Phase Diagrams and
the Relative Stability
of Solids, Liquids,
and Gases

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

Conceptual Problems

Q8.1

Q8.2

Q8.3

Q84

Why is it reasonable to show the x versus T segments for the three phases as straight lines as is done
in Figure 8.1? More realistic curves would have some curvature. Is the curvature upward or
downward on a u versus 7 plot? Explain your answer.

9, . . e o
(#) = —§. Because S increases slowly with T, the realistic curves will curve downward, but not
P

very rapidly.

Why do the temperature versus heat curves in the solid, liquid, and gas regions of Figure 8.7 have
different slopes?

The slope of these curves are equal to the inverse of Cp ,,, which has different values for the three
phases as can be seen in Figure 2.9.

Figure 8.7 is not drawn to scale. What would be the relative lengths on the gp axis of the liquid + solid,
liquid, and liquid + gas segments for water if the drawing were to scale and the system consisted of H,0?

For the liquid + solid segment, the length of the segment is A Hj,gp,; for the liquid segment, the
length is C{;?,,',"dAT; and for the liquid + gas segment, the length is A H,4ponizaion- Numerically, for

water, using Table 8.2, the relative lengths are 6010 J mol™, 7530 J mol ™', and 40650 J mol™".

Show the paths n - 0 - p > ganda —» b — ¢ > d — e — f of the P-V-T phase diagram of
Figure 8.15 in the P-T phase diagram of Figure 8.4.

;
q ‘: Critical point —.
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Q85

Q8.6

Q8.7

Q3.8

Q8.9

Q8.10

Q8.11

Q8.12

08.13

Q3.14

Q8.15

At a given temperature, a liquid can coexist with its gas at a single value of the pressure. However, you can sense
the presence of H,O(g) above the surface of a lake by the humidity, and it is still there if the barometric pressure
rises or falls at constant temperature. How is this possible?

The statement that at a given temperature, a liquid can coexist with its gas at a single value of the pressure holds
for a system with only one substance. For the case described, the system consists of water and air. The change in
barometric pressure is equivalent to an external pressure exerted on a liquid. As discussed in Section 8.7, this will
change the vapor pressure only slightly.

Why are the triple point temperature and the normal freezing point very close in temperature for most substances?
This is the case because the freezing point changes only slightly with pressure.

Give a molecular level explanation as to why the surface tension of Hg(/) is not zero.

Hg atoms have a strong attractive interaction. The atoms at the surface of a droplet have fewer nearest neighbors
than an atom in the liquid. They experience a net force perpendicular to the surface that will lead to a pressure
increase inside the droplet.

A vessel containing a liquid is opened inside an evacuated chamber. Will you see a liquid-gas interface if the
volume of the initially evacuated chamber is (a) less than the critical volume, (b) a factor of 10 larger than the
critical volume, and (c) a factor of 1.05 larger than the critical volume?

(a)  No, because the liquid and gas are not distinguishable above the critical density.
(b)  No, because all the liquid will evaporate.
(c)  Yes, because the density is less than the critical density.

Why are there no points in the phase diagram for sulfur in Figure 8.11 that show rhombic and monoclinic solid
phases in equilibrium with liquid and gaseous sulfur?

According to the Gibbs phase rule, four phases of a pure substance cannot coexist.

What is the physical origin of the pressure difference across a curved liquid—gas interface?

The origin is the cohesive forces in the liquid. Across an interface, the resultant force vector is not zero in
magnitude. If the interface is curved, the resultant force tends to minimize the surface area, leading to a pressure
difference across the interface.

A triple point refers to a point in a P-T phase diagram for which three phases are in equilibrium. Do all triple
points correspond to a gas—liquid—solid equilibrium?

No. If there are several solid phases, there can be a triple point corresponding to equilibrium among three solid
phases.

‘Why does the liquid—gas coexistence curve in a P—T phase diagram end at the critical point?

At the critical point, the gas and liquid have the same density, and can no longer be distinguished. This is also true
for all points on the liquid—gas coexistence curve extended beyond the critical point.

How can you get a P—7 phase diagram from a P—F-T phase diagram?
You get a P-T phase diagram by projecting a P—F—T phase diagram on the P—T plane.
Why does the triple point in a P-T diagram become a triple line in a P—V diagram?

This is the case because a gas and a liquid are in equilibrium for the range of values of volume from that of the
pure liquid to that of the pure gas at a given temperature.

‘Why does water have several different solid phases, but only one liquid and one gaseous phase?

Liquid and gaseous phases are disordered, so that except for special cases such as superfluid and normal He(J),
there is no way to distinguish two different liquid or gaseous samples of the same pure substance.
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Q8.16

Q8.17

Qs.18

Q8.19

Q8.20

Q8.21

As the pressure is increased at —45°C, ice I is converted to ice 1. Which of these phases has the lower density?

q

The higher density phase is more stable as the p is i ding to LeChatelier’s principle.
Therefore ice 1 is the less dense phase.

Why is AHgppimation = AH, fusion + AH vaporization?
Because H is a state function, AH has the same value for solid — gas or solid — liquid — gas as long as the initial

and final states are the same for these two processes.

Make a graph of the densities of a liquid and its gas as a function of the from low

the critical point. Explain the behavior at the critical point.

p peratures up to

This information is shown in Figure 8.5. As the critical point is approached from lower temperatures, the density
of the gas increases and that of the liquid decreases. The densities are identical at the critical point.

What can you say about A £1,4yzaion ©f a liquid as the temperature approaches the critical temperature?

AH yoporizaion decreases slowly far from the critical temperature and rapidly as it approaches the critical
temperature where it has the value zero.

bl i

Is the following correct? By dry ice carbon

answer.

ide has no liquid phase. Explain your

It is not correct. Carbon dioxide has a liquid phase above the triple point, but not at 298 K.

Make a drawing indicating the four-step p d of Figure 8.4 in Figure 8.13.

Numerical Problems

P8.1

Use the vapor p of tetrachlc l given in the following table to calculate the enthalpy of
vaporization using a graphical method or a least sq fitting routine.

