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Chapter 3 Homework Solutions

n=3mol, T1=25°C=298 K, T,=125°C =398 K, p1 =1 atm, p2 =5 atm.
Cpm = (5/2)R

The entropy changes for the heating and compression can be calculated
separately and added.

Heat at constant pressure
AS,=nC, . In(T, /T,) =n(5/ 2)RIn(T, /T,)

= (3.0mol)(5/2)(8.31J / mol - K) In(398/ 298) = +18.0J / K

Compress at constant temperature.
Because T = constant, p,V, =pV, »>V,/V,=p,/p,=1/5=0.20

AS, =nRIn(V, /V,) =(3mol)(8.31J / mol - K) In(0.20) = -40.1J / K

AS = AS1 + AS; = +18.0 /K -40.1 J/K = -22.1 JIK

In this particular example, the negative entropy change for compressing the sample
is larger than the positive change for heating the sample, yielding a net negative AS.

n=3mol, T1=200K , T2=250K , Cym =27.5J/mol-K
Cpm=Cvm+R=275+8.3=35.8Jmol-K

g =0 [Adiabatic]
AS = f% =0 [for reversible Adiabatic process]

w=AU =nC, (T, -T,) = (3mol)(27.53 / mol - K)(250 K — 200K ) = 4125 J ~ 4.1kJ
AH =nC, (T, ~T,) = (3mol)(35.8 J / mol - K)(250 K — 200K ) =5370J ~ 5.4k]

T=298 K , p1=1bar, V2= 2V1, n:14g-12rg—0|:0.50mol
g

(a) Reversible Isothermal Expansion

AS,, = AS =nRIn(V, /V,) = (0.50mol)(8.313 / mol - K) In(2V, /V,) = +2.88J / K
AS.  =-AS_.. =-2.88J/K because it’s reversible and ASyniv =0

surr sys



3.4
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(b) Irreversible Isothermal Expansion against pex =0

System: Cannot be calculated from actual process, which is irreversible. However,
ASsys = +2.88 J/IK (part a) since S is a State Function

Surroundings: AUsur = 0 (since isothermal)
Wsurr = 0 (Since pex = 0)
Qsurr = AUsurr - Wsyrr = 0
Therefore, ASsur =0

ASuniv = ASsys + ASsurr = +2.88 + 0 = +2.88 J/K > 0 (as expected for irreversible process)
(c) Reversible Adiabatic Expansion

(erev)sys = (dgrev)surr =0

Therefore, ASsys = 0 and ASsurr =0

Th=62°C =335 K, AvapH° = 29.4 kJ/mol = 2.94x10* J/mol

n =240 g/119.4 g/mol = 2.01 mol
0y NALH®  (2.01mol)(2.94x10° J /mol)

O . =+176.4] | K
b
AS - Qe ~CGys  —NAH ° 3 —(2.01mol)(2.94x10* J / mol) _ 17643 /K
surr T T Tb 335K .

T, =78°C =351 K, AvapH =38.6 kd/mol , p =1 bar =100 kPa, n=150¢g -%: 3.26mol

The process is a condensation. Therefore, we need:
AcondH = 'AvapH =-38.6 kJ/mOI = '3.86)(104 J/mOI

g=AH =n-A__H =(3.26mol)(—38.6kJ / mol) =-125.8kJ

cond

W=—p (Vg —Vye ) & +PV,,, = +NRT = (3.26mol)(8.31x10"° kJ / mol - K)(351K)

lig
=+9.51kJ = 9.5kJ
AU=q+w=-125.8+95=-116.3 kJ

AH  -125.8kJ 10°J

AS = Jrev _ —_0.358kJ /K -
1KJ

T T, 351K

Note that AS is negative as expected for a condensation because the entropy of the liquid
is lower than the entropy of the gas.

=-358J /K




1mol

36 Tm=-114°C=159K, AnsH =9.45kJ/mol, p =1 bar =100 kPa, n=150g R =3.26 mol

3.7

The process is a crystallization. Therefore, we need:
AcrysH = -AqisH = -9.45 kJ/mol =-9450 J/mol
q=AH =n-A_ H =(3.26mol)(-9.45kJ / mol) = -30.8kJ
W=-— p(VSol —V“q) ~ 0 The volumes of liquids and solids are very small and can be ignored.
AU=q+w=-30.8+0=-30.8kJ
_ 3

AS = Jer _ AH _ —30.8KJ =—O.194kJ/K~10 J =-194J /K

T T, 159K J

Note that AS is negative as expected for a crystallization because the entropy of the solid
is lower than the entropy of the liquid.

T1 =100 °C = 373 K (actual boiling point)
T2 =80 °C = 353 K (normal boiling point)

373K >
353K ¥ 2 3
gas

lquid

ASsys

We must calculate ASsys via a reversible path (see diagram above).
This path is:

(1) Cool the liquid from Ty to T2 (the normal boiling point)

(2) Vaporize the liquid reversibly at T»

(3) Heat the gas back to T

A, H (T, =353)

AS = AS,+AS, +AS, =C, () In(T, /T,)+ +C,.(9)IN(T, /T,)

2

3
AS = (138.7J /mol - K) In(353/373) + 35'7’(3123;/ Mol | (35.13 /mol - K)In(373/353)
—_7.64] /mol-K +101.1J /mol -K +1.93] / mol - K

=+495.39J /mol - K = +95.4J / mol - K




3.8

ASSUI’F

We will calculate the entropy change of the surroundings as Qsur/ T1(373). However, to determine
Qsurr, We Will have to know AvapH(T1=373 K). We can determine that from the same process
(above).

