Chemistry 431
Problem Set 11
Fall 2023

Solutions
1. Seven grams of ice at -10.0°C are dropped into 80.0 g of water at 30.°C and the system

is allowed to reach equilibrium adiabatically. Calculate the final temperature of the
system. The specific heat of water is 4.18 J gt K1, the specific heat of ice is 2.09 J
g~! K71, and the heat of fusion of ice is 334.7 J g~ 1.

Answer:

G+qgp=0
(7¢)(2.09J K'g™H(10 K) + (7 g)(334.7 J g 1)
+(7 g)(T — 273 K)(4.18 J g 'K™) + (80 g)(4.18 J g 'K ")(T' — 303 K) = 0
T =293.7K = 20.7 C

2. One mole of liquid water is originally contained in a capsule that is enclosed in an
evacuated tank of fixed volume that is thermostated to 100. °C. The capsule is broken
and the liquid water is allowed to evaporate into the previously evacuated tank. After
equilibrium is established at 100. °C, the pressure of the water vapor in the tank
is found to be 0.5 atmospheres. Assuming the water vapor to be an ideal gas and
neglecting the volume of the liquid water compared to that of the vapor, calculate
AU, AH,AS; AA, AG, q and w for the process. The enthalpy of vaporization of water
at 100. °C and 1. atmospheres pressure is 44. kJ mol~!.

Answer:
w=0 AH = 44000 J
AU =AH — A(PV)=AH — (RV, — PV}) ~ AH — RV,
= AH —nRT = 44000 J — (1 mol)(8.3144 J mol 'K~1)(373 K) = 40899 J
q =AU = 40899 J
AH P;
AS = — In -~
S T +nRln P,
44000 J
- 31K
AG = AH —TAS = 44000 J — (373 K)(124 J K™') = —2252 ]
AA =AU —TAS = 40899 J — (373 K)(124 J K™') = —5353 J

Notice that AA < 0 because the process is spontaneous at constant 7" and V. AG is
unrestricted in sign for such a process.

1
+ (1 mol)(8.3144 J mol 'K™!) In oF =124 K™



T=25 C

Figure 1: A representation of the flask discussed in problem 3

3. In the container pictured in Figure 1 , the left hand side initially consists of water in
equilibrium with its vapor and the right hand side is evacuated. The two sides, each
of volume 20. liters, are connected with a closed stop-cock and the entire system is
placed in a heat bath thermostated to 25. °C. The vapor pressure of water at 25. °C
is 24. mm and the enthalpy of vaporization of water is 44. kJ mol™!. If the stopcock
is opened, calculate AU, AH, AS, AA, AG, q and w when equilibrium is reached. You
may assume some liquid water remains on the left hand side at the end of the process,
and you may neglect the volume of the liquid compared to the vapor. You may also
assume the vapor obeys the ideal gas law.

Answer:

PV 0.03158 atm)(20 L
n="" _ ( 8a Hi>1< - ) = 0.02582 mol
RT  (0.0821 L atm mol™ K™ ")(298 K)

AH = (0.02582 mol)(44000 J mol™') = 1136 J

AH 1136 ]
S — 381 JK!
AS = = Joqe =381

AG=AH-TAS=0
AU = AH — A(PV) = AH — nRT
= 1136 J — (0.02582 mol)(8.3144 J mol 'K ~1)(298 K) = 1072 J
AA =AU —-TAS =1072 J — (298 K)(3.81 J K™!) = —64 J
w=0 ¢g=AU=10721]

As with the previous problem, the process is spontaneous and constant T and V.
AA <0 and AG can be anything.




