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Laws of
Thermodynamics

Problem numbers in italics indicate that the solution is included in the Student Solutions Manual.

Conceptual Problems

Q5.1

Q5.2

Q5.3

Q5.4

Q5.5

Q5.6

Under what conditions is AS < 0 for a spontaneous process?

For a spontaneous process, AS + AS,,.ouniings > 0. A process is spontaneous if AS <0 only if

AS, >0 and [AS, >|AS|.

surroundings urroundings,

Why are AS g, and AS,

-
vaporization 31WaY$ positive?

This is the case because AH 4, and AH 0000, 87e always positive. In each of these transitions,
attractive forces must be overcome. In both of these process, the disorder in the system increases.

An ideal gas in thermal contact with the surroundings is cooled in an irreversible process at constant
pressure. Are AS, AS,y oundings» and ASyy positive, negative, or zero? Explain your reasoning.

T,
For a constant pressure process, AS =nCp,, m—g{- and if AT <0,AS <0. For a process that
]

actually ocours, AS,,,; > 0. Therefore, AS, oundings > 0.

The amplitude of a pendulum consisting of a mass on a long wire is initially adjusted to have a very
small value. The amplitude is found to decrease slowly with time, Is this process reversible? Would
the process be reversible if the amplitude did not decrease with time?

No, because dissipative forces (in this case friction) are acting on the system. If the amplitude did not
decrease, no dispersive forces act on the system and the oscillation is reversible in the limit of very
small amplitudes. If the amplitude did not decrease with time, no dissipative forces act on the system,
and because the amplitude is very small, the process is reversible.

A process involving an ideal gas is carried out in which the temperature changes at constant volume.
For a fixed value of AT, the mass of the gas is doubled. The process is repeated with the same initial
mass and AT is doubled. For which of these processes is AS greater? Why?

AS is greater if the mass is doubled, because AS increases linearly with the amount of material. By

contrast, S only increases as the logarithm of the temperature. This increase is much slower than a
linear increase.

You are told that AS =0 for a process in which the system is coupled to its surroundings. Can you
conclude that the process is reversible? Justify your answer.

No. The criterion for reversibility is AS + ASyroundings = 0- To decide if this criterion is satisfied,
AS,

surroundings TUSL be known.
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Q5.7

Q5.8

Q5.9

Q5.10

Qs.11

Q5.12

Q5.13

Q5.14

Under what conditions does the equality AS = AH/T hold?

Because dS = m
T

, the equality holds if Ag,,..spe = dH. This is the case for a reversible process at
constant pressure,

Is the following statement true of false? If it is false, rephrase it so that it is true. The entropy of a system cannot
incease in an adiabatic process.

False. The entropy of a system cannot incease in a reversible adiabatic process.
Which of the following processes is spontaneous?

a. The r ible isothermal

ion of an ideal gas.

b. The vaporization of superheated water at 102°C and 1 bar.

c. The constant pressure melting of ice at its normal freezing point by the addition of an infinitesimal quantity
of heat.

d. The adiabatic expansion of a gas into a vacuum.

(a)  is not spontaneous because the system and surroundings are in equilibrium during a reversible process.

(b)  is spontaneous because the equilibrium phase under the stated conditions is a gas.

(¢)  is not spontancous because the process is reversible if the amount is infinitesimal.

(d)  is spontaneous because at equilibrium, the density of a gas is uniform throughout its container.

One joule of work is done on a system, raising its temperature by one degree centigrade. Can this increase in
temperature be harnessed to do one joule of work? Explain.

No, because it would violate the second law of thermodynamics. Heat cannot be converted to work with 100%
efficiency.

Your roommate decides to cool the kitchen by opening the refrigerator. Will this strategy work? Explain your
reasoning.

It will not work if the refrigerator is totally inside the room because cooling the room would require that the
refrigerator takes up more energy than it releases. Because the efficiency of the refrigerator is less than 100%, the
net effect will be to heat the room. However, if the refrigerator is mounted in a window or door so that the heat is
not released into the room, it is possible to cool the room in this way.

An ideal gas undergoes an adiabatic expansion into a vacuum. Are AS, ASq,,oumiingss and AS,, positive, negative, or
zero? Explain your reasoning.
v
Because AT = 0 for the expansion of an ideal gas into a vacuum, AS = nR n—L > 0. Because AS irroundings 15
i
calculated using the actual heat flow into the surroundings, AS,,oungings =0 for an adiabatic process.
ASpar = AS + ASsurromd:'ngy > 0.

When a saturated solution of a salt is cooled, a precipitate crystallizes out. Is the entropy of the crystalline
precipitate greater or less than the dissolved solute? Explain why this process is spontaneous.

Forming the crystalline precipitate is a process for which AS < 0. However, AS,oungings 8 Opposite in sign and
greater in magnitude so that AS + AS rroundings > 0, making the process spontaneous.

A system undergoes a change from one state to another along two different pathways, one of which is reversible
and the other of which is irreversible. What can you say about the relative magnitudes of g,pyepgp, and

Qirreversible?

Because S is a state function, AS is the same for a reversible and an irreversible path between the same initial and
final states. However, as discussed in Section 5.6, 4 q,cyersibic — ;fq =Tds - Ag =2 0.
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Qs.15

Qs5.16

Q5.17

Q5.18

Q5.19

Q5.20

Q5.21

An ideal gas in a piston and cylinder assembly with adiabatic walls undergoes an expansion against a constant
external pressure. Ate AS, AS., oundings» a0d AS,,, positive, negative, or zero? Explain your reasoning.

Because the process is adiabatic, AS,ouniings = 0. Because the process actually oceurs, AS,,, > 0. Because
AS = ASp — ASsurrawuflkgr: AS > 0.
Is the equation

Ty - 7 T

ss= [Sar+ [Bav =c, wLi L, v
T I I K

valid for an ideal gas?

No. Because £ and x are not independent of ¥ for an ideal gas, they can’t be taken out of the integral.

Why is the efficiency of a Carnot heat engine the upper bound to the efficiency of an internal combustion engine?

This is the case because the maximum work that can be done on the surroundings in the expansion of a gasisina
reversible process.

Two vessels of equal volume, pressure, and temperature both containing Ar are connected by a valve. What is the
change in entropy when the valve is opened, allowing mixing of the two volumes? Is AS the same if one of the
volumes contained Ar, and the other contained Ne?

If the same gas is on either side of the valve, AS = 0 because the individual atoms or molecules of the gas are
indistinguishable. However, if the two gases are different, AS > 0 because of the mixing of the gases.

Without using equations, explain why AS for a liquid or solid is dominated by the temperature dependence of §
as both P and T change.

1t is useful to think of S = S(F,T). Because F changes very little with P for a liquid or solid, entropy changes are
dominated by changes in T rather than P for liquids and solids.

Solid methanol in thermal contact with the surroundings is reversibly melted at the normal melting point at a
pressure of 1 atm. Are AS, ASy,oundingss and AS,,, positive, negative, or zero? Explain your reasoning.

AH g
fusion <0
T,

m

as = 2L psion

m

> 0; Because the process is reversible, AS,,y = 0. ASqpundings = —AS = —

Can incandescent lighting be regarded as an example of cogeneration during the heating season? In a season where
air conditioning is required?

1t can be regarded as an example of cogeneration during the heating season because the waste heat from light
production is used to heat the building. 1t is not an example of cogeneration if air conditioning is used because the
waste heat reduces the effect of the air conditioning.

Numerical Problems

P51

Consider the formation of glucose from carbon dioxide and water, that is, the reaction of the photosynthetic process:
6C0,(g) + 6H,0() = CgHyp04(s) + 60,(g).