T (K) P/Pa T (K) P (Pa)

280. 6440. 320. 37130.

290. 10540 330. 53250.

300. 16580 340. 74520.

310. 25190
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InP

13 f

o b
105 F
100 |
95|

90
I

0,008 00030 0.0032 0.0034 0.0036 T

A least squares fit of In P versus 1/7 in units of K ! gives the result AH porization = 32.3K] mol .,

P8.2 The vapor pressure of ethanol(/) is given by

3
ln[iJ — 2358 — 3.6745x 10
Pa

I_ 46.702
K

a. Calculate the standard boiling temperature.
b. Calculate A H\p0izari0n 8t 298 K and at the standard boiling temperature.

27738 % 10°

(a) ln(P—‘:) =20.767 - =1n10° at 7,

— —53.08
K

= 278xX10° o308 - 351K

" 20.767 — In(10°)

dinP _ 83141 mol”' K™ x (208 K)® x 3.6745 x 10°
®  AHreanon(298K) = RT2EL e

(298 — 46.702)°

= 43.0kI mol™ at 208K

prdin? _ 83147 mol” K™ x (352.8K)’ x3.6745 x 10’
ar (352.8 — 46.702)°

AHva;mrfzara‘nn (351K) =

= 40.6kJ mol™ at 351K

P8.3 In Section 8.8, it is stated that the maximum height of a water column in which cavitation does not occur is ~9.7 m.
Show that this is the case at 298 K.

Combining Equations (8.28) and (8.31),

h= Bnner ~ Fouter
Pg

bubbles will form when P, has the value of the vapor pressure of water.
For the equilibrium
H,0() = Hy0(g)

AG}(H,0, g) — AGH{H,0, 1) = -228.6 kI mol™" + 237.1 kI mol™" = 8.5k mol™!
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For this equilibrium

AG;,
InKp = "‘}}& =P0,¢
~8.5%10% J mol™!
—— = exp o
1bar 8314 1Imol” K™ x298.15K

P = 0032 bar = 3242Pa
Suppose that £,,., = 1atm = 101325 Pa.

Using p = 998 kgm™,

(101325 — 3242)Pa

= ————————— = 1.0 m
998 kg m™ % 9.81ms~?

P8.4 Use the vapor pressures for tetrachloromethane given in the following table to estimate the temperature and

pressure of the triple point and also the enthalpies of fusion, vaporization, and sublimation.

Phase T(K) P (Pa)
Solid 230. 225.7
Solid 250. 905
Liquid 280. 6440
Liquid 340. 62,501

To estimate A H ;, pjimaiions USE the vapor pressures of the solid phase.

In i - _AHsubhma!mu[ 1 1 J

A R

o5

Rin2  83147mol K x 1{%}
AH, = A A

sublimation 1 1 1 - 1
A 230.K  250.K
=33.2kJ mol™!

To estimate AH,,,i-4i0n> use the vapor pressures of the liquid phase.

Rn2  8314Imol” K™ x |n{w]
A R _ 6440 Pa

vaporization = 1 1 T 1
Fl B g 280.K  340.K

AH,porization = 30.0 kJmol™!

AH Jusion = AH sublimation — AH vaporization

=33.2kJ mol™" - 30.0 kI mol™!
=32k mol™!

Copyright © 2013 Pearson Education, Inc.



142 Chapter 8 Phase Diagrams and the Relative Stability of Solids, Liquids, and Gases

At the triple point, the solid and liquid have the same vapor pressure.

- In Pyalrd' = AH, sublimation 1 _ l
Folid, ref R Tootia,rer T

In Pr‘iqum' - AH. vaporization ( 1 _ l
Figquid, ref R L Tiquid, rer T

AH,,,b,ima..m[ 1

1
- "] +In Fooria, re

R Totid, rer T
AH, vaporization 1 1
= e —— —— |+ In By,
R Tmary T liquid, ref
1 AH, . AH i
7= : (—f““‘“”""" = & RN B, ey = RINPiguad, e
T AHgupiimaion — AH, vaporization L Tiatid, ref 1 liguid, ref

Protia,rer = 225.7Pa,  Figyig rer = 6440 Pa
Tootid, rer = 230.K,  Thiguia, rer = 280.K
1 1 " [33_2 x10° Tmol™  30.0x 10* I mol™

T, (332-30.0)x10° Jmol™' 230.K 280.K
+8314) mol™ K1 In[ 2227 P8
6440 Pa
=202x10°K™!
T, = 32K

The pressure at the triple point can be obtained from either the equation for vapor pressure of the solid or the solid phases,

AH, . 1 1
Peotia (T = Pioua, rer EXP[“%MM[;H - '?".ﬂ
solid, ref

3 -1
B, = 2257 Paxexp 33.2%10 J_mol_ w11
8314 mol K1 (230.K 342K

4
By =6.70x10" Pa

P85 ‘Within what range can you restrict the values of P and T if the following information is known about CO,? Use
Figure 8.12 to answer this question.

a. As the temperature is increased, the solid is first converted to the liquid and subsequently to the gaseous state.

b. An interface delineating liquid and gaseous phases is observed throughout the pressure range between 6 and
65 atm.
c. Solid, liquid, and gas phases coexist at equilibrium,

d. Only a liquid phase is observed in the pressure range from 10. to 50. atm.
e. An increase in temperature from —80.° to 20.°C converts a solid to a gas with no intermediate liquid phase.
(a)  The temperature and pressure are greater than the values for the triple point, —56.6°C and 5.11 atm.

(b)  The temperature lies between the values for the triple point and the critical point.
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(c)  The system is at the triple point, =56.6°C and 5.11 atm.
(d)  The temperature lies between the values for the triple point and the critical point.

(e)  The pressure is below the triple point pressure value of 5.11 atm.

P8.6 A P-T phase diagram for potassium is shown below.

P8.7

16

12

0 200 400 600 800
TK

Which phase has the higher density, the fcc or the bee phase? Explain your answer.

According to Le Chatelier’s principle, for a given temperature, the phase with the higher density will be
found at higher pressure. Therefore the fcc phase is more dense.