4. A 10.0 g sample of liquid water at 373 K is placed in a capsule, and the capsule
containing the water is put in a large, evacuated tank of fixed volume. The capsule
is broken at a fixed temperature of 373 K, and the pressure of the water vapor in the
previously evacuated tank is found to be 0.500 bar. During the evaporation of the
liquid water heat is absorbed from the surroundings, and a measurement of the heat
finds ¢ = 22.7 kJ. Assuming the enthalpy of vaporization of water to be independent
of temperature, use the data to calculate the vapor pressure of water at 50.0°C.
Answer:

100 g 22700 J

= ———=— =0556mol AU =-————=40860J mol ™
18.0 g mol 0.556 mol

AU = 22700 ]

ApH = AL,U+A(PV) = A, U+RT = 40860 J mol ' +(8.3144 J mol 'K (373 K) = 44000 J mol~

) Py Ay H ( 1 1 )
n—=———+—|(———
P1 R T1 T2
N 44000 J mol ™! ( 1 1 )
n = _
1.01 bar  8.3144 Jmol "K' \37T3 K 323K
P =0.112 bar
5. The vapor pressure of solid ammonia is given by
3754
In P =23.03 — ——
N T
and that of liquid ammonia is given by
3063
InP=1949 — ——
" T

where the pressure is expressed in millimeters of mercury.

(a) What is the temperature of ammonia at the triple point?

Answer: 3063 3754
10.49 — 202 _ 9303 — 2002
T T
T = 195.2K

(b) What are the latent enthalpies of sublimation and vaporization of ammonia at
the triple point?
Answer:

AH
InP = “ T + constant

Asub,m[—[
R
AgupmH = (3754K)(8.3144J mol 'K™') = 31.14kJ mol "

Ayapm H(3063K)(8.3144J mol 'K ™') = 25.47kJ mol

= 3754K

3



(c) What is the latent heat of fusion of ammonia at the triple point?
Answer:
solid — liquid — vapor — solid

so that
Afusion,ml—l = Asub,m-[—-[ - Avap,mfl

= (31.14 — 25.47)kJ mol ™ = 5.67kJ mol *
6. The vapor pressure of solid SO is 1.32 x 1072 atm at 177.0K and 1.32 x 102 atm at
195.8K. The vapor pressure of liquid SO, is 4.39 x10~2 atm at 209.6K and 1.32 x 107!

atm at 225.3K. Calculate the temperature of sulfur dioxide at the triple point.
Answer:

| P, AgupmH ( 1 1)
n—=————|_———
P R T, T
1.32 x 1073 AgupmH ( 1 1 )
n = —
1.32 x 102 R 1958 K 1770 K
Asub mH
————— =4245. K
R
b Bl (L L)
P, R T Ty
n4.39 x 1072 AygpmH ( 1 1 )
1.32 x 10-1 R 2253 K 209.6 K
A’uap mH
———— =3311. K
R
4245. K
In Psolid = — + Ksolid
T
4245.
In(1.32 x107?) = ——— + Kyuia  Keoia = 17.
n( X ) 1770 + lid lid 7.35
3311. K
In Biquid = - T + Kliquid
_ 3311.
In(1.32 x 1071) = ~o953 T Kiiquia  Kiiguia = 12.67
At the triple point
4245. K 3311. K
7 +17.35 = — + 12.67
T =200.K



7. The density of liquid bismuth is 10. kg liter™!, and the density of solid bismuth is
9.67 kg liter™!. The normal melting point of bismuth is 270. °C and the enthalpy of
fusion of bismuth is 52.718 kJ kg~!. Calculate the melting point of bismuth under 100.
atmospheres pressure.

Answer: A H T
py—p = fem g 22
? ' Afus,m‘/ N Tl
T2 Afus mv
In—= =—n" _(p _p
N Tl Afus,m-[_]( 2 1)
~ (0.1 Lkg™'—0.1034 L kg™ ")(100atm — 1 atm)
B 52718 kg™
L atm 8.3144J
= —6.409 x 107° ( )
8 7 \0.082I L atm
= —6.49 x 107*

Ty = 543K exp(—6.49 x 107%) = 542.6K

8. The temperature at the triple point of xenon is 161.40K and the normal boiling point of
xenon is 165.11K. Given that the vapor pressure of liquid xenon is 0.912 atmospheres at
163.0K, calculate the vapor pressure of xenon at the triple point. Assume the enthalpy
of vaporization of xenon is temperature independent.

Answer:
i 2 _ Beapmt (1 B 1)
P1 R T1 T2

1 Ayl [ 1 1
Y0912 T R (163.0 K~ 16511 K>
Avapn H

R

1 1

= 179K (165.11 K 161.40 K)

P = 0.849 atm

1

=11749 K

In
atm

9. The enthalpy of vaporization of water is 44. kJ mol~!, and the enthalpy of fusion of
ice is 6. kJ mol~!. If the vapor pressure of ice at 0. °C is 6.016 x 1072 atmospheres,
what is the vapor pressure of ice at -20. °C?