The following table of information will be useful in working this problem:

T =298K COy(8) H,0() Cel1206(5) 0,(8)
AH (Klmol ) -393.5 -285.8 -1273.1 0.0
S°(Fmol'K™) 213.8 70.0 209.2 205.2
C°p,, (Jmol 'K ™) 37.1 75.3 219.2 29.4
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Calculate the entropy and enthalpy changes for this chemical system at 7 = 298 K and T = 310K. Calculate
also the entropy change of the surroundings and the universe at both temperatures, assuming that the system and
surroundings are at the same temperature.

At 298.15K

ASp = 2092 K mol™ + 6% 2052 K™ mol™ - 6% 213.8J K™ mol™ - 6x70.0 K™ mol™
= -2624 K" mol ™
AHj = -1273.1kI mol™! — 6% 393.5kJ mol™ - 6 x 285.8 kI mol™" = 2803 kJ mol™
- —AH3(298.15K) _ ~2802.7 kJ mol ™!
T 330.K
ASpverse = ASeurroundings + ASk = 2624 TK ™ mol™ - 9.40 x10* JK™" mol™!
=-9.66%10* JK ™ mol™!

=-940x10° J K™ mol™

To calculate AS for the system, the surroundings, and the universe at T =310,K, we must take the heat
capacities into account.

AC,, =6%294 1K™ mol™ +2192TK ™ mol™" — 6 x37.1J K™ mol™! — 6 x 75.3 )K" mol™!

= -278.8J K™ mol™

. 310.K

ASR(310.K) = ASp(298.15K) + AC,, , In——r
RO10.K) = ASx( )+ ACpm 015K

310.K

= = 27341 K mol™
298.15K

=-2624JK ' mol™ - 278.8 J K mol™! x In

AHR(310.K) = AHR(298.15K) + AC, , AT
= 2802.7kJ mol™! — 278.8 x 107> kJ K~ mol™ x (310. - 298.15)K = 2799 kJ mol™

—AH3(310.K) _ —2793.8 kI mol™ R
rroundings = R; ). 0K =-9.03%10° JK ™" mol™!

AS: A8} roundings + ASg = —2734TK ™ mol™ - 9.03x10° J K™ mol™

universe —

ASZ,

=-930%10° JK " mol™

P52 The Chalk Point, Maryland, generating station supplies electrical power to the Washington, D.C., area. Units 1 and
2 have a gross generating capacity of 710. MW (megawatt). The steam pressure is 25%10°Pa, and the
superheater outlet temperature (7},) is 540.°C. The condensate temperature (7,) is 30.0°C.

a. ‘What is the efficiency of a reversible Carnot engine operating under these conditions?

b. If the efficiency of the boiler is 91.2%, the overall efficiency of the turbine, which includes the Carnot
efficiency and its mechanical efficiency, is 46.7%, and the efficiency of the generator is 98.4%, what is the
efficiency of the total generating unit? (Another 5.0% needs to be subtracted for other plant losses.)

c. One of the coal burning units produces 355 MW. How many metric tons (1 metricton = 1 x 10° g) of coal
per hour are required to operate this unit at its peak output if the enthalpy of combustion of coal is
29.0x10° kI kg2

Dot — Tootd _ 1— 303K

—— = 0.627

a, £ =
® Thor 813K

(b)  The efficiency of the generating plant is the product of the individual efficiencies.
£ = 0.912x0.467 x 0.984 X 0.95 = 0398
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36005 _ | 278 %102 rhe,

(c)  The energy output per hour is given by 355 MW x

Foup 127810 J ™!

0.398

=3211x10% The',

The heat required to output this energy is ¢ =

12 13 -1
The number of tons of coal needed is m =110.7 ton hr™".

29.0x10” J ton™

P53 An electrical motor is used to operate a Carnot refrigerator with an interior temperature of 0.00°C. Liquid water
at 0.00°C is placed into the refrigerator and transformed to ice at 0.00°C. If the room temperature is 300.K, what
mass of ice can be produced in one day by a 0.50-hp motor that is running continuously? Assume that the refrigerator
is perfectly insulated and operates at the maximum theoretical efficiency.

We need to find the amount of heat per unit time that can be removed from the interior of the refrigerator.

q (—w) y - (fw)
4_p[Z]|e—ted |2
t I Thor = Teota \ t

_ 273.15K xO.SthXMSW
300.K - 273.15K hy

= 6046 W = 604615~

The number of grams of ice that can be frozen in one day by this amount of heat extraction is

qlt 604675~ 18.02g _60s_ 60min _ 24 hr
X = x XK—X K—

Micg = = - =157x10%g
" AH fugion 6008 mol™' mol ~min~ hr  day
P5.4 An air conditioner is a refrigerator with the inside of the house acting as the cold reservoir and the outside

atmosphere acting as the hot reservoir. Assume that an air conditioner consumes 1,70 x 1 0° W of electrical power,
and that it can be idealized as a reversible Carnot refrigerator. If the coefficient of performance of this device is
3.30, how much heat can be extracted from the house in a day?

n, = dedd =330, g0 =330w
w

o = 330X 170%10° 571 xiﬁf‘ﬁx 24 hr = 485 %108
r

P5.5 One mole of Hy0(!) is compressed from a state described by P =1.00 bar and 7 = 350,K to a state described
by P = 590. barand T = 750.K. In addition, § = 2.07 x 107* K1, and the density can be assumed to be constant
at the value 997 kg m™. Calculate AS for this transformation, assuming that & = 0.

From Equation (5.24),
P

T i
C . T
AS = H”—dT ~ [¥BdP = nCp,, 1.1%- ¥, B(P; — B)
i 7 i

-3 -1
=1molx 753 J mol 'K xIn 0K _ 1mol x 1802 %10 kg3mol
350.K 997 kgm™

% 2,07 %107 K™ x 580 bar x 10° Pa bar™'
=574JK' - 0220J K™ = 572K

P5.6 2.25 moles of an ideal gas with Cy ,, = 3/2 R undergoes the transformations described in the following list from
an initial state described by T = 310.K. and P = 1.00 bar. Calculate g, w, AU,AH, and AS for each process.

a. The gas is heated to 675 K at a constant external pressure of 1.00 bar.
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b. The gas is heated to 675K at a constant volume corresponding to the initial volume.

c. The gas undergoes a reversible isothermal expansion at 310.K until the pressure is one third of its initial
value.

(a)  The gas is heated to 675 K at a constant pressure of 1.00 bar.

—1 -1
V= nRT; _ 225 molx8.314ljmol K™ x310.K = 580%10°2 m?
A 10° Pa
r
ve=-Ly = 613K o 580%102 m? = 0.126 m?
7' 310K

W = =P AV = =10° Pax (0126 m* — 5.80 %10 m®) = —6.83% 10 J
3x8314 Jmol™ K~!
2
g=AH =AU —w =102x10°T +6.83%x10° J = 17.1x10° J

AU = nCy , AT = 2.25 mol x %x365K =102x10%]

675K
310.K

=364JK™!

- I _ 3 -1 g
AS —nCPJ,,ln—T;-—ZZSmolx E+1 x 8314 mol™ K™ xIn
i

(b) The gas is heated to 675K at a constant volume corresponding to the initial volume. w = 0 because
AV =0,

11
MXMSK —102x10°]

5x%8.314 Jmol ' K™
2

AU = g = nCy , AT = 2.25mol X

AH = nC,,, AT = 2.25mol x X365K =17.1x10° J

T
AS = nCy yIn-L = 225 molx[1 %8314 Tmol” K xn S22 K _ o1 gyt
mip 2 310.K

i
(¢)  The gas undergoes a reversible isothermal expansion at 310.K until the pressure is one third of its initial
value. AU = AH = 0 because AT =0,

V.
Wreversible = ~4 = -nRﬂan = -225mol x 8314  mol ' K x310.K xIn3 = -6.37x10° J

i

Pr Ty
AS = —nRIn—L + nC, In-L
p e

i i

=-225mol x 8314 J mol ' K % ln% +2.25 mol x [%)x 8.314 Tmol™ K In1

=206JK!