Indicate the range of P and T in the phase diagram for which fcc and liquid potassium are in equilibrium.
Does fee potassium float on or sink in liquid potassium? Explain your answer.

fee and liquid potassium are in equilibrium on the liquid-solid coexistence line existing upward from the
triple point. The fcc phase will sink in the liquid because the slope of the two phase liquid-solid
coexistence line is positive.

Redraw this diagram for a different pressure range and indicate where you expect to find the vapor phase.
Explain how you chose the slope of your liquid-vapor coexistence line.

The phase diagram would look like Figure 8.4 except that there is a second triple point at which the liquid
and the fcc and bece solid phases coexist. The vapor phase is found at much lower pressures and higher
temperatures. The slope of the vapor-liquid coexistence line is always positive because the vapor pressure
increases rather than d with i ing temp

A cell is roughly spherical with a radius of 20.0 x 107 m. Calculate the work required to expand the cell surface if
the radius increases by a factor of three. Assume the cell is surrounded by pure water and that 7' = 298.15 K.

Area, = 4 = 47(20.0x107° m)? = 5.03% 107 m?
B =37 =600x10°m
Areay = 47} = 47(60.0 x 107 m)? = 4.52x 1078 m?
Wy = M = Y(Area, — Areay) = T1.99 mN m™ x (4.52x 107 m? - 5.03x 107 m?)
=2.89x107J

The surface tension of water is listed in Table 8.5.
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P8.8

P8.9

It has been suggested that the surface melting of ice plays a role in enabling speed skaters to achieve peak
performance. Carry out the following calculation to test this hypothesis. At 1 atm pressure, ice melts at 273.15 K,
AH fqion = 6010.] mol™!, the density of ice is 920. kgm™, and the density of liquid water is 997 kgm ™,

a.
b.

(2)

(®

©

@

‘What pressure is required to lower the melting temperature by 4.0°C?

Assume that the width of the skate in contact with the ice has been reduced by sharpening to 19 X 107 cm,
and that the length of the contact area is 18 cm. If a skater of mass 78 kg is balanced on one skate, what
pressure is exerted at the interface of the skate and the ice?

‘What is the melting point of ice under this pressure?
If the temperature of the ice is —4.0°C, do you expect melting of the ice at the ice—skate interface to occur?

( dpP J _ ASpsion _ _ ASpsion  _ 22,0 Jmol' K™

AT’ ) fusion _M_ 1802x107 kg 18.02x10° kg
Puo1 PHos  997kgm™ 920 kgm™

=-145x10" PaK™! = —145 bar K™!

A Vfusiou

The pressure must be increased by 582 bar to lower the melting point by 4.0°C.

2

p=f__TBkexOBIMS____, 54x107 Pa = 224107 bar
4 18x102mx19x107 m

AT=(£) AP = LS 22410 bar = 1.5°C; T, = ~1.5°C
P ) o 145 bar

No, because the lowering of the melting temperature is less than the temperature of the ice.

Answer the following questions using the P-7" phase diagram for carbon sketched below.

T

Which sub is denser, graphite or diamond? Explain your answer.

According to Le Chatelier’s principle, for a given temperature, the phase with the higher density will be
found at higher p Therefore di d is more dense than graphite.

‘Which phase is more dense, graphite or liquid carbon? Explain your answer.
Graphite is more dense because the slope of the graphite-liquid coexistence line is positive.
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P8.10

P8.11

c Why does the phase diagram have two triple points? Explain your answer.

Multiple triple points are possible only if there are several solid phases or in rare cases more than one liquid
phase.

You have a compound dissolved in chloroform and need to remove the solvent by distillation. Because the
compound is heat sensitive, you hesitate to raise the temperature above 5.00°C and decide on vacuum distillation.
What is the maximum pressure at which the distillation takes place?

We can calculate the vapor pressure of chloroform at the given temperature using the data in Table 8.3.

G y0op7 26961
TIK + ay ' 278.15 — 46.926

P =104x10° Pa

hP=a- =1n(10%) = 9.2469

Use the vapor pressures for hexane given in the following table to estimate the temperature and pressure of the
triple point and also the enthalpies of fusion, vaporization, and sublimation.

Phase T'(K) P (Pa)
Solid 168 0.1296
Solid 178 111
Liquid 290. 1.400 x 10"
Liquid 320. 4.822 x10*
Rln% 83147 mol ™ K~V x 1"{61'112]%}
AH gbiimation = 1 ; = 1 : : LT 53.4kJ mol™
(ﬁ“ﬂ) (NBK_ISSK]
4
8314 Jmol K1 x h{%}
K X a .
AH porization = ; ] =31.8kI mol™
320K 290.K

AH o = (534 - 31.8) ki mol™ = 21.6 kI mol™!
To calculate the triple point temperature, take

50l

T lid, ref = 168 K ﬂgud,mf =0.1296 Pa
Tiiguid, rer = 290-K Figuid, rer = 1.400 10" Pa

1 1 53.4%10° Jmol”'  31.8%10° I mol™
Ty (53.4-31.8)x10% Jmol™ 168K 290.K

#8314 mol! K~ x In —12%6Pa_
1.400x10* Pa

1 soosi79k, 7, = 193K
Ty v

3 -1
B, = 0.1296 Paxcexp| A Imol_ [ 11 }_yg7p,
8314Jmol 'K 168K 193K
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P8.12 Are the two P-T phase diagrams below likely to be observed for a pure substance? If not, explain all features of
the diagram that will not be observed.

Q
(a)
Q
T
(b)
(a)  No. The liquid-vapor coexistence line has a negative slope, indicating that the vapor pressure of the liquid
d with i ing temp The fact that the vapor phase exists at higher pressures than the solid

phase would mean that the vapor is more dense than the solid, which is incorrect. The diagram indicates a
solid—vapor critical point, which cannot exist. As the liquid is cooled, it vaporizes, which is physically

unreasonable.

