Chemistry 431
Problem Set 6
Fall 2023
Solutions

1. A Carnot engine operating between 7;=0.°C and T} produces 1000. J of work on
the surroundings per cycle. The entropy change during the high temperature, 7},
isothermal reversible expansion is 20.0 J K=!. Calculate T}, ¢; and g, for the cycle.
Answer:

Weot,surr = 41 +qn = 1000 J

qhn -1
Ih _ 90 3K
T,
q dh
@y
LT,
q _4n
73K T
G = —273 K%" = 273 K(20 J K1) = —5460 J
h

gn = 1000 J — g. = 6460 J

T, = —th = 6460 JZOKJ =323 K

2. An ideal, reversible Carnot engine operates between a 50.°C high temperature reser-
voir and a 10.°C low temperature reservoir. If -200. Joules of work are done on the
system in the high-temperature, reversible, isothermal expansion, calculate 1) the work
done on the system for the low-temperature, reversible, isothermal compression and
2) the entropy changes for the system during the isothermal, reversible expansion and
compression at 50.°C and at 10.°C.
Answer:

AU; =0 sothat ¢, = —w, =200 J

T, 283K
Wy = —qp = 175.J

a, 200 J .
AS; =2 - =27 0619 J K !
YT T, 323K
ASy=—AS; =—0619T K =L L, _ 175



3. Three moles of an ideal monatomic gas occupy a 5.0 liter cylinder fitted with a piston at
20.0°C. Calculate AS for the system, surroundings and universe if the gas is compressed
reversibly and isothermally to a final volume of 1.0 liters.

Answer:

1
ASqys = ann¥2 = (3 mol)(8.3144 J mol 'K 1) In s = —40.14 J K

1
ASum'v =0
ASgyr = 40.14 J K1

4. Three moles of an ideal monatomic gas occupy a 5.0 liter cylinder with the same initial
conditions as problem 3. Calculate AS for the system, surroundings and universe if
the gas is compressed isothermally against a constant external pressure of 100. bar to
a final volume of 1.0 liters.

Answer:
ASgys = —40.14 J mol 'K ™!

because the inital and final states are the same as in the previous problem.
AUvsys = (sys + Wsys = 0

Qsys = —Wsys = eat AV
8.3144 J
0.08314 L bar

Gsurr = 40001 J

40001 J
293 K
ASymiv = 1365 J K1 —40.14 J K1 =96.36 J K™

— (100 bar)(1 L — 5 L) < > — 40001 J

AS gy = =136.5 J K}

5. Three moles of an ideal monatomic gas occupy a 5.0 liter cylinder with the same initial
conditions as problem 3. Calculate AS for the system, surroundings and universe if
the gas is compressed reversibly and adiabatically to a final volume of 1.0 liters.
Answer:

Qsys = Qrev = 0

Then
ASsys = ASsurr = ASumv =0

6. Three moles of an ideal monatomic gas occupy a 5.0 liter cylinder with the same initial
conditions as problem 3. Calculate AS for the system, surroundings and universe if
the gas is compressed adiabatically against a constant external pressure of 100. bar to
a final volume of 1.0 liters.

Answer:

AU =w = —P,,;AV = —100 bar(1 L — 5 L) = 400 L bar

2



CyAT = AU
‘;’(3 mol)(0.08314 L bar mol 'K~ ')(T; — 293 K) = 400 L bar

Ty = 1362 K

% T
ASSyS:anan—I—C'V n?f

1 3. 1362

= 1)(8.3144 'K Y)Y |ln=+Sln——
(3 mol)(8.3 J mo ) n5—|—2n293

Assurr =0
ASyniv = 17.34 J K1

=1734 JK!

7. Calculate AS for the system, surroundings and universe when 2.0 moles of an ideal
diatomic gas at 25.0°C and a pressure of 10.0 bar are expanded adiabatically against
a constant external pressure of 1.0 bar until equilibrium is reached.
Answer:

AU =w = CyAT

nRTy nR(298K)) 5
—(1 bar) (1 o~ 10 bar > = §nR(Tf — 298 K)

5
~(Ty ~ 208 K) = JT; — T45 K

T; = 221 K

Ty P
ASeys = Cplnf + anan

7. Ty P

= —In— 4+ 1In—

nR<2nTi+nPf>
221

7 10
_ e 7a LY A s e 1
= (2 mol)(8.3144 J mol™ " K™) <2 In 503 +In 1 ) =20.9 JK

Assurr =0
ASuniv = ASgys + ASgyrr = 20.9 JK

8. Calculate AS for the system, surroundings and universe when 5.0 grams of Hy gas are:

(a) cooled reversibly at constant pressure from 100.°C to 0.°C.