P57 Consider the reversible Carnot cycle shown in Figure 5.2 with 1.25 mol of an ideal gas with C}, = 5/2R as the
working substance. The initial isothermal expansion occurs at the hot reservoir temperature of T}, = 740.K from
an initial volume of 3.75 L (V,) to a volume of 12.8L (¥}). The system then undergoes an adiabatic expansion
until the temperature falls to T,,, = 310.K. The system then undergoes an isothermal compression and a
subsequent adiabatic compression until the initial state described by 7, = 740.K and ¥, = 3.75 L is reached.

a. Calculate ¥, and V.

Copyright © 2013 Pearson Education, Inc.



Chapter 5 Entropy and the Second and Third Laws of Thermodynamics 79

b. Calculate w for each step in the cycle and for the total cycle.
V, 12.8L

= —nRT,In—2 =1.25 mol x 8314 J mol™ K" x I
Wab «y me "35L

a .

=-944x10°1

Wse = 1y u(Ty = Ty) = 125 mol x 25 x 8314 Jmol™ K™ % (310.K - 740.K) = ~11.2x10°J

Wy = -nmglnl;i =1.25mol x 8314 Jmol ' K™ xl‘nﬁft

¢

=3.96%10°]

Wag = nCy (T, = Ty) = 175 mol x% %8314 mol™ K™ x (740.K - 310.K) = +11.2x10° J

W = ~944%10° T =112x10° 1 + 3.96 X 10° J +112x10° J = ~5.49x 10° ]

c. Calculate £ and the amount of heat that is extracted from the hot reservoir to do 1.00 kJ of work in the

surroundings.
" 3
oot tead 310K _ ooy q S _JLO0XTOTT o 0% ]
Tha 740.K 3 0.581

P58 The average heat evolved by the oxidation of foodstuffs in an average adult per hour per kilogram of body weight
is 720k kg’l hr™'. Assume the weight of an average adult is 62.0 kg. Suppose the total heat evolved by this
oxidation is transferred into the surroundings over a period lasting one week, Calculate the entropy change of the
surroundings associated with this heat transfer. Assume the surroundings are at 7 = 293 K.

(per day, 62.0 kg) = 7.20 kJ kg™ hr™" x 24 h day™ x 7 day week ! % 62.0 kg
g(pes

= 44,6 10% kJ week ™

g _ #4.6x10" kJ day™
T 203K

AS = =256 kJ K~ week™!

P5.9 Calculate AS, AS,, and ASy, .qne When the volume of 150.g of CO initially at 273K and 1.00 bar
increases by a factor of two in (a) an adiabatic reversible expansion, (b) an expansion against F,.,,, =0, and
(c) an isothermal reversible expansion. Take Cp, to be constant at the value 29.14J mol™' K™ and assume ideal
gas behavior. State whether each process is spontaneous. The temperature of the surroundings is 273 K.
a. An adiabatic reversible expansion ASg,,oundings = 0 because ¢ = 0. AS = 0 because the process is reversible.
ASpar = AS + ASypoundings = 0. The process is not spontaneous,

b. An expansion against Phomg = 0. AT and w = 0. Therefore AU =g = 0.

1%
AS = nR L = 1308

= mxS.BHJmo]_] K'xIn2=309JK™'
i g mo

ASiprqr = AS + ASyroundings = 3097 K™ +0=30.97K™". The process is spontaneous.

c. An isothermal reversible expansion AT = 0. Therefore AU = 0.

v
W=-q=-nRT L= ___‘Eo-g__] mol x8314 T mol 1K1 x 273K x In2 = -843%10° §
V; 28.01 g mol
AS = Jreversible _ M-!%G.QJ K™
T 273K
—8.43x10° J .
ASmm;um;‘mgs = ‘_}Q = 273K =-3097K7

ASiar = AS + ASquproundings = 3097K™' —30.9J K™ = 0. The system and surroundings are at equilibrium.
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P5.10 The maxi theoretical effici of an internal combustion engine is achieved in a reversible Carnot cycle. Assume
that the engine is operating in the Otto cycle and that Cy ,, = 5/2R for the fuel-air mixture initially at 273K
(the temperature of the cold reservoir). The mixture is compressed by a factor of 6.9 in the adiabatic compression step
What is the maximum theoretical efficiency of this engine? How much would the effici i if the comp
ratio could be increased to 15? Do you see a problem in doing so?

1-y jL 04

%

7, =1L —T(lj 5:273Kx(LJ = 591K
12 7.5 69

s 273K

e=1--24L =]1-———=0.538

T 591K

-y i 0.4

v .
1, =1|-L _T('J 5=298Kx(l) = 806K

17 15 15
€=1_£-id_=1_ﬂ<_=o_651

T 806K

It would be difficult to avoid ignition of the fuel-air mixture before the compression was complete.

P5.11 2.25 moles of an ideal gas with Cy , = 5/2 R is transformed from an initial state 7" = 680.K and P =115 bar
to a final state 7 = 298.K and P = 4.75 bar. Calculate AU, AH, and AS for this process.

5x8314 Jmol™ K™

AU = nCy,, AT = 2.25 mol X X (298K — 680.K) = -17.9x10° J

2
£ P |
AH = nCp,, AT = 225 mol x Lmi%“-“’-'ix (298K - 680.K) = —25.0x10% J
P T
AS = -nRn=L + nCp,, In=L
F S/
4.75 bar 7x8314Jmol ' K™ 298K

= —2.25mol x 8.314 J mol ™! K"xln +2.25 mol X xIn
1.15 bar 2 680.K

=-265JK' -540JK =-805)K™

P5.12 1.10 moles of N, at 20.5°C and 6.20 bar undergoes a transformation to the state described by 215°C and
L.75 bar. Calculate AS if

G 3
— = 3081- 1187107+ 23968105 L 10176 x10* L
Jmol™ K K? K

p, ¢
AS=-nR nL +n [~&mar
B T
;

= ~110mol x 8314 J mol K~ x In 17302
6.20 bar
T T 7Y
30.81-11.87 X107~ +2.3968x 10| = | -1.0176x107%| —
488.15 K K K T
+ d—JK™
293.65 T K
7 T T2 T 3 468.15
=116JK™" +(30.81 In— - 0.01187— +1.1984 x 105 — ~ 0.3392 x 1078 — Kt
K LS Kz 288.35

=1L6JK +172JK 1 - 254K +2.00JK ™ - 034K =27.91K™!
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P513 Calculate AS for the isothermal compression of 1.75mol of Cu(s) from 2.15bar to 1250.bar at 298K,
B =0492x10"* K™, x=078x%10 bar™, and the density is 8.92 g cm™. Repeat the calculation assuming
that x = 0.

a8 =~ ["¥( - xP)gap

S 10° -3 -1
= [0 6335 X10 kgmol ;780 10" Pa~ x P)0.492 x 107 K~'dP

21540°  §.92%10° kg m?
=-0.0765J K™

Repeating the calculation for x = 0, we see no change because 1:» xP.