Avapl_| (Tl) = AHl +AH2 +AH3 = Cpm(l)[TZ _Tl]+AvapH (TZ) +Cp,m(g)[Tl _TZ]
Ao H(T,) = (138.7 3 / mol - K)[353K —373K ]+ A,,,H (353K) +(35.1J / mol - K) [373K — 353K |

=-2774J | mol +35.7x10% J / mol + 702 J / mol
=433630J / mol
AS — qsurr — _qsys — _AvapH (Tl) — _33630\] /m0|
T T, 373K

=-90.16J /mol -K =~ -90.2J /mol - K

ASuniv
ASuniv = ASsys + ASsur = +95.4 - 90.2 = +5.2 J/mol-K

ASuniv > 0 as expected for the spontaneous vaporizaton of a superheated liquid.

n=3.moles, T1=298 K , Sn°(298) = 192.45 J/mol-K ,
S°(298) = nSn°(298) = (3 mol)(192.45 J/mol-K) = 577.35 J/K
SO(T2) = S°(298) + AS,

Cpp=a+bT+; a=208 , b=25x107 , c=-16x10°

n| a+bT +—C

T, nC m T, T2

AS = —P0dT ——J. dT
Tl I Tl I

= naJ:2 %dT + an:z dT + ncJ‘TT:T—13dT

2 , nc| 1 E
- na[ln(T)]:1 +nb[T]11 —7{1_—2}
Tl

=naln(T, /T,)+nb(T, —Tl)—E{i—i}

(@ T2=100°C=373K

~ s e LX) 1 1
AS = (3)(29.8) In(373/298) + (3)(2.5x102) (373 - 298) > {(373)2 (298)2}

=2332J/K

S(T2) = S°(298) + AS = 577.35 + 23.32 = 199.89 ~ 601 J/mol-K



39 T1=600°C=873K , n=100g-——=2.63mol , p,=2bar-

(b) T2=500°C =773 K

~ s oy, Q16X 11
AS = (3)(29.8) In(773/298) + (3)(2.5x10°?) (773~ 298) {(773)2 587

2
=118.53J / mol -K

S(T2) = S°(298) + AS = 577.35 + 118.53 = 695.88 ~ 696 J/mol-K

1mol 100 kPa _ 200kPa

38¢ 1bar
Com = a—? a=39.6 J/mol-K and b = 2.5x10% J/mol

Gn=C,n—R =a—$—R = (a—R)—$: a‘—? a’=a-R=239.6-8.31=313Jmol-K

_ nRT, (2.63mol)(8.31kPa-L/mol - K)(873K)

V
) 200kPa

=954L

(a) Cool at constant pressure
T>,=300°C =573 K

AU = LTZ nC, ,,dT = nJ‘TTZ (a'—?] dT =na'[T ]If - nb[ln('l')]ll2

=na'[T,-T,]-nbIn(T,/T,)

= (2.63mol)(31.3J / mol - K)[573K —873K]—(2.63mol)(2.5x10° J / mol) In(573/873)
=—24700J +2770] =-21930J ~ —21.9kJ

b
?
=na[T,—-T,]-nbIn(T,/T,)
=(2.63mol)(39.6J / mol - K)[573K —873K]—(2.63mol)(2.5x10° J / mol) In(573/873)
=-31240J +2770J) =-28470J ~ —28.5kJ

AH =["nC, T = anT:[a— de =na[T]? -nb[In(T)["

g = AH =-28.5 kJ (because p = constant)

W =AU - q=-219 - (-28.5) = +6.6 kJ

|



TZ
AS :J'Tznc_:rﬂdT = nf{%—%de = na[InT]If —nb{—_ﬂ

T
1 Tl

=naln(T, /T)+ nb{i—i}
T2 Tl
_ (2.63m0l)(39.6 J / mol - K) In(573/873) + (2.63mol)(2.5x10° J / mol)| —~— ——~
573K 873K
=-43.85J/K+3.94) /K =~-39.9J/K
(b) Cool at constant volume
T,=300°C=573K
AU = jTT nC, ,dT ~—21.9kJ See part (a)
AH = J-TT: nC,,dT ~—28.5kJ See part (a)
w =0 (because V = constant)
g =AU =-21.9 kJ (because V = constant)
.
2 n 2 ' 2
AS :jT MdT = an (i—%de = na'[InT]IZ —nb{—l}
T n\T T 1 Tl
1 1
=na'In(T, /T,))+nb| ——=—
TARNESEY
=(2.63mol)(31.3J / mol - K)In(573/873) + (2.63mol)(2.5x10° J / mol) 1 1
573K 873K