(b)  No. Below the triple point, the liquid solidifies as the temperature increases, which is incorrect. As the
p i at p , the solid subli which is incorrect. Above the triple point, the
vapor solidifies at constant p as the temp e i , which is incorrect. The diagram indicates

a solid-liquid critical point, which cannot exist.
P8.13 Autoclaves that are used to sterilize surgical tools require a temperature of 120.°C to kill some bacteria. If water is
used for this purpose, at what pressure must the autoclave operate?
In fL - _AHK(Eorizalian __1_ s _1_
b R Iy T
wlr _ _40656x10° mol™! (1 1
B 8314Jmol”' K1 " (393.15K  373.15K

] = 0.6667

b
L =195 P =195am

i
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P8.14 You have collected a tissue specimen that you would like to preserve by freeze drying. To ensure the integrity of
the specimen, the temperature should not exceed —5.00°C. The vapor pressure of ice at 273.16 K is 624 Pa. What
is the maximum pressure at which the freeze drying can be carried out?

In ﬁ = _AHsubh'manon L — i
B R T, T
P —1 3 -1
1w _ _6:008x10° Y mol +40.I656:<10 Jmol™ (4 1) e
h 8.314 Jmol™ K~ 268.15K  273.16K
Fr
= 0.68L; P; =0.681x 624 Pa = 425Pa
i

P8.15 The phase diagram of NH; can be characterized by the following information. The normal melting and boiling
temperatures are 195.2 and 239.82 K, respectively; the triple point pressure and temperature are 6077 Pa and
195.41 K, respectively. The critical point parameters are 112.8 x 10° Pa and 405.5 K. Make a sketch of the P-T
phase diagram (not necessarily to scale) for NH;. Place a point in the phase diagram for the following conditions.
State which and how many phases are present.

a. 195.41 K, 9506 Pa
b. 195.41 K, 6077 Pa
c.  24545K,101,325Pa
d. 415K, 105x10° Pa
e. 185.5 K, 6077 Pa
A
S| __._].___trucal point —,
112.8x 10° Pa d
]
‘
0
In (P/P°) :
Solid :
¥
101325 Pa |~ - = - === —==cm e :
H '
H i
Triple ' H
point : '
6077Pa |-------==3 = ' H
/ : ]' GaS : :
V1 ' '
[ ' '
fe B i '
L L i >
195.2 K/ \'I 9541K 239.82K 4055K
Temperature
(a) 195.41 K, 9506 Pa single phase liquid
(b) 19541 K, 6077 Pa triple point: gas, liquid, solid
(¢) 24545K,101,325Pa single phase gas
(d) 415K,105x 10° Pa single phase supercritical fluid
(&) 185.5K,6077Pa single phase solid
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P8.16 Use the vapor pressures of ice given here to calculate the enthalpy of sublimation using a graphical method or a
least squares fitting routine.

T (K) P (Torr)
200. 0.1676
210, 0.7233
220. 2732
230. 9.195
240. 2797
250. 77.82
260, 200.2

n " 1 " L L s s

00040 0.0045 0.0050

N -

A least squares fit of In P versus 1/ gives the result A H5“/™¥°" — 511 kJmol ™.

P8.17 Calculate the vapor pressure for a mist of spherical water droplets of radius (a) 1.95310™* m and (b) 225310 m
at 298 K. The vapor pressure of water at this temperature is 25.2 Torr.
_ 2y _2X7199x10° Nm™'
r 195x10% m

Poside = Pagpor + AP = 3.3210° Pa + 7.38 x 10° Pa = 7.39 x 10° Pa

a. AP =738x10°Pa

Using Equation (8.25),

~3 —1
. Mop_py wx(?ﬁ?)xmﬁ—lﬂx]@)l’a
mlE|-2 —_ 998kgm T = 0.05381
) RT 8314 Tmol ' K~ x 208K

P=1055F =3.50x 10° Pa or 26.6 Torr

_ 2y _2x7199x10° Nm™
r 225%10°%m
Pside = Pugpor + AP =3.32x10° Pa + 6,40 10" Pa = 6,73 x 10" Pa

b. AP =6.40%10* Pa
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Using Equation (8.25),
—3 -1
. Moy %x(ﬁ.nxw"—li.xwa)h
n|—|=2 = gm — = 0.0004664
B RT 8314 Jmol™ K™' x 208 K

P =1.00047 Fy =3.32x 10° Pa or 25.2 Torr

P8.18 The vapor pressure of a liquid can be written in the empirical form known as the Antoine equation, where 4(1),
A(2), and A(3) are constants determined from measurements:

1n@ T . C

a
—+ A3
gt

Starting with this equation, derive an equation giving A H"P°"2%" a5 3 function of temperature.

For a liquid—gas equilibrium involving a single species, Kp = i
IS

d A(])_ﬁ
Ly
At =-RANEe _ pr2dKp _ pr2 K
d[iJ dr ar
T
2
an = RTAC)
T
Lyac
[K+ ()}

P8.19 Use the following vapor pressures of propane given here to calculate the enthalpy of vaporization using a graphical
method or a least squares fitting routine.

T(K) P (Torr)
100. 0.01114
120 2317
140. 73.91
160. 838.0
180. 5054
200. 2.016 x 10
220. 6.046 x 10°

1
5 L L L L L P,
000 0006 0007 0008 0009 0010 oo T

A least squares fit of In P versus 1/T gives the result AH, =23.5kImol™'.

aporization
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P8.20  The vapor pressure of liquid benzene is 20,170 Pa at 298.15 K, and AH, popizaion = 30.72 kImol™ at 1 atm
pressure. Calculate the normal and standard boiling points. Does your result for the normal boiling point agree
with that in Table 8.3? If not, suggest a possible cause,

wkr 7AHWMM[ 11 J

B R\ g
7, = — A

R AHvapor.izaf.‘on —In i

RT, 7

At the normal boiling point, P = 101,325 Pa.

3 -1
Ty vormat = 30.72 %107 J mol — 428K

3 =1 -
83147 mol-! k-1 X[ 30.72x 10° J mol o 101325]

8314 mol ' K'x298.15K 20170
At the standard boiling point, P = 10° Pa.

30.72%10° J mol!
30.72x10° Jmol™ | 10°
8314 mol ' K1 x298.15K 7615

T.‘b, standard =

=3424K
8314 mol ' K™ x[ )

The result for the normal boiling point is ~10 K lower than the value tabulated in Table 8.3. The most probable
reason for this difference is that the calculation above has assumed that A HJ°"**/" s independent of T.