P5.14  Calculate AS® for the reaction 3Hy(g) + Ny(g) — 2NH;(g) at 725 K. Omit terms in the temperature-dependent
heat capacities higher than T2K2.
From Table 2.4,

2
Co(H,, g) = 22.66 + 438 % 10‘% ~1.0835 % 10'*%1 K~ mol™!
2T 1P 1 1
Gy, ) = 3081~ 1187510+ 2396810 51K mol

2
Cp(NH;, g) = 29.29 +1.103 x10'2£ +4.2446 x 10*5%1 K mol™!

2
AC) = 2[29.29 +1.103%107 % + 42446 %107 %J K mol"}

T2

-] 3081-1.187%102L 4 23968105 L 1k mol™
K K?

2
- 3{22.66 +438x m*zg —1.0835x 10“‘% Ik mor‘]

T
—+
K
AS® = 2839515(NH3, g) — S308 15(Na, £) — 35205 15(H2, g)
=2x%1928JK " mol™ =191.6 K™ mol™ —=3%130.7 K" mol™
=-198.1JK™" mol™
T AC
AS; = ASyis+ [ —Edl
T
29815

2
ACp = —40.21 - 0,0975— + 3.860 m"‘%] K™ mol™

725
o -1 -l
=-198.1JK  mol™ + j T

208.15 —
K

=-198.1JK " mol™ = 31.34 JK " mol ™ - 41.62 J K™ mol™ + 84.28 JK™" mol™"
=-191.2T7 K™ mol™

T i
~40.21 - 0.0975— + 3.860 x 107"
K K

T
d— 1K mol™
K

P5.15 Using the expression dS = %dT — VBdP, calculate the decrease in temperature that occurs if 2.25 moles of

water at 310. K and 1650. bar is brought to a final pressure of 1.30 bar in a reversible adiabatic process. Assume
that & = 0.
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ﬂ:%‘“dr—yﬁdp

T
AS = [ds = CPln—T}L—Vﬁ(Pf -P)

Because the process is reversible and adiabatic, AS = 0.
T VB(P; - B) + CpnT,
Cpm-L=vawP, -P) T, =L L P
P T, ﬁ( I l) I Cp
—3
w %x2.04%107* K™ % (1.30 x10° Pa - 1.65 x 10° Pa) + 75.3J K mol™! x In310.
998 kg m

753 3K mol™

= 5.72851
Iy = 3075K
AT = -25K
Ps.16 3.75 moles of an ideal gas with Cy.,, = 3/2 R undergoes the transformations described in the following list from
an initial state described by 7' = 298 K and P = 4.50 bar. Calculate g, w, AU, AH, and AS for each process.

The gas undergoes a reversible adiabatic expansion until the final pressure is one third its initial value.

a.
1y
-y 1-y 1-y ¥ 1-y —L
T (Ye) " o(Ze) (&) . (R R, oA
L\F 7 ) T )L
=l
4.50bar |3 2
" 2
1, =7 22220 2 _ 208K x(3.00) 5 = 192K
7 ‘(l.sobarJ 3 (3.00)
—l—1
AU = w = nCy ,AT = 375 mol x 22X E3MIMOL K~ 150 208 K) = 4.96x10° )
=1 =1
AH = nCp AT = 375 mol X w x (192K - 298K) = ~8.26 x10° J
AS = 0 because gepgipre = 0-
b. The gas undergoes an adiabatic expansion against a constant external pressure of 1.50 bar until the final

pressure is one third its initial value.
g = 0 because the process is adiabatic.

T 5
nCy (T — 1) = —PRE oo ?f -7

i
- nRP, - HRP, n

II[HC‘,}M +—;‘;m J = I{HCVJ,, +—‘;"“""“ ]

8314 Jmol™' K™! x 1,50 bar

Com+ % 15x8314Jmol P K1 + on
Ty = Ij| ———pp— | = 298K x sexcl
Com+ *LP"MQ 15x 83147 mol™! g1 + B314 I mol” K77 x1.50 bar
" 1.500 bar
T, = 2185K
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AU = w = nCy ,AT = 3.75 mol x % (218.5K — 298K) = -3.72x 10° J

2
-1 =1
AH = nCp ,AT = 375 mol X E—w X (218.5K —298K) = —6.19x10° J
P T,
AS = —nRln—L + nCp, L
B T
-1 -1
= 375 mol x 8314 Jmol ! K x In 12008 4 595 oy X834 Tmol (KT 2185K
4.50 bar 2 298K
=343JK7 - 242K = 10.11K™!
c. The gas undergoes an expansion against a constant external pressure of zero bar until the final pressure is
equal to one third of its initial value.
AT and w = 0. Therefore AU = AH =0 and g = AU -w =0.
P,
AS = —nR 1L = 375 mol x 8314 Jmol ' K™ x In 12008 _ 34351
P 4.50 bar

P57 The interior of a refrigerator is typically held at 36°F and the interior of a freezer is typically held at 0.00°F. If
the room temperature is 65°F, by what factor is it more expensive to extract the same amount of heat from the
freezer than from the refrigerator? Assume that the theoretical limit for the performance of a reversible refrigerator
is valid in this case.

From Equation (5.44)

= Teold
Thor = Teola

Troom =—§[65 —32)+273.15 = 291.5K

LA

T ecer = %(0.00 ~32) + 273.15 = 255.4K
Trugbigerator = %(36 —32) 427315 = 2754K

2554K

For the freezer 17, = ———————— =
291.5K - 2554K

2754K

For the refrigerator 7, = ISK - 2754K =

17.

The freezer is more expensive to operate than the refrigerator by the ratio 17/7.1 = 2.4,

P5.18 Using your results from Problem P5.7, calculate g, AU, and AH for each step in the cycle and for the total cycle
described in Figure 5.2.

a—b AU = AH = 0 because AT = 0 g=-w=944x10°]
b—c AU = w=-1.12x10" ) because ¢ = 0 AH = AU + nRAT = -156x10°
c—>d AU = AH = 0 because AT = 0 g =-w=-396x10"J
d—a AU = w=1.12x10*J because g = 0 AH = AH +nRAT =156 10> J

Qo = 944X 10° 1 =3.96%10° = 549 %10° J = -,y
AU{GI&' = AHm‘al =0
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P5.19

P5.20

At the transition temperature of 95.4°C, the enthalpy of transition from thombic to monoclinic sulfur is 0.38 kJ mol ™.

b
(c)

Calculate the entropy of transition under these conditions.
At its melting point, 119°C, the enthalpy of fusion of monoclinic sulfur is 1.23kJ mol™', Calculate the
entropy of fusion.

The values given in parts (a) and (b) are for 1 mol of sulfur; however, in crystalline and liquid sulfur, the
molecule is present as Sg. Convert the values of the enthalpy and entropy of fusion in parts (a) and (b) to
those appropriate for Sg.

AHypsiion _ 038 kI mol™?
Thransition ~ (273.15+95.4) K

AHfas.‘on _ 1.23 kJ mol ™!
Thion 27305+ 119)K

Each of the AS in parts (a) and (b) should be multiplied by 8.

ASansition = 8247 K™ mol™

AS fuon = 25.1 TK "mol ™!

=10JK ' mol™?

A Srrﬂmmun =

=3.14JK™! mol™

AS  fusion =

One mole of a van der Waals gas at 25.0°C is expanded isothermally and reversibly from an initial volume of
0.010m* to a final volume of 0.095m® For the van der Waals gas, (aU/aV)p = a."V”";. Assume that
a =0.556 Pam® mol?, and that b = 64.0 107 m® mol™\. Calculate g, w, AU, AH, and AS for the process.

eat
AU = f(a} dv
g \oV )

For a van der Waals gas

AU = nza(% - VL} as shown in Example Problem 3.5

i i

AU = 0.556 Pam® mol™ —1—3 - —1—3 % 1mol® = 49.7]
0.010m>  0.095m
¥y 43 Yy
w=—[Pav = -RT [ 2 2 [T
v, iVm b v,
S ) N Y (R B
- 77

0.095m> - 64> 107° m?