=-34.66J/K+3.94J /K ~-30.7J /K



(c) Isothermal Compression to p2 =5 bar

3.10

3.11

T=T1=600°C=873K

AU =["nC, ,dT =0

AH =("nC, dT =0
T '
Isothermal: p,V, = pV, — V—Z:&:%:OAO
V, p, 5Sbar
w=-nRT In(V, /V,) =—-(2.63mol)(8.31J / mol - K)(873 K) In(0.40)

=+17,500J =17.5kJ
q=AU-w=0-w =-17.5kJ

AS =nRIn(V, /V,)=(2.63mol)(8.31J / mol - K)In(0.40) =—20.0J / K

(@) 2 CH3CHO(g) + O2(g) — 2 CH3COOH(I)
A,S°=[2S;(CH,COOH)]-[2S,(CH,CHO)+1S, (0,)]
=[(2mol)(159.8J / mol - K)]-[(2mol)(250.3J / mol - K) + (1mol)(205.1J / mol - K)]
=-386.1J /K

(b) Hg(l) + Cl2(g) — HgClx(s)

A,S® =[1S; (HgCL,)]-[1S; (Hg) +1S; (Cl,)]
=[(Imol)(146.0J / mol - K)]-[(Lmol)(76.0J / mol - K) + (Lmol)(223.1J / mol - K)]
=-153.1J /K

(@) 2 CH3CHO(Q) + O2(g) — 2 CH3COOH(I)

A,G° =[2A,G,;(CH,COOH)]-[2A,G, (CH,CHO)+1A,G, (0,)]
=[(2mol)(-389.9kJ / mol]—[(2mol)(-128.9kJ / mol) + (Lmol)(0kJ / mol)]
=-522.0kJ

(b) Ha(l) + Cl2(g) — HgClz(s)

AG® =[1A,G; (HgCl,)]-[1AG, (Hg) +1A,G (CL,)]
=[(Lmol)(-178.6kJ / mol]—[(2mol)(0kJ / mol) + (A mol)(0kJ / mol)]
=-178.6kJ



3.12 4 HCI(g) + Ox(g) —> 2 Cly(g) + 2 H0(l) at T = 298 K

A,S°=[2S;(ClL,)+2S; (H,0]-[4S; (HCI)+1S?(0,)]
=[(2mol)(69.9J / mol - K) + (2mol)(223.1J / mol - K)]
—[(4mol)(186.9J / mol - K) + (Lmol)(205.1J / mol - K)]
=-366.7J / K =-0.3667kJ / K

AH®=[2A,H°(CL))+2A;H°(H,0]-[4A;H°(HCI)+1A,H°(0,)]
=[(2mol)(0kJ / mol) + (2mol)(-285.8kJ / mol)]
—[(4mol)(—92.3kJ / mol) + (Lmol)(0kJ / mol)]
=-202.4kJ

AG°=AH®-TA S°=-202.4k] — (298 K)(~0.3667kJ / K) = —93.1kJ

3.13 T =40°C =313 K (isothermal) , n =70 g/28 g/mol = 2.5 mol ,
V1=25L,V>=500mL=0.50L

Because T = constant, p,V, =pV, > p,/ p,=V,/V, =25/0.50=50.
AG =nRT In(p, / p,) =(2.5mol)(8.31J / mol - K)(313K) In(50) =25,440 J ~ 25.4 kJ
314 AG=a+bT%a=+56201J,b=8.0x102J/K?, T=30°C =303 K

dG = —SdT +Vdp = (@j dar+| 2| dp
aT p T

op
Therefore: S :—(@j
aT ),

For a reaction (process), this can be written as: AS = —(?—TGJ
p

Therefore, AS =—
oT

] =0-2bT =-2(8.0x107% J / K?)(303K) =—48.5J / K
p

3.15 p:=1.atm, p2 =100 atm
m = 20 mol x 78 g/mol = 1560 g
V=1560gx1mL/0.88g=1773mL=177L

AG = J.szdp =V (p, - p,) [For solid or liquid, V ~ constant]
Py

101J
1L-atm

AG = (1.77 L)(100atm —1atm) =175.2 L - atm =1.77x10% J =17.7kJ




316 n=20mol, T=298 K, p1=1atm, p. =100 atm

AG = IpPZVdp = J'pzﬂdp =nRT In(p,/ p,)

Py p
=(20.mol)(8.31J / mol - K)(298 K) In(100/1) = 2.28x10° J = 228kJ
Note: It is not surprising that AG for the pressure increase in Hz(g) is much greater than

for CsHs(l) because the volumes of gases are much greater than the volumes of
liquids (and solids).

3.17 AG° =6.0x10% J/mol = 6.0x10°% kPa-L/mol ~ AVp = -15 mL/mol = -1.5x10° L/mol

At equilibrium: AG=AG°+AV_(p-p°)=0

0 3
(p—p°):—AG __6x10 kPial2 L /mol _ 4.0x10° kPa
AV -1.5x10 L/ mol

m

p = 4.0x10° kPa + p° = 4.0x10° kPa + 100 kPa = 4.0x10° kPa x 1 bar/100 kPa = 4,000 bar.