Answer: g T O dT T
o Qrev o f p — i
Agsys_/ T _/Ti T - Ohg
7 5.0 g —1y—1 273 -1
= | ——>— (83144 Jmol 'K ") In— = —-2252 J K
2 (2.016 g m01—1> ( e Jngss

ASypiv =0  ASgr =2252J Kt



(b) cooled irreversibly at constant pressure in a refrigerator thermostated to 0.°C
from 100.°C.

Answer:

ASgys = —22.52 J K

7 5.0 g o
o = O AT = £ (228 )(8.3144 J mol "K~)(~100 K) = —7217 J
Tovs = “p 2 (2.016 g mol 1) ( e ) )
7217 J
ASgur = —o— = 2644 J K7!
5 e S

ASypiv = 2644 J K1 —2252 JK™1 =392 JK™!

9. When 3.0 moles of an ideal monatomic gas are placed in a constant volume 10.0 L
container, the initial temperature is found to be 50.0°C. The gas is then placed in a
refrigerator with the thermostat set to -25.0°C, and the system is allowed to come to
thermal equilibrium. Calculate AS for the system, surroundings and universe.

Answer: T 5 T
f f
ASss =Cyln T, = §nR lnf
24
= §(3.0 mol)(8.3144 J mol 'K~ ') In 2 988 IK !
2 323
3

doys = CvAT = SnRAT

3
= 5(3.0 mol)(8.3144 J mol 'K 1)(—75.0 K) = —2806 J

—Gsys 2806 J
A surr — -
S Towrr 248 K

Asuniverse = ASSyS + ASsurr =1.431] K_l

=1131 J K

10. When a bulb of constant volume containing 10.0 grams of O, gas at 298K is placed in
an oven with an unknown but fixed temperature, the entropy change for the oxygen gas
after thermal equilibrium is reached is found to be 2.00 J K=!. Calculate the entropy
change for the surroundings.

Answer T
ASgys = Cyln ?f
. 5( 100g e T
2.00 ) K= | ——2>—) (83144 J mol 'K™)1
2 (32.0 g mol_1> ( e ) 508 K
Ty = 405. K
5( 100
Goys = CyAT = 2 [ ———8 ) (8.3144 J mol "K~)(405. K — 298. K) = 695. J
2 \32.0 g mol

A _ s _ =695

= =—-172JK!
Towrr  405. K 2]



11. At an initial temperature of T'= 350K and at a pressure of 3.00 bar, 2.00 moles of an
ideal monatomic gas are first placed in a refrigerator with the thermostat set to T' =
273K and allowed to come to equilibrium at constant pressure. The gas is then moved
to a constant temperature bath with the thermostat set to 298 K again at a pressure
of 3.00 bar and is allowed to come to equilibrium at constant pressure. Calculate AS
for the system, surroundings and universe for the overall two-step process.

Answer: b . .
ASsystem = annF; —+ Cp IHTJ; — CP ln?f
_SpRm O i, 208 »
= 2ann T~ 2(2.00 mol)(8.3144 J mol " K™") In 350 = 6.69 J K

Qsystem,1 = CPAT
5
= 5(2.00 mol)(8.3144 J mol 'K 1)(273 K — 350 K) = —3200 J

—(system,1 _ 3200 J
Tsurroundings 273 K

Qsystem,2 = C1P AT

=11.71 JK!

ASsurroundings,l =

= 2(2.00 mol)(8.3144 J mol 'K™1)(298 K — 273 K) = 1040 J

—(system,2 o —1040 J
Tsurroundings B 298 K
ASsurroundings = ASsurroundings,l + ASsurroundings,2 =822 K_l

ASuniverse - ASsystem + ASsurroundings =1531J Kil >0

=349 JK!

ASsurroundings,Q =

as it must be.

12. A brick of heat capacity C at temperature T} is paced on a brick of heat capacity Cs
at temperature T,. The bricks are placed in contact adiabatically, and heat flows until
equilibrium is reached.

(a) Find an expression for AS for the process.
Answer:
q=Ci(Ty —T) + Co(Ty —T3) = 0
CiTh + Co T
Tt = ——+—
Ch 4+ Gy

jf 2f
AS = In —- In —-
S=C;ln ] + Csyln )



(b) If C;=3000. J K1, C,=5000. J K~!, T;=0.°C and T»=100.°C, find AS.