=1molx8.314 T mol™ K™ x 298.15 K In————————
0.010m” —64x 107" m

—0.556 Pam® mol 2 ;3 - —]—3 % 1 mol?
0.095m 0.010 m

=-5595%10% J +49.75 ] = -5.55x10° J
nRT  n’a _1molx8.314 Jmol ' K™'%208.15K _ 1mol® % 0.556 Pa m® mol

P=— -
"T¥-b 12 0.010m® — 64x107° m? 0.010m*)?
=244x10° Pa
p - MRT _n’a _1molx8314Jmol™ K™ x 208.15K _ Imol’ x 0.566 Pa m® mol
T V- 12 0.095 — 64 x 1070 {0.095 m®)?
= 2,60%10* Pa
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AH = AU + A(PV) = AU + Py — BV,
= 49,71 + (2.60 x 10" Pax 0,095 m’ — 2.44x10° Pa x 0.010m*) = 79.7J
g=AU-—w=497T+555%10°J =559%10° ]

AS = Hreversible _ M =18.8TK™!
T 208.15K

P5.21 From the following data, derive the absolute entropy of crystalline glycine at 7" = 300.K. You can perform the
integration numerically using either a spreadsheet program or a curve-fitting routine and a graphing calculator (see
Example Problem 5.9),

Temperature (K) Cpu(y K mo]")

10. 0.3

20. 24

30. 7.0

40. 13.0

60. 25.1

80. 352

100. 43.2

120, 50.0

140. 56.0

160. 61.6

180. 67.0

200. 72.2

220. 774

240. 82.8

260. 88.4

280. 94.0

300. 99.7
100 -
80
0
2 oof

)
21
GE' 40f
201
DA
- 50 100 150 200 250 300
Temperature (K)
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The line in the graph above of Cp,, (vertical axis) against 7'is the best fit to the data of a polynomial of the form
a+bx +cx? +dx’ given by ~9.4109 + 0.67903 x — 0.0019301 x> + 2.93185x 107 »°,

" 300.0K =9.4109 + 0.67903T — 0.001930177 + 2.93185 x 1077
sp@E00.K) = [ F

=104.5J K™ mol™!

We have integrated from 10 K rather than 0 K because the integrand is not well defined at 0 K and because the
contribution to S below 10 K is very small.

P5.22 Calculate AH and AS if the temperature of 1.75 moles of Hg(/) is increased from 0.00°C to 75.00°C at 1 bar.
Over this temperature range, Cp ,, = 30.093 - 4.944 x 107 7 Jmol ' K7L

348.15K
AH =1.75 mol X .[273 5K

=1.75 % (30.093(348.15 K — 273.15K) — 2.472 x 102(348.15 K — 273.15K)?) J
=3.75%x10J

(30.093 — 4.944 x1073T) I mol ™' K~' dr

AS =1.75mol x “’“’K[

273.15K

_ -3 =1 =1
30.093 4.944x;0 7 Imol™' K ] -

T
=175 x(—4.944 x107(Ty - 7;) +30.093 lnT/JK“J =12.1JK™!
i

P5.23 Calculate AS if the temperature of 2.50 mol of an ideal gas with C}, = 5/2R is increased from 160. to 675 K
under conditions of (a) constant pressure and (b) constant volume.
a. at constant pressure
675K
160.K

= 105JK™

T
AS = nCp,, 1n—TL = 2.50 mol x (; + 1) %8314 Jmol” K™ x In

i

b. at constant volume

T,
AS = nCy,In-L = 2.50 molx 2 x 8314 mol K- x n oK _ 748 g1
T, 2 160.K

P5.24 Beginning with Equation (5.5), use Equation (5.6) to elimi V., and ¥V, to arrive at the result
Weycte = MR(Tjor = Toqta) V1V

v,
Wap = —nRTp,, In—2
Va

Wee = NCy (Teota = Thot)
Weg = —nRT o4 lnﬁ
Ve

Waa = NCy y(Thor = Teota) = —Wpe

v
T m% — nRT,,; 7
a

c
y-1 -1 -1 _ -1
Tthcy = Lcold be and T(.‘old Vay = ThmV dr

Solving the last two equations for 7, and equating the results,

yr1 yr-1
Thot = Tootd 55 = Tootd =51
vy
Therefore,
%o Bt %

Voo Va Va Vq
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and

¥, ¥, |
Wioral = ~MR T} ]"i‘f” — HRT 0 1“7'1 = —nR(T}p ~ m"d)]n}z

a ¢ a

P5.25 Calculate AS; for the reaction H,(g) + Cly(g) — 2HCI(g) at 870. K. Omit terms in the temperature-
dependent heat capacities higher than T72/K2,

From Table 2.4,
2
Cp(H,, g) = 22.66 + 438 % w“*% ~1.0835 x]0-4% JK " mol™
2
Cp(Cly, g) = 22.85 + 6.543 % 10‘25 —-1.2517 % 10“*%3 K™ mol™
2
Ch(HCl, g) = 29.81 - 4.12% 10’% +62231% 10*‘%3 K™ mol™

2
AC) = 2[29.81 - 412% 10‘% +6.2231% 10"‘% Ik mor‘]

T2
K2

2T

- (22.66 +438%10 e 1.0835 x 107

JK™ mol_lJ
2
- (22.35 +6.543% 10’2~TK~ -1.2517 x]u"‘%-] K™ mol_']

2
ACH =14.11-0.1172 + 2460 10 Ly K~ mol™!
K K2

A8 = 28508 15(HC, g) = S0g 15(Cly, £) — Syog 15(H,, )
=2%186.9JK ' mol™ - 223.1J K™ mol™ —130.7 JK " mol™ = 20.0J K™ mol™!
T ACS
AS = ASgg)s + I ‘“.I;E dr’
29815

2
. (14.11 - 0.117% +2.460% 104‘1% K mor'}
=2000K  mol™ + [
298.15

AL 5K mol™!
K

T
K
=200 K mol™ +15.11JK " mol™! - 66.91J K  mol™ +82.16 TK™" mol™" = 50.1J K" mol ™!

P5.26 A 22.0 g mass of ice at 273 K is added to 136 g of H,O(/) at 310 K at constant pressure. Is the final state of the
system ice or liquid water? Calculate AS for the process. Is the process spontaneous?

Assume initially that the final state is water. If this is not the case, the calculated temperature will be below 273 K.
Calculate AS for the ice and water separately, and add them to get the overall AS for the process.

7 H,0 7] H,0
Mo A o + Mg C (T = T1%) + mpy oC2O( — 170) = 0

H,0mpice Hy0p HL, 0 ice
MeeCp o I + g oCpl 17 = Mo AH o,

Tf - Pm it

7,0 o

Heelp i+ Ag,0Cp

_Z20gke 9531k mol ! x 273Kk ——tS0BHI0 g5yt gt
18.02 g ice mol™ 18.02 g HyO mol™

*310.K - — 208X 6103 mor!

18.02 g ice mol

—220glee 535k moll 4 —1S0BH0 g5yt ot
18.02 g ice mol 18.02 g H,O mol™
Ty = 294K
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P5.27

P5.28

AS is calculated for the ice. It consists of melting the ice at 273 K and heating the resulting water to 336 K.

AH T,
AS = n— L1 ey L
JSusion wamn
. -1 .
_ 22‘0.g10e - 6010 J mol 22.0‘g ice %7531 K~ mol~' In 204K
18.02 g ice mol 273K 18.02 g ice mol 273K
=336JK™!

AS is calculated for the water, It consists of cooling the water from 360 K to 309 K.

r
AS =nCp, Ih—L—= ——Lg:x 7531K Tmol ' xn24K _ 3065k
’ Tinitias 18.02 g mol 310.K

ASpp = 3367 K™ -306TK™ =3.0JK7L, ASyp > 0, hence the process is spontaneous.

