mol; S°=22.80JK

Q\“‘ Hpnﬁl Hn&w’{’ 2 1.6 -0 = ~17.0 e

A= Spred - Craed s 998 -4 = 182V Vmtht > —.OI839 WLl U

(&)
T= M A e {960
14. Tin organ pipes in unheated churches%?velop tin ¢ d1sease in which w converted to

gray tin. Shigynie) € P Shigray)
White Sn: AH® = 0.00 kJ/mol, §°=51.55J/K
Grey Sn: AH®=-2.09 klJ/mol; §°=44.14JK

M= 2D.01-0° =204 E.d P

ASe HUL-SISC > —glﬁ?f\l%w@\gu

-0 w@ o 0% (33aM

,QOO"H\ -
(1)

T
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