P8.21 Benzene([) has a vapor pressure of 0.1269 bar at 298.15 K and an enthalpy of vaporization of 30.72 kJ mol~\. The
Cp,y of the vapor and liquid phases at that temperature are 82.4 and 136.0J K™ mol™, respectively, Calculate the
wvapor pressure of CgHg (/) at 340.0 K assuming
a. that the enthalpy of vaporization does not change with temperature,

b, that the enthalpy of sublimation at temperature T can be calculated from the equation A H,poizasion(T) =
AH, porization(To) + ACp(T — Ty) assuming that ACp does not change with temperature.

(a)  Ifthe enthalpy of vaporization is constant

In i = WAHmporizallon l _ ]_
L R L 4
30.72%10% T mol™ { 1 1

In P, = In(0.1269) — - -
8314Tmol”' K1~ (340.K  208.15K

} =-0.5380
P, = 0.583 bar

(b)  Ifthe enthalpy of vaporization is given by

AHygorizarion(T) = AHyaporizaionT) + ACp(I' = Ty)
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Bdp A Hygporiaion . 38 H qporisaiont ) + ACp(T = T;)
il el RT? a
A i
B _ AHwporaion@( 1 1) ACRH(1 1) ACp, T,
A R L 4 R AT 1 R T
3 -1
in 7, = In0.4741) — 20T2X10 I mal [
8314 Imol 'K T\ 340.K  298.15K
L (824-136) Jmol K™% 20815K( 1 1
8314 mol 'K 340.K  298.15K

(824-136)Jmol 'K 340.K
+ In

8314 Jmol™ K~ 298.15K
In P, = —0.59218
P, = 0.553 bar

P8.22 Use the values for AG}(CCly, /) and AG}(CCL,, g) from Appendix B to calculate the vapor pressure of CCl, at
208.15 K.

For the transformation CgHg(l) — CgHg(g)

AG}(CgHy, g) — AG; (CgH, 1)
RT
—62.500 % 10° J mol™" + 66.800 % 10* J mol™

= =-1.7347
8314 Jmol ' K™ x 298.15K

P
InKp=In C“::(g) =

Fenge
Kp=—-58 — 0176 R = 0.176 bar
P = o CHg(2)

P8.23  Calculate the vapor pressure of water droplets of radius 1.00 x 1078 m at 360. K in equilibrium with water vapor.
Use the tabulated value of the density and the surface tension at 298 K from Appendix B for this problem. (Hini:
You need to calculate the vapor pressure of water at this temperature.)

We first calculate the vapor pressure of water at 298 K using Table 8.3.

3
ﬂ =23.58 _M =11.0373

P(T)
In——% = A(l) -
Pa % £ AQ) 360. — 46.702

P =621x10*Pa
We next calculate the pressure difference across the interface using Equation (8.29).
_ 2y _ 2%7199x107 Nm™'
r 1.00%10% m
Prside = Pupor + AP = 6.21x10* Pa +1.44x 107 Pa = 1.45x10” Pa

vapor

AP =1.44x10" Pa

We calculate the increase in the vapor pressure using Equation (8.25).

-3 -1
» ﬁ(}:f&)) Mo——kgam—dx(l.ﬁxm?—ﬁ.zlxlo")%
nl -2 = 998kgm H— = 0.08686
I RT 8.314 I mol" K™ x360.K

P =1.091 P, = 6.78% 10" Pa
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P8.24 The vapor pressure of an unknown solid is approximately given by In(P/Torr) = 22.413 ~ 2211(K/T), and the vapor
pressure of the liquid phase of the same substance is approximately given by In(P/Torr) = 18.352 — 1736 (K/T').

a. Calculate A H ization A0 AH
b. Calculate AH g, -

c. Calculate the triple point temperature and pressure,
(a)  From Equation (8.19),
AP _ AH i
ar RT?
dinP _dnpP dI  odnP  AHpimasion

@7_&_;[}_)7 Tdr R

AH wimaion _ 2911 AH
R

sublimation

For this specific case
=18.4%10* Jmol™

Following the same procedure as above,

AH o
— OBl 1736 AH,uporizaion = 14.4x10° Jmol ™!

(b) Calculate AH fusion®
AH Sfusion =AH sublimation — AH vaporizarion
=18.4x10% Jmol™! - 14.4x10% J mol ™!
=4,0%10* J mol™’

(c) Calculate the triple point temperature and pressure.
At the triple point, the vapor pressures of the solid and liquid are equal. Therefore

na3-2nE —18352-1736
ip P
T, =117K

P
2 = 22413- 2L _ 3510
Torr 117

F, =33.5Torr

P8.25 For water, AH,porization is 40.656 kJmol™, and the normal boiling point is 373.12 K. Calculate the boiling point
for water on the top of Mt. Everest of (elevation 8848 m), where the normal barometric pressure is 253 Torr.
]np_j - _AHmparimlz‘an 1 1
7 R T T

N v
R AH, vaporization In P_f
R, £

At the normal boiling point, P = 760. Torr.

3 -1
. |
o nomat = 40:32:61:1113;“10mor‘ witon) K
8314 Tmol' K™ x o —In
8314 Jmol™ K %373.12K  760.Torr
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P8.26 Calculate the difference in pressure across the liquid-air interface for a (a) mercury and (b) methanol droplet of
radius 125 nm.

From Equation (8.26),
2y 2x71.99%10° Nm™ 5
Prner = Poger = = = =——————5——— =3.53x10° Pa for methanol
inner outer r 125 x 10_9 m
2 : -3 . —1
s — Py = 2L = ZXIBOIXNO NI _ 5 7710 P for mercury
r 125%10° m

P8.27 Calculate the vapor pressure of CH,OH(J) at 298.15 K if He is added to the gas phase at a partial pressure of 200. bar
using the data tables. By what factor does the vapor pressure change?