Answer:
Asub,m[—[ = Avap,mI—I + Afus,m[—[

= (6 4 44)kJ mol ™! = 50kJ mol "

P 50000J mol ( 1 1 )
n = _
6.016 x 10~3atm  8.3144J mol 'K~' \273K 253K
P =1.06 x 10~atm

1



10. The triple point of methane(CHy) occurs at 7;=90.70 K and P,=0.1170 bar. The

11.

critical point of methane occurs at 7.,=190.6 K and P.=46.10 bar. Given the enthalpy of
sublimation of methane is Ay, 4=9.700 kJ mol~!, calculate the melting temperature
of methane when the total pressure is 1.000 bar. The densities of liquid and solid
methane are respectively p, = 0.4340 ¢ cm™ and p,=0.5020 g cm ™. You can assume
the densities of the liquid and solid are pressure and temperature independent, and you
can assume the enthalpies of fusion, sublimation and vaporization are also temperature
and pressure independent.

Answer:
P, A H /1 1
In 2 = Svapmil ( _ )
P1 R T1 T2
46.10 N 1 1 B
_ : _ Ay H = 8600. J mol
N 01170 ~ 8.3144 J mol 'K (90.70 K~ 190.6 K) 2 o

Af’us,n’L[—[ - Asub,m[{ - Ava}o,mI{ = 1100. J HlOlil

Afus mH T2
Afus,m‘/ Tl

0.08314 L bar | ( T )
——— | In
8.3144 J 90.70 K

cm? cm? ( L ) (16.00 g)
04340 g 05020 g ) \10% cm?/) \ ol

T =901 K

P=P +

(1100. J mol ™) (

1.000 bar = 0.1170 bar +

The triple point of argon is T; = 83.80 K and P, = 0.6889 bar, and the critical point
of argon is T, = 150.69 K and P, = 48.63 bar. At T' = 81.44 K, the vapor pressure
of solid argon is measured to be P = 0.500 bar. Assuming the enthalpy changes for
all phase transition in argon are temperature independent, and given the densities of
solid and liquid argon are respectively pgoq = 1.616 g cm™ and Pliquia = 1.400 g cm ™3,
calculate the standard freezing point of argon.

Answer:
lauid | Py, Ay H ( 1 1 )
iquid- rrm—=—""—— — —
quid-vapo P, P T T
48.63 AyapmH 1 1 1
_ ) - ApapmdH = 6680 J 1
. 0.6889  8.3144 J mol 'K~! (83.80 K  150.69 K) P Ho

solid-vapor : In

0.6880 Ao H ( 1
0.500  8.3144 J mol "K' \81.44 K 8380 K
Afus,m]¥ = Asub,mI{ - AvapymH = 1020 J HlOli1
A us mH T
Jus, In =2

Afus,m‘/ Tl

) AgupmH = 7700 J mol ™

solid-liquid : P, — P, =



0.083144 L bar
—1
1020 J mol ( S 3144 ] )

T

mol 103 cm3

1 bar — 0.6889 bar =
o o ( cm? cm? ><39.9 g>< L ) 18380 K

1400 g 1.616 ¢
T =83.80 K

12. (a) Using an Euler-Maxwell relation, show that

oy _(V

OP ), \00)pr
dG = —SdT + VdP + ~vdo

oy (v

orP) . ~ \ Oo P
(b) For a spherical bubble of radius, r, show that

avy
Oo P’T_Q‘

Answer: 4
V = g 7T7"3

Answer:

dV = 4rrdr
o = 4mr?
do = 8nrdr
<8V> _dmr?dr
T,.P

do - Smrdr 2
(c) Use parts “a” and “b” to derive the Laplace equation

-Pi _Poutzi

T

or 9
Pin_Poutzl
T



13.

14.

15.