Answer:
3000 J K1 (273 K 5000 J K~1(373 K
Tf:( ) )+(_1 I ):335.5K
8000 J K
335.5 335.5
AS = K 'n &2 K 'n =" — 88. Kt
S = 3000J n—o— + 5000 J n—— 88.67 J

13. A conducting container of fixed volume contains 2.00 moles of an ideal monatomic gas
at a pressure of P = 2.50 bar and an initial temperature of 275. K. The container
with the gas is placed in an oven with the thermostat set to 373. K, and the system is
allowed to come to equilibrium. The container is then placed in a refrigerator with the
thermostat set to the initial temperature of 275. K and allowed to come to equilibrium.
Calculate AS for the system, surroundings and universe for the overall process.
Answer:

T V
ASgs =Cyln ?f +nRIn Vf =0, because T; =Ty and V;,=1V;

3
Gsys = Ov(Ty = Ti) = 5nR(Ty = T))

= 2(2.00 mol)(8.3144 J mol 'K™1)(373. K — 275. K) = 2444. ]

ger | 2444.7 »
A surr,l — = — = —0. K
Seurrt Tourr 53Kk 000

Qsys,2 = —Qsys,1 = —2444.J
—Qsys2  2444.
Towrr  275. K
ASgurr = ASqurr1 + ASgurra = 2.34 J K1 = AS,niverse > 0

ASsurr,Z - =8.89 J Kil

14. The molar, constant-pressure heat capacity of liquid water is 75.24 J mol 'K ™! and can
be assumed to be temperature independent. Calculate AS for the system, surroundings
and universe when 20.0 g of liquid water at 25.0°C are placed in a refrigerator with
the thermostat set to 10.0°C at fixed pressure.

Answer: 50.0
n= —gfl = 1.11 mol
18.0 g mol
 (Trdge, [T CpdT Ty g 283 )
AS,ystem = /T e /T T = Cpln gl = (L1 mol)(75.24) mol™ K™ In 500 = ~4.31) K

Gsystem = CpAT = (1.11 mol)(75.24 J mol 'K ™) (—15. K) = —1253 ]
—(system o 1253 J
Tsurroundings B 283 K

ASuniverse = ASsystem + ASsurroundings =0.117J K_l

ASsurroundings = =4.43] K_l
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15. The molar heat capacity of liquid water is 75.24 J mol "K' and can be assumed to be
temperature independent. Calculate AS and [dq/T for the system when 10.0 grams
of liquid water at 10.0°C and 30.0 grams of liquid water at 50.0°C are mixed in an
isolated tank. Verify that the Clausius inequality is satisfied.

Answer: 10.0
n=——8 = 0556mol ny=3n, = 1.67 mol
18.0 g mol
(75.24 J mol~"K~)[(0.556 mol)(T} — 283 K) + (1.67 mol)(T} — 323 K)] = 0
T =313 K
1 1
AS = (75.24 J mol 'K~ [(0.556 mol) In (33) + (1.67 mol) (3’3” —0.263 J K
283 323
Adiabatic so
2=
and i
q
AS > / !
52 |7

as required.

16. The constant pressure and volume heat capacities of liquid mercury are essentially
identical and equal to 28.0 J mol™'K~!. Calculate AS for the system when 20.0 g
of Hg at 15.0°C are mixed with 50.0 g of Hg at 40.0°C in an isolated tank. You can
assume the heat capacity is temperature independent.

Answer:
q=0 let ¢= the heat capacity per gram of Hg.

Then
c[20.0 g(Ty — 288. K) + 50.0 g(Ty — 313. K)] =0 Ty = 306. K
200 g
~ 200.6 g mol
50.0 g
~ 200.6 g mol !
T T

_ -f 'l
AS—OllnTl —f—Cg HT2

ny = 9.97 x 1072 mol

Ny = 0.249 mol

=28.0J mol 'K~ [(9.97 x 1072 mol) <1n 306) + (0.249 mol) (m mﬂ =1.15x1072J K}
288 313
17. The heat capacity of ice is 2.06 J g7?K~! and can be assumed to be independent of
temperature. 10.0 g of ice at -5.0°C and 20.0 g of ice at -30.0°C are put in thermal
contact in an isolated tank and allowed to reach thermal equilibrium. Calculate the
entropy change for the process.



Answer: Let C be the heat capacity of ice in J g7'K~!. The final temperature is

found using
10C (T — 268 K) 4+ 20C(Ty — 243 K) =0

or
T; = 251.3 K

Then

251.3 251.3
_ |
AS =(2.06J g K) ((10 g)In 68 T (20 g) In e

) =0.058 JK!