In P(298.15K) — 23,503 — 3697.1
Pa 298.15 - 31.317
P(298.15K) _ 1.68 % 10°
Pa
We calculate the increase in the vapor pressure using Equation (8.25).
M
. — (P -5
I i Ean:qum(Pf‘Ptl):pﬁqwd 0
B RT RT

-3 -1
32.04x107 kg mol™ . 500, 5 10° Pa — 1,68 x 10* Pa)

-3
2| 7514kgm — =10.0563
) 8314 J mol K x 208.15K

P =138 B =1386x168x10°Pa=233x10"Pa

P8.28 Use the vapor pressures of SO, (/) given in the following table to calculate the enthalpy of vaporization using a
graphical method or a least squares fitting routine.

T(K) P (Pa) T(K) P (Pa)
190. 824.1 230. 17950
200. 2050. 240. 32110
210. 4591 250. 54410
220. 9421 260. 87930
nP
2
nk
ok
9l
F1s
7F
L . . . L
00040 0.0045 00050 00ss T

A least squares fit of In P versus 1/T gives the result A Hyporizasion = 274K) mol™.
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P8.29

P8.30

P8.31

P8.32

Prove that a substance for which the solid-liquid coexistence curve has a negative slope contracts upon melting.

dP _ AS
The Clapyeron equation states that — = ——, Therefore
R ar - AV,

AVM P AS;;"“
dr

We know that AS,q,, > 0.
Therefore, if

[%] <0,AV, <0

Are the two P-T phase diagrams below likely to be observed for a pure substance? If not, explain all features of
the diagram that will not be observed.

& Q
o a
T T
@) ®)
(@)  No. The solid-vapor line must have a positive slope t the vol upon sublimation. The

slope of the liquid-solid coexistence line can be positive or negative, but will be much larger in magnitude
than the slope of the vapor—solid coexistence line.

(b)  No. Four phases of a pure substance cannot coexist according to the Gibbs phase rule.

The vapor pressure of methanol(7) is 16.94 X 10° Pa at 298.15 K. Use this value to calculate AG} (CH;0H, g) -
AG}(CH;30H, /). Compare your result with those in Table 4.1.

F
AG}(CH;0H, g) ~ AG}(CH,0H, /) = —RT In K = ln%

1.69x 10" Pa

AG7(CH;0H, g) - AG}(CH;0H, /) = -8.314 Jmol ™' K™ x 298.15K x In e
a

AG}(CH;0H, g) - AG7(CH;0H, /) = 4.40 x10° J mol™
From the tables, AG7(C,HsOH, g) — AG7(C,HsOH, /) = ~162.3 kJ mol ™" +166.6 ki mol™" = 4.30 kI mol™'. This
result is in good agreement with the AG7 values calculated above.

Within what range can you restrict the values of P and/or T if the following information is known about sulfur?
Use Figure 8.11 to answer this problem.

a. Only the rhombic solid phase is observed for P = 1atm.

b. ‘When the pressure on the vapor is increased, the monoclinic solid phase is formed.
c. Solid, liquid, and gas phases coexist at equilibrium.
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P8.33

P8.34

d. As the temperature is increased, the rthombic solid phase is converted to the monoclinic solid phase.
e. As the temperature is increased at 1 atm, the thombic solid phase is converted to the liquid directly.

(a) 9539°C<T

(b) 9531°C < T <115.18°C, 5.1x107 atm < P < 3.2x107° atm

(¢ P=32x10"atm, T =115.18°C

(d) 153°C > T > 95.31°C; 1420 atm > P > 5.1x107 atm

(e) T > 153°C; P > 1420 atm

The normal melting point of H,O is 273.15 K, and AH 45, = 6010 mol . Calculate the change in the normal

freezing point at 100. and 500. bar compared to that at 1 bar assuming that the densities of the liquid and solid
phases remain constant at 997 and 917 kgm'3, respectively. Explain why your answer is positive (or negative).

(ﬁ] <5 ASfu.vion = AHﬁuion
dr fusion AV, fusion Tﬁmon M 1 _ ;
Pliguia  Psolid
-1
= 6010 Jund =-1.40%10" PaK™
273.15K x18.02x107 kgmot x| —L — L
997 kg m 917 kg m
(d—P) = -140.bar K~
ar Sfusion
AT = ——2F 0717 at 100.bar and - 3.58K at 500. bar
140. bar K

AT is negative because the liquid is more dense than the solid.

Carbon tetrachloride melts at 250. K. The vapor pressure of the liquid is 10,539 Pa at 290. K and 74,518 Pa at 340. K.
The vapor pressure of the solid is 270. Pa at 232 K and 1092 Pa at 250. K.

a. Calculate AH, and AH

b. Calculate AH g0,

c. Calculate the normal boiling point and AS, at the boiling point.
'vaporization
d. Calculate the triple point pressure and temperature.
(a) ln-}l =_Ai,mparimlim _1___]_
R R Ty T
P
Rin-L
AL {vaporlzallon = -
1L
I, T,
8314 mol” K" x m%‘?
AH,pporisation = - = 2 ~32.1%10° Jmol™
[340.1( - 290.KJ
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miﬁﬁ—m[L IJ

5 R I, L
P
R]n?"r
AH =- i

sublimation = ~ 77—y
11
T, T,

8314 Jmol K™ xIn ];7902;)‘*
AH gptimation = 1 . 2 —37.4%10° Jmol™
(’256&3 T2 K]

®  AHjion = AHuptimation = AHugporicanion = 374%10° Tmol™ = 32.1x10° J mol™
=54%10° Jmol ™,
@ Lo Avaponzaion| 1 1
R R Tf T
- = S portamon
| Alsaporizaron _ 1. Fr
RT; P
At the normal boiling point, P = 101325 Pa.

32.1%10° Jmol™

T = =349.5K
b rormat Aot 32.1x10° J mol™! 101325 Pa
8314 mol ' K™l x| == —In_—
8314 Jmol™' K™% 340K 74518 Pa
AH, . 3 -1
ASygportsation = —— L = 321107 Tmol - _ o) gy ol K~
o Tmpaﬂmﬁon 3495K
(d) From Example Problem 8.2,
T = (AHVaporizalion _AHaub{imauon)
wp =
Rl In ‘R”qmd —In ’r;mud _ AH b iimagion + AHWPW”“"”"
P° P° R?}mi‘id Rﬂ”qwd
r - (32.1x10° I mol ™! —37.4x10° I mol™) 26K
” |p10539Pa | 270Pa _  374x10° Jmol™!