What is the ratio of the vapor pressure of mercury above the meniscus of a capillary
10~7 meters in radius to the vapor pressure of mercury above a flat surface at 20 °C?
The surface tension of mercury is 47. x 1072 N m~!, and the density of mercury is
13.6 gm cm 3. Assume a zero contact angle (mercury has a convex meniscus).

Answer:
Pv . Vm,l 2’7

P, RT r
2(cm?/13.6)(200.59 g mol™*)(m/10? cm)?(47 x 10~2N/m)

In

— = 0.0569
(8.3144 J mol 'K™1)(293 K)(10-7 m)
O
P,

Use the data of problem number 13 to predict the capillary depression of mercury in
a tube 1. mm diameter at 20. °C.

Answer: 5
h— 2L
pgr
136 g\ [ kg \ (102 cm)® o s
P <Cm3><103g>< m 3.6 % 10%eg m
2)(47 x 1072 kg 572
h = (247 x 10" kgs ) —0.0141 m = 1.41 cm

(13.6 x 103 kg m *)(9.8 m s72)(0.5 x 103 m)

A sample of benzene of mass 100. grams is dispresed as droplets of radius 1.0 ym. The
surface tension of benzene is 2.8 x 1072 N m~! and its density is 0.88 gm cm™3. What
is the change in the Helmholtz free energy for the dispersal? What is the minimum
work necessary to bring about the dispersal?
Answer:

dA = —SdT — PdV + ~do

AA=~Ac  constant T and V
Let N be the number of droplets. The volume of the droplets is

4
Nogrt =2
3 p

where m is the mass and p is the density of the fluid. Then

3m

 4ar3p

The surface area of the droplets is

o = Ndmr?



16.

17.

3
mn A7rr?

~ P

3m
= — = Ao ignoring the surface area of the inital sample

rp
Then
w=AA=~vAc
3(2.8 x 1072 kg s7%)(0.1 kg)

(105 m)(0.88 x 10-° kg/10~* m?)

By how much is the vapor pressure of benzene changed when it is dispersed in the form
of small droplets of radius

(a) 10 pm;
(b) 0.10 pm;
both at 25. °C?
Answer: IV
YVm,i
Pmis - Pu 7
t bulk exp{ "RT }
78.12 g 3 -1
17088 g em 3 e e
2 2)(2.8 x 102 Nm™" 109 m® mol ™!
Wi _ (2)(28 x 10 m )(89><91 m" mo ):2,01><10*9m
RT (2.48 x 103 J mol
Forr=1.x10"°m
Pist 2.01 x 10" m
Zmast = 1.0002
Pouik { 1.0 x 107> m }
Forr=1.x 10" m
Pist 2.01 x 107 m
Zomast = 1.020
Pk { 1.0 x 10" m }

The vapor pressure of of liquid methanol (CH3OH) is 0.521 bar at 50.0°C, the standard
boiling point of methanol is 64.3°C, the surface tension of methanol at 298.K is 0.02207
N m~!, and the density of methanol at 298.K is 0.793 g cm 3. Assuming the enthalpy
of vaporization of methanol is temperature independent, calculate the vapor pressure
of methanol at 298.K when the liquid is dispersed into droplets of radii 1.0 x 1078
meters.

Answer:

In —=

P R

Py AypmH < 11 )
T



In

0.521 _Awp,mH< 1 1 >
1 R 337.3 K 323K

A H
—P = 4967 K

R
Py 1 1
In -2 = 4967 K _
] (337.3 K 298 K)

Py = 0.143 bar

27Vm€}
P=" ’
oexp{ rRT

cm? 32¢g m \3
2)(0.02207 N m~* ( ) ( )
@) o )<0.793 g) mol / \102em

(1. x 108m)(8.3144 J mol 'K~ 1)(298.K)

= (0.143 bar) exp

= (0.154 bar

18. Given that for liquid water, the vapor pressure at 298.K is 0.0319 bar, the enthalpy
of vaporization is 40670 J mol~!, the surface tension is 0.0720 N m~2 and the density
is 1.00 g cm~3, calculate the temperature at which water droplets of radii 1.00 x10~%
m have a vapor pressure of 0.500 bar. Assume that the enthalpy of vaporization, the
density and the surface tension of water are all temperature independent.