Under anaerobic conditions, glucose is broken down in muscle tissue to form lactic acid according to the reaction:
CgHy,04(s) — 2CH;CHOHCOOH(s). Thermodynamic dataat7 = 298 K for glucose and lactic acid are given below.

AH (kI mol™)

CrT K mol™)

S’ @K mor™)

Glucose(s)

=1273.1

2192

209.2

Lactic Acid(s)

-673.6

127.6

1921

Calculate AS for the system, the surroundings, and the universe at 7" = 325.K. Assume the heat capacities are
constant between T = 298 K and T = 330.K.

At 208.15K

ASp =2x192.1 K mol™ = 2092 7K™ mol™ = 175.0 K™ mol ™!
AHp = -2% 673.6 kI mol ™! +1273.1kJ mol™ = —74.2 kJ mol™"
To calculate AS for the system, the surroundings, and the universe at T = 325K, we must take the heat capacities
into account.

AC,,, =2x127.6 JK " mol™ - 2192 JK ™ mol™! = 36.0J K™ mol™!

325K
ASH(325K) = AS5(298.15K) + AC,, , In————
#(323K) = ASa( ) ¥ AC I e 15K
=175.0 )K" mol™ +36.0 TK™ mol™ x In—225_ =175 1K~ mol™!
208.15K

AHR(325K) = AHR(298.15K) + AC,, , AT
=-74.1kImol™" +36.0x107 kJ K~ mol™ x 26.85K = —73.1kJ mol™!

o -AHR(310.K)  73.1kJ mol™
ASmrrolmdings = T = 35K

ASpt = ASroundings + ASp = 225 T K mol™! +175 K™ mol™" = 400.J K™ mol™!

=225J K ' mol™!

The amino acid glycine dimerizes to form the dipeptide glycylglycine according to the reaction
2Glycine(s) — Glycylglycine(s) + H,O(/)
Calculate AS, ASy, oundingss a0 ASyppere at T = 298 K. Useful thermodynamic data follow:

Glycine Glycylglycine Water
AH (k) mol™) -537.2 ~746.0 -285.8
Sp(TK ™ mol™) 103.5 190.0 70.0
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ASp =-2x%103.5TK mol™ +190.0J K™ mol™! +70.0J K" mol™" = 53.0J K™ mol™
Ay = 2x537.2kI mol™ - 746 kJ mol™! — 285.8kJ mol ™! = 42.6 kJ mol”!

AS qurroundings = ey -143 J K" mol™

ASpr = —142.95 1K mol™ +53.0J K™ mol™ = -90.0 )K" mol™

P5.29 One mole of H,O(!) is supercooled to ~3.75°C at 1 bar pressure. The freezing temperature of water at this pressure
is 0.00°C. The transformation H,0(/) — H,0(s) is suddenly observed to occur. By calculating AS, A8, oundings>
and AS,,,, verify that this transformation is spontancous at —3.75°C, The heat capacities are given
by Cpp(H00) = 753JK ™ mol™ and Cp ,,(Hy0(s)) = 37.7JK " mol™, and AH 4, = 6.008 kI mol™
at 0.00°C. Assume that the surroundings are at —3.75°C. [Hint: Consider the two pathways at 1 bar:
(8) H0(, - 3.75°C) — H,0(s, — 3.75°C) and (b) H,0(/,-3.75°C) — H,0(}, 0.00°C) — H,0(s, 0.00°C) —
Hy0(s,-3.75°C). Because S'is a state function, AS must be the same for both pathways.]

For pathway (b) H,0(/, - 3.75°C) — H,0(}, 0.00°C) — H,0(s, 0.00°C) — H,0{s, — 3.75°C).

AH g,
AS = nCpyin 223K 2 Dsion i, () Z2240K

2 fusion.
26940K  273.15K 27315 K
-1
= 1mol 753 mol ™" K st In 213K o1 S008 T mol ™
26940 K 273I5K

269.40K

+1molx37.7 I mol ' K x In
273.15K

=1.041JK - 2200J K - 05210 K = 21481 K"

To calculate AS, dings» We first calculate AHp = gq.

Surr

AH(=3.75°C) = AH(0.00°C) + (Cp(solid) — Cp{liquid)) AT
AH(-3.75°C) = 1 mol x [-6008 Jmol ™ + (37.7 Jmol™' K™ =753 I mol™' K™') x (-3.75K)] = -5867] = ¢

ASyyom = e 586717
surroundings = 7 26940 K

urroundings

=2178JK™!

ASjpa = 21.781 K -2148JK =030JK™ > 0. The process is spontaneous.

P5.30 Calculate AS, ASW,WM,HQ, and AS, e per day for the air conditioned house described in Problem 5.4.
Assume that the interior temperature is 65°F and the exterior temperature is 99°F.

32.0, 70.0, and 104 degrees Fahrenheit correspond to 0, 21.1, and 40.6 degrees Centigrade, respectively.
Gootd = 71 % power X time = 330 1.70 x 10° Js 7 % 3600 S hr ™' x 24 hr day ™ = 4.85x10% J

T :qm.[-:;ﬂJ =631x10%)

3
AS :HM;M:_L““@HK*‘

Tow  29148K

8 -1
AS, =t  SIZXIOIS 5 055108 5K

surroundings — . 31037K
AS + ASoundings =166 x10° JK™ + 203 x 100 JK™! =3.72%10° 1K
P5.31 The following heat capacity data have been reported for L-alanine:
T(K) 10. 20. 40. 60. 80, 100. | 140. | 180. | 220. | 260. | 300.
C% (1 K molfl) 0.49 | 3.85 | 17.45 | 30.99 | 42,59 | 52.50 | 68.93 [ 83.14 | 96.14 [ 109.6 |122.7
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P5.32

P5.33

By a graphical treatment, obtain the molar entropy of L-alanine at ' = 300. K. You can perform the integration numerically
using either a spread sheet program or a curve-fitting routine and a graphing calculator (see Example Problem 5.9).

The data is graphed below with the heat capacity and temperature on the vertical and horizontal axes, respectively.
The best fit to the data has the form

Cpm = —9.160 + 0.7761T — 0.001951 72 4 0.000002764 T°

120

—_
=
=

T T

(=]
=]
e

oy
=
T

Heat capacity/J K- mol-1
=)
<

g
(=1
T

N P S S S S SV S S S B P B RS R S L
a 50 100 150 200 250 300
Temperature/K

To obtain the entropy at 300. K, we evaluate the integral
300

§°(300.K) = J’

10

—9.160 +0.7761T — 0001951 T2 + 0.000002764 T> .
T

=[0.7761T ~ 0.0009756 T2 + 9.213 x 1077 73 ~ 9,160 Log[ TP~
=131 mol ' K™!

‘We have neglected the contribution to S from temperatures below 10. K as the data is not available. This contribution
is very small.

Calculate ASq,roundings and AS;y, for the processes described in parts (a) and (b) of Problem P5.16. Which of the
processes is a spontaneous process? The state of the surroundings for each part is at 298 K, 1.50 bar.
AS yurrondings = 0 for (a) and (b) because g = 0.

a. ASiat = AS + ASurondmgs = 0+ 0 = 0. The process is not spontaneous.

b. ASjorar = AS + ASgyroundings = 10.1 JK™' +0=101JK™". The process is spontaneous,

A refrigerator is operated by a 0.25-hp (1 hp = 746 watts) motor. If the interior is to be maintained at 4.50°C and
the room temperature is 38°C, what is the maximum heat leak (in watts) that can be tolerated? Assume that the
coefficient of performance is 50.% of the maximum theoretical value. What happens if the leak is greater than your
calculated maximum value?