10°Pa  10°Pa  8314JK ' mol™' x 232K

32.1%10* J mol™
8.314J K  mol™ x 290.K

8.314J K mol ™' x

Copyright © 2013 Pearson Education, Inc.



Chapter 8 Phase Diagrams and the Relative Stability of Solids, Liquids, and Gases 157

P, 3 -1
In ip _ 32.1x10° ) mol « 1 - _13112
10539 Pa 8314JK "mol™t (264K 290.K
B,
—®__ - 0269
10539 Pa

B, =2.84x10° Pa

P835  In Equation (8.16), (dP/dT Y, purizuion Was calculated by assuming that ¥/ >> V4. In this problem, you will
test the validity of this approximation. For water at iis normal boilin}g point of 373.12 K, AH yponization =
40.656x10° J mol ™!, Pliguia = 958.66kg m™, and Peas = 0.58958 kg m™. Compare the calculated values for
(dP1AT ) qporisation With and without the approximation of Equation (8.19). What is the relative error in making the
approximation?

( EJ _ ASaporization _ A H yparization
dr vaparization AVmpon‘zalion T;, aporization M| 1 - !
Pgas  Pliquid
[a‘_P) _ 40.656 % 10° Tmol ™!
AT ), orioation
vaporization 333 15K % 18.02 % 107* kg mol ! x — 5 L —
0.58058kgm™  958.66 kg m
=3567Pa K™’
-1
(%] . 40.656 % 10° J mol = 3564Pa k!
vaporization 333 15K % 18.02x 107 kg mol™ x ——1—5
0.58958 kg m
-1 _ -1
Relative Error = 100 x 2207 PaK— = 3564PaR ™~ _ 5600,

3567PaK™

P8.36 The densities of a given solid and liquid of molar mass 122.5 gmol™ at its normal melting temperature of 427.15 K
are 1075 and 1012 kgm ™, respectively. If the pressure is increased to 120. bar, the melting temperature increases
to 429.35 K. Calculate A Hy,,, and ASj o, for this substance.

AP _AS. (g APy
AT AV AT
ASfusr‘an = é{M ! - !
AT P.uqmd Prsolid
119x10° Pa 3 i 1 1
AS = x147.2%x107° kgmol™ x -
fsion = 93035 K - 427.15K £ 1012kgm>  1075kgm

=384JK " mol™!
AH fion = Tision AS fugion = 427.15 K x 384 JK ™' mol™! =16.4x 10° Ymol™ at 1 bar

P8.37  The variation of the vapor pressure of the liquid and solid forms of a pure substance near the triple point are given
P
by ln% = 78750% +34.143 and ]n% = —4053% + 21.10. Calculate the temperature and pressure at the
a a

triple point.
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At the triple point, Fog = Fygyia-
73750.% + 34143 = 4053% +21.10

13.043 = 4697?—

T,, = 360.K
P

Zp 8730 | o143 = 04534
Pa 360,

P

2 —1.89%10*
Pa

P8.38 Use the vapor pressures of n-butane given in the following table to calculate the enthalpy of vaporization using a
graphical method or a least squares fitting routine,

T(°C) P (Pa) T(°C) P (Pa)
-134.3 1.00 —49.10 1.000 x 10*
-121.9 10.00 —0.800 1.000 % 10°
-103.9 100.0
-81.10 1000.

L
0.004 0005 0.006 0007 T

A least squares fit of In P versus 1/T gives the result AH,popizgrion = 27.1 KImol ™.

P8.39 At 208,15 K, AGJ", (HCOOH, g) = -351.0kJ mol™! and AG,(HCOOH, /) = -361.4kJ mol™. Calculate the vapor
pressure of water at this temperature.

AG" = AG;(HCOOH, g) — AG;(HCOOH, 1) = -351.0kJ mol™ +361.4 kI mol ™!

= 10.4 kJ mol™!

+0 -1
mL - _AG _ m'ﬂd 'f’l"' =-4.1956
P° RT  8314Jmol K x298.15K

P =151x107 bar

P8.40 In this problem, you will calculate the differences in the chemical potentials of ice and supercooled water, and of
steam and superheated water, all at 1 atm pressure shown schematically in Figure 8.1. For this problem,
S0 = 480 mol™K™, S} o) = 70.0Tmol™ K™, and 83 5 , =188.8 Jmol ' K™%,
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a. By what amount does the chemical potential of water exceed that of ice at -2.25°C?
b, By what amount does the chemical potential of water exceed that of steam at 102.25°C?

(a) Au = AG, =-AS AT at constant P
A = AG,, = ~(S;1,0,1 = Sii,0,sXAT) = ~(70.0 JK™ mol™! ~48.0) K™ mol!y-2.25°C)
=49.5 J mol™
(b) &g =AG, = (57,01 ~ Sio, ¢ XAT) = «(70.0J K™ mol ™ - 188.8) K™ mol™") % (2.25°C)
=267 Imol™!
P8.41 Calculate the vapor pressure of a droplet of benzene of radius 1.25 10" m at 38.0°C in equilibrium with its

vapor. Use the tabulated value of the density and the surface tension at 298 K from Appendix B for this problem.
(Hint: You need to calculate the vapor pressure of benzene at this temperature.)