Answer:
] Pflat(T) A“ap’mH ( i 1 >
n = T
Pr1a:(298) R 208K T
A H 1 1
PaT:PGQ vap,m ( _)}
rlat(T) flat (298) exp{ R 208. K T
29V,
Parop(T') = Ppiar(T') exp { ZRTJZ}

R 28 K T rRT

40670 J mol ™ ( 11 )
8.3144 Jmol "K' \298. K T

1.00 3 3 718.
2(0.0720 N m?) o ( - > ( 5.00 g)
g 102 cm mol

(1.00 x 108 m)(8.3144 J mol 'K~ 1T

ApapmH 1 1 29V
= Pflat(298) eXp{ b < ) + ryv 76}

(0.500 bar) = (0.0319 bar) exp{

+

T = 356. K

10



19. At 298 K the surface tension and density of ethanol (CoH;OH) are respectively v =0.02205
Jm™2 and p =0.7852 g cm™3. When 10.0 g of liquid ethanol are dispersed into
small spherical droplets, the change in the Helmholtz free energy is measured to be
AA = 84.26 J and the vapor pressure of the dispersed droplets is found to be 7.309
%1072 bar. Calculate the vapor pressure of the bulk sample of liquid ethanol at 298K
when the sample is not dispersed into droplets.

Answer: AA
AA = Ndrr?’y N =
4mr2ey
4 4 AA
Mp~' = N_mr® = —mr?
3 3 4mriy
cm? m\?
3(10.0 0.02205 J m >
3M~y (10.0g) <0.7852 g) (102 Cm) ( " 1.00 x 1078
r= = o )
IAA 84.26 J
QWVmK}
P - P a 7
fl t €XPp |: rRT

3 3
g cm 46.0 g m
2(0.02005 J m™7) <0.7852 g) ( mol ) <1020m>

7.309 x 1072 bar = Py,
TSP 00 X 1075 m)(8:3144 J mol 'K 1)(298 K)

Pjiat = 6.585 x 1072 bar

20. The normal boiling point of liquid ethanol (CoH5;OH) is 78.4°C and the vapor pressure
of liquid ethanol is 0.132 atm at 34.9°C. When liquid ethanol is dispersed into small
spherical droplets all having the same radius at 25.0°C, the vapor pressure of the mist
is 8.52 x 1072 atm. Given that at 25.0°C the surface tension of liquid ethanol is 0.0224
N m~! and the density of liquid ethanol is 0.785 g cm™2, calculate the radii of the
spherical droplets.

Answer:
L Pr Dupnt ( 11 )
n—=————|(———
2 R \T, T
1 N 1 A, H
1 _ Dvapm < _ ) vapml _ gg7 K
10132 R \3079K 3514K R
Pflat ( 1 1 ) _9
_ et 5037 K _ P = 7.66 x 1072 at
" 0.132 atm 379K 208 K Jlat ” atm
2"}/Vm7g
Pdrop = Pflat exXp ( rRT )

3 3
. cm m 46.0 g
2(0.0224 Nm™) <0.785 g> (102 cm) ( mol >

8.52 x 1072 = 7.66 x 102
P 7(8.3144 J mol K1) (298 K)

11



r=2996x 107" m

21. 1.00 moles of liquid water at 25.0°C are dispersed into spherical droplets, and it is
found the vapor pressure of the droplets is exactly 4 times the vapor pressure of water
above a flat surface. Given the density of water is 1.00 g cm~2 and the surface tension
of water is 0.072 N m~*!, calculate the radii of the water droplets and the change in
the Helmholtz free energy associated with the dispersal.

Answer:
27Vm7€ }
rRT

P 2’}/Vm7g vim,é
In — =

P, rRT '~ RTI(P/R)

(2)(0.072 N m™") <C§3> <i§) (102mcm)3

(8.3144 J mol 'K™)(298 K) In 4
AA = NyAo = Nvdmr?

P:Poexp{

=75x107"m

N-mrd=—
3 p

e (3)(18 @)
4mr3p 47(7.5 x 10710 m)3 ( S ) (102%)

AA = (1.02 x 10°*)(0.072 N m ") (47)(7.5 x 107" m)* = 5191 J

N - = 1.02 x 10%
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