The coefficient of performance is

T 277.65K

= 0.500x =4.14
311.15K - 277.65K

7, = 0.500 x
Thot = Teota
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The maximum heat that can be removed from the cold reservoir is given by

MW 14 =T3W =T3S

Input power x coefficient of performance = 0.25 hp x

If the heat leak is greater than this value, the temperature in the refrigerator will rise.

P5.34 Using your results from Problems P5.18 and P5.7, calculate AS, AS,youndings» 80d ASy,, for each step in the
cycle and for the total Carnot cycle described in Figure 5.2,

3

reversi 9.44x10° J -1
a-»b AS = —AS roundings = 7"”;"”9 =K 128K ASpy =0
b—e AS = ~AS 1 oumdings = 0 Decause Grayopsipie = 0 ASip =0

3

q, ’ -3.96 x10° ] 4
c—d AS = —ASqroundings = %’"”“ T -1281K ASyy =0
d—a AS = ~ASroundings = 0 because greeripe = 0 ASipp =0

For the cycle, AS = ASy,pundings = ASjpu = 0-

P3.35 Between 0°C and 100°C, the heat capacity of Hg(/) is given by

Cp (g, 1
% = 30,093 - 4944x10° L
JK ™" mol™ K

Calculate AH and AS if 2.25 moles of Hg(/) is raised in temperature from 0.00° to 88.0°C at constant P.
361.15
AH =n | Cpud[TIK]
273.15
= 2.25 mol % [30.093 % (361.15 — 273.15) — 2.472 x 1073(361.15% — 273.15%))J mol ™'
=5.65%10°]
361.15 CP,m

AS=n
K]

d[T/K]

T,
= 2,25 mol x [30.093 m?f — 4,944 x107(348.15 - 273.15)} K™ mol™

=1791K™!

P5.36 Calculate AS,,oundings and AS,,q for part (c) of Prablem P5.6. Is the process spontaneous? The state of the
surroundings is 7 = 310.K, P = 0.333 bar.
The gas undergoes a reversible isothermal expansion at 310. K until the pressure is one third of its initial value.

v
Wreversible = —4 = —rrRTIn7’r =—225mol %8314 Jmol ' K™ x310.K x In 3 = —6.37x10°

i

3
—-q _—637x10°) -1
ASa'um)undmgs = T = ‘—SE)—‘K—— =-20551K

P, T,
AS = —nRIn—L +nCPmln--‘£-
ki T

=225 mol % 8314 mol ' K™ x ln% +2.25mal x G] %8314 Jmol' K™ In1

=2055JK™
ASjorar = AS + ASprouniings = 20.55J K™ —20551K™ =0

There is no natural direction of change in this process because it is reversible.

Copyright © 2013 Pearson Education, Inc.



92 Chapter 5 Entropy and the Second and Third Laws of Thermodynamics

P5.37 Calculate the entropy of one mole of water vapor at 175°C and 0.625 bar using the information in the data tables.

; Pr Ir
S(175°C, 0.625 bar) = S°(298.15K) — nRIn—2- + nCp In-L
[ i
=1mol x188.8J K™ mol™! — 1mol x 8314 J K™ mol™! x ln%
r
448.15K

298.15K

+1molx33.58J K™  mol™ x In =206JK™!

P5.38 The heat capacity of -quartz is given by

Cp p(-quartz, 2
M = 46.94+3431x10° L —1130x10° 2
JK™ mol™ K K
The coefficient of thermal expansion is given by 8 = 0.3530 x 10~ K™ and ¥, = 22.6 cm® mol™. Calculate AS,,
for the transformation ¢-quartz (15.0°C,1atm) — a-quartz (420.°C, 925 atm). From Equations (5.23) and (5.24)

Ty
dr
ASy = [Con=p = VAP, = B)
1

3T s(TY
s 46.94 +34.31x 10 E—11.3><10 (E

) ] 7 L
= d—JK™ mol™ - VB(P; — R)
28815 TiK K

693.15K
288.15
-5.65x107° x (693.15% — 288.15%)

46.94x In +3431x107 x (693.15 — 288.15)

JK ™ mol™

1m’

10125 10° Pa
106 cm?

atm

-22.6cm’ mol™ x % 0.3530x 107 K™! x 924 atm x

=4120JK ™" mol™ +13.896 J K™ mol™ - 22.455 7K™ mol™" - 0.0746 J K" mol !
=326JK " mol™
P5.39 a. Calculate AS if 1.00 mol of liquid water is heated from 0.00°C to 10.0°C under constant pressure if
Cpm = 753K mol™.
b. The melting point of water at the pressure of interest is 0.00°C and the enthalpy of fusion is

6.010 kJ mol™. The boiling point is 100.°C and the enthalpy of vaporization is 40.65 kJ mol~'. Calculate
AS for the transformation H,O(s, 0.00°C) — H,0(g, 100.°C).

(a)  The heat input is the same for a reversible and an irreversible process.

dq = dqyeyersivle = "CP,m ar

c T,
AS =nf ;"" dr = nCp_,,,lan
i

283.15K
273.15K

=1molx 753 mol™' K™ In

=2711K™!

b AH P
(b) AS o = AL st _ 1mol x 6010 Jmol™ _ ) i
T fuston 273.15K

AH,aporization _ 1mol x 40650.3 mol™!
Tvaparizalion 373.15K

- ASiia = ASfision + ASyaporization + ASheang = (22.00 +108.94 + 271 JK™ =133.65J K™

=
ASvaporizarion = =108.94JK
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P5.40 21.05 g of steam at 373 K is added to 415 g of H,O(/) at 298 K at a constant pressure of 1 bar. Is the final state of
the system steam or liquid water? Calculate AS for the process.

Assume that the final state is liquid water. If this is not the case, the calculated temperature will be greater than 373 K.

H,0 H,0 steam H,0 H,0
AytoamAH s borization + MsteanCp i Ly — T, )+ my oCpl (Tp =T )=0

H, 0 steam HyO 0 H,0
AggeanCp y 1i + "HZOCP,;:- T + Nstoun®H vaporization _

Tr =
! HyeanCns + g oCHY
2105 g steam , 75 5 -1 mot™ x 373 K + — o BHOD 755 51 popT w208 K
18.02 g mol 18.02 g H,0 mol
2103 g steam gs“’ar_r; % 40650 J mol™!
18.02 g mol

2105 g steam 75 3 1k mor! + 2 BHOD 953 154 oyt

18.02 g mol 18.02 g H,0 mol
T, =328K

AS is calculated for the steam. It consists of condensing the steam at 373 K and cooling the resulting water to 328 K.

AS = —nEhporaton g 11
Tvqﬂortzal.‘nn ’ ‘mporizalitm
_ _2105gsteam 40650 mol ™! 2L0Sgsteam  poo et or o 328K
18.02 g mol ™! 313K 18.02 g steam mol ™" 373K
= -1386JK™

AS is calculated for the water. It consists of heating the water from 298 K to 328 K.

T,
AS = nCp,, mif o 4lse

7, 18,02 g mol™

=164.7J K™

%753 JK~" mol™ x In 223K
208K

ASpq = 16471 K™ -1386)JK ™ =26.0JK™., The process is spontaneous,

P5.41 Using your result from Problem 5.31, extrapolate the absolute entropy of L-alanine to physiological conditions,
T = 310.K. Assume the heat capacity is constant between " = 300.K and 7 = 310. K.