3
02D = g - AD) gy 2TREXI0C L ss
Pa ERyTE 311.15 - 53.08
K
P =224x10*Pa
Using Equation (8.29),
-3 -1
AP =ﬁ=w&5f‘_ﬂl:4‘52xmﬁp3
r 1.25%10% m
Pride = Prgpor + AP = 2.24x10* Pa + 4.5210° Pa = 4.54 10° Pa

For a very large droplet, AP — 0, the vapor pressure is 2.24 X 10*Pa. For the small droplet, the vapor pressure is
increased by the factor

-3 -1
ﬂi(P—PO) wxm.s“m“uz.yxm‘wa
n Pl_p _ 876.5kg m
) RT 8314 Imol ' K™ x 311.15K
=0.1555

P =1.168 £ = 2.62x10" Pa

P8.42 Solid iodine, 1,(s), at 25.0°C has an enthalpy of sublimation of 56.30kJ mol ™. The Cp  of the vapor and solid
phases at that temperature are 36.9 and 54.4J K™ mol™, respectively. The sublimation pressure at 25.0°C is
0.30844 Torr, Calculate the sublimation pressure of the solid at the melting point (113.6°C) assuming
a. that the enthalpy of sublimation and the heat capacities do not change with temperature.
b. that the enthalpy of sublimation at temperature T can be calculated from the equation A . pimarion(T)
(T)A Hppimation = AH subtimation(To) + ACp(T — Ty) and ACp does not change with 7.

(a)  Ifthe enthalpy of sublimation is constant

o A Heinaion 11
A R L4
56.30%10° I mol ™ ( 1 1 ]

In P, = In0.30844 — 5 -
8.314 Jmol ' K™ 386.8K 298.15K

P, = 56,1 Torr
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(b)  Ifthe enthalpy of sublimation is given by
AH primaion(T) = AH o (T,) + ACP(T -7y

1 g AH vaporization dT = AHvaponanon(T}) + ACP(T - T])"'T
.[ j RrT? I RT? “
B T 7
B A1 1 ] LAGE(1 __} L
R R \n %) ®R\B ) R T
3 -1
In P, = In0.30844 - 56.30 x 10_13 11'u:>£I % 1 1
8.314 JK™ mol 386.8K 298.15K
(369 544)JK mor XZQB]SK>< 1 _ 1
8314 J K mol™ 386.8K 298.15K
. (36.9 - 54.4);111( —m]nl % In 386.8K
8.314J K™ mol 298.15K
In P, = 3.964
P, = 52,5 Torr

P8.43 Consider the transition between two forms of solid tin, Sn(s, gray) — Sn(s, white). The two phases are in
equilibrium at 1 bar and 18°C. The densities for gray and white tin are 5750 and 7280 kgm >, respectively, and
the molar entropies for gray and white tin are 44.14 and 51.18 J K" mol™, respectively. Calculate the temperature
at which the two phases are in equilibrium at 350. bar.

In going from 1 atm, 18°C to 200 atm, T
AGEY = PEVAP — SEVAT
Akafre - V;M"EAP _ Swhl'reAT
At equilibrium

AGE® _ AGWMIE =0= (V",]gray _ V,,?M'E)AP —(SEY - Swiul’z) AT

1 1
(ngy thl!e)AP M (P _P ]AP

gray white
(ngy Swhug)

A S ransition
1 1
5750 kgm— 7280 kg m™
~7.04J K™ mol™

118.71x 102 kg mol ! x[ 3}( 349%10° Pa

=-215°C
Ty = -3.5°C
P8.44 A reasonable approximation to the vapor pressure of krypton is given by log,o(P/Torr) = b — 0.05223(a/T). For
solid krypton, a =10065K and b = 7.1770. For liquid krypton, a = 9377.0K and b = 6.92387. Use these

formulas to estimate the triple point temperature and pressure and also the enthalpies of vaporization, fusion, and
sublimation of krypton,

At the triple point, the vapor pressures of the solid and liquid are equal.
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71770 - 005223 x 22065 _ 692387 - 0.05223 % 93_77'“
ip P
02531 = 0.05223 x 558
p
T, = 142K
P
logyg ~ 2 = 7.1770 - 0.05223 % 12065 _ 3 4578
Torr 142
I"}p = 2,94 x 10° Torr
We next calculate the enthalpies of sublimation and vaporization.
If the enthalpy of sublimation is given by
A‘Hsabl'i'ma.‘ian (T) = AHs'uhhmarmn (TI'J) + ACP(T - T:))
Bap A Huporizan BAH (T) + ACH(T ~T;)
. I;Tz ar = [ RT™ ar
R 7, 5
i P2 AHporeaion T 1 1) ACH(1 1) ACp, T
R R L 4 R AL 1 R0
3 =1
In Py = In0.30844 — 5630%10 Jmol™ (1 1
8314JK 'mol™!  (386.8K 298.15K
L (369 54.4) JK ' mol™! % 208.15K Y
8.314J K™ mol™ 386.8K 298.15K

(369 -544)) K~ mol™ o In 868K
83141 K™ mol™ 298.15K
In £, = 3.964
Py =52.5Torr

From Equation (8.19),

dinP - AH gyppimation
dr RT?

dinP _dinP dl _ _,dWnP _ AHu

—_—= T
d(l ] dr d[ 1 ) dr R
T T
dlogy P _ _AH.rumeaHan

d( 1 J 2303 R
T

For this specific case
-A—Hmﬂémm = 0.05223 % 2303 10065 AH quptimarion = 10.1%10° I mol™
Following the same reasoning

A gupimoron Hw':gm”m = 0.05223 % 2303 X 9377 AH yppimanion = 9-38 %107 I mol ™

AH fgian = AH gyptimasion = A Hyaporization = 1007107 Jmol™ —9.38 x10° J mol™
= 0.69%10° J mol™

Copyright © 2013 Pearson Education, Inc.



162

Chapter 8 Phase Diagrams and the Relative Stability of Solids, Liquids, and Gases

P8.45

20.0 g of water is in a container of 20.0 L at 298.15 K. The vapor pressure of water at this temperature is 23.76 Torr.

a.

(a)
(b)

(e)

‘What phases are present?

At what volume would only the gas phase be present?
At what volume would only the liquid phase be present?
Liquid and gaseous phases are present.

Assuming the validity of the ideal gas law,

nRT _ (200 /18.02 g mol™') x 62.35 Torr L mol ™! K~! x 298.15K
P 23.76 Torr

V= =868 L

Only liquid will be present if the volume is decreased to a value at which water at its normal density fills
the whole volume.

_ mass _ 200 x107 kg

= = =0.0200L
density 998 kg m>
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