We can either extrapolate the curve to 310. K using the same functional form or assume that the heat capacity is
constant at its 300. K value between 300. K and 310, K.
310K —9.1602 + 0.776 10T — 0.001951172 + 2.76403 % 107°73

S'GI0.K) = JIO.K T

=1352JK™ mor™

r
$°(310.K) = §°(300.K) + Cp |an
;

310.K

22 213510 K  mol ™
300.K

=13521K " mol™ +122.7JK " mol ' In

P5.42 The mean solar flux at the Earth’s surface is ~2.00 Jem™ min~', In a nonfocusing solar collector, the

temperature reaches a value of 79.5°C. A heat engine is operated using the collector as the hot reservoir and a
cold reservoir at 298 K. Calculate the area of the collector needed to produce 1000. watts. Assume that the engine
operates at the maximum Carnot efficiency.

1o Jhot gy 298K
Toid 35265K

ce

&= = 0.155
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The area required for the solar panal is

power 1000.J 57! 2
: = S - T 7= 194m
efficiency x flux 0155 x 2.00 J em™ min~" x 1 min/60 s x 10* cm*/m’

P5.43 An ideal gas sample containing 1.75 moles for which Cp,, = 5/2R undergoes the following reversible cyclical
process from an initial state characterized by T = 275 K and P = 100 bar:
a. It is expanded reversibly and adiabatically until the volume triples.
b. It is reversibly heated at constant volume until 7 increases to 275 K.
c. The pressure is increased in an isothermal reversible compression until P = 1.00 bar. Calculate g, w, AU,AH,
and AS for each step in the cycle, and for the total cycle.

(a)  The temperature at the end of the adiabatic reversible expansion is calculated.

y -2
T, = T[VfJ =275Kx(3) ° =275Kx (3 Y5 = 177K

i
The initial and final volume and the final pressure are calculated.

nRT, _ 175 molx 8314 mol 'K x 275K

y, =250 o - =218x107m’
B 10° Pa
Vy =3F; = 655 x10°m’
. T,
P = Y oobarx L 77X 0215 bar
%7 37 275K
g = 0 because the expansion is adiabatic.
—lgr—1
AU = w = nCy ,AT =175 mol xw X (177K - 275 K) = ~3.56 x10°]

~1y,-1
AH = nCp,AT =175 mol xwx (77K - 275K) = —4.98 x 10°]

AS = 0 because Gepersipie = 0. ASgurroundings = 0 because g = 0. AS,,y = 0.
(b)  w = 0because AV = 0.

1y, -1
AU = g = nCy , AT =175 mol x M%Mx (275K ~177K) = 356 X 10°]

—lpr -1
AH = nCp ,AT = 175 mol x w[{— X (275K ~177K) = 498 x 10

The pressure at the end of the process is calculated in order to calculate AS,

T,
P =Pl = 0215 barx 23K 0333 bar
T, 177K
P, T
AS =—nRIn—L + nCp  InL
A Y
0333 bar 7x8.314 Jmol 'K ™! 25K

= —1.75 mol x 8314 Jmol 'K~} x In +1.75 mol x

0215 bar 2 177K
=-639JK™' + 2238 JK! =16.0 JK™!

—q —3.56 x10%] -
AS, - = =-129JK
surroundigs Ew—romidmgs 25K

ASuy = AS + AS roundings =160 JK™ =129 K™ = 3.1 JK ™!
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(¢) AH =AU = 0because AT =0.

v
Ww=—q=-nRTIn-L = —nRTInIL
Vi Pr
= 2175 mol x 8314 Jmol”K ! % 275 K x In 2525 = 4403 10% J
P
AS = —nRIn2L = 175 mol x 8314 Jmol' K~ x In-00 08 _ 150 )k
B 0.333 bar
—q 4.40%10°] _ .
AS urroundings = — =TT =160JK!
T.mrm:wdings 215K

ASporar = ASsurroundings + AS = =160 JK '+ 160K =0
For the entire cycle,
Wepete = —3.56X10° T+ 0+ 440 x10° J = 840
Qoyete = 0+3.56x10° J = 4.40x10° J = -840 J
AUy = -356%10° T+3.5610° J+ 0= 0
Ay, = -498%10° T+ 498 x10° J +0 =0

A8, =0+160JK™ -160JK™ =0

AS urmounging eyetes = 0~ 129T K™ +160J K™ =3.1JK™
ASigere =31IK
T sctrs
P5.44 For protein denaturation, the excess entropy of denaturation is defined as AS,,, = J' TP dT, where SCJ* is the
n

transition excess heat capacity. The way in which SC5* can be extracted from differential scanning calorimetry
(DSC) data is discussed in Section 4.6 and shown in Figure 4,7, The following DSC data are for a protein mutant
that denatures between 7; = 288K and 7, = 318 K. Using the equation for AS,,, given previously calculate the
excess entropy of denaturation. In your calculations, use the dashed curve as the heat capacity base line which
defines SC7* as shown in Figure 4.8. Assume the molecular weight of the protein is 14000, grams.

.

f

04184 i_("g-‘

Apparent Heat Capacity

. . ; S |
288 298 308 318
Temperature/K

You can perform the integration numerically using either a spreadsheet program or a curve-fitting routine and a
graphing calculator (see Example Problem 5.9).
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‘We break up the area under the curve into rectangles and evaluate the area which is Cp x AT. We then divide by 7'
for each rectangle and sum the contributions and finally multiply by the molar mass. This estimate approaches the
value of the integral as the AT value approaches zero. The result is 620 J mol ™' K.

T, oirs ars
ASgn = j&dT = Z(&]
5T T )
0031JK' g 0.062JK' g  0.083JK' g 0125JK g 0.167IK g
291K 292K 293 K 294K 295K
L 02297 K'g? 0334JK"g" 0480JK' g  0627JK g 0836JK' g
296 K 297K 298 K 299 K 300K
o i 41040 K'g? 123JK'g! 138JK'g? 140JK7'g! 133JK7'g?
301K 302K 303K 304K 305K
L1173 K'g?' 0940JK'g? 0731JK' g 052IK"'g?! L 03767 K!g™!
306 K 307K 308 K 309K 310K
0251JK" g 0.167JK' g 0.084TK ! g
311K 312K 313K
=627 = 620 Jmol ! K™
P5.45 The standard entropy of Pb(s) at 298.15 K is 64.80 J K™! mol~". Assume that the heat capacity of Pb(s) is given by
Cp (P, 2
%s)l = 2213+ 0011722+ 1.00x 105 L
Jmol™ K~ K K

The melting point is 327.4°C and the heat of fusion under these conditions is 4770.J mol™'. Assume that the heat
capacity of Pb(/) is given by

Cp m(Pb, T
—”M = 32.51-0.00301L
JK™ mol™ K

Calculate the standard entropy of Pb(/) at 725°C.
Calculate AH for the transformation Pb(s, 25.0°C) — Pb(l, 725°C).

S (Pb, 1,998.15K) = S°(Pb, s, 298.15K)

60055 ~ AH . 998.15
| RmalrK]+ —Len |
29&15[7‘/1(] Tfusion 600.55
=64.80 Jmol™' K™!
3 8003522.13 + 0.01172[T/K] +1.00 x 1075 T/K ]

[7K]

(a)
CP,m

[T/K]d[T/K]

d[T/K]

298.15
4770 J mol ™
600.55K
9981532 51 - 0.00301[7/K ]
600.55 [T/K]
=64.80J mol™ K™ +20.40 Jmol ™ K™! +7.94 Jmol™ K™ +15.3 T mol™ K™

d[TIK]

=108.5Jmol ' K™

600.55 M5
AHpg = [ CEMAITK] +AH pon + | CP4d[T/K]
298.15 600.55
=8.92x10° Jmol™ + 4770.J mol™" +11.97 x10° I mol™*

=25.7%10% Jmol™

(b)
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