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A plot of y, against x, is

1.0

0.81- —

0.6~ -
Y2
0.4 _ 5

0.2 -

0.0 ' L
0.0 0.2 0.4 0.6 0.8 1.0
Xy

24-15. Use your results from Problem 24-14 to construct the pressure-composition diagram in
Figure 24 .4.

P, = (1 —x,)(20.9 torr) + x,(45.2 torr)

Solve the equation given in Problem 24-14 for x, in terms of y,

(20.9 torr) y,
X, =
2 45.2torr + (20.9 torr — 45.2 torr)y,

Let x, vary from O to 1 in the first equation to calculate P, as a function of x,. Now let y, vary
from O to 1 to calculate x, and then P, to give P, as a function of y,. A plotof P against x,

total otal
and y, is

50

P, a1/ torr

0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction

24-16. Calculate the relative amounts of liquid and vapor phases at an overall composition of 0.50 for
one of the pair of values, x, = 0.38 and y, = 0.57, that you obtained in Problem 24-14.
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We use Equation 24.19

oy, —x, 057-050
n® " x,—x, 0.50-0.38

= 0.58

24-17. In this problem, we will derive analytic expressions for the pressure-composition curves in
Figure 24.4. The liquid (upper) curve is just

Po=x P +x,Pf =1 —x)P +x,P =P+ x,(P} - P) ey

which is a straight line, as seen in Figure 24.4. Solve the equation

y =x2P2* _ x, Py
2T P T PP - P

total

@)

for x, in terms of y, and substitute into Equation (1) to obtain
P* P*
Pwml = * - i *
Py —y,(Py — P)

Plot this result versus y, and show that it gives the vapor (lower) curve in Figure 24 .4.

We solve Equation 2 for x, to obtain
Y, P
x2 = * * *
Pz —)'Z(Pz —Pl)

Substitute this result into

P =P +x,(P;—P)

total
to get
Py Py
Ptotal = P* _ (Pt _ P*)
2 — N5 1

The plots of P, against x, and y, for P = 20.9 torr and P; = 45.2 torr are

50

P, ./ torr

0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction

24-18. Prove that y, > x, if P} > P and that y, < x, if P < P/". Interpret this result physically.
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Start with
x, Py

P +x,(Pr—P))

Y2

Divide both sides by x, and the numerator and denominator of the right side by P’ to obtain

Y Py /P R

x, 14+x,P/Pl—1) 1+x,(R—1)

where R = P,/ P;". Now subtract 1 from both sides
Y, _R—l—xz(R—l)__ x(R—1)

x,  l+x,(R-1)  1+x(R-1)

If R > 1 (P; > P/), then the right side is always positive because 0 < x, < 1and 0 < x, < 1 and
soy, > x,. If R < 1(P; < P"), then the right side is always negative.

This result simply says that the mole fraction of a given component in the vapor phase will be
greater than that of the other component if it is more volatile.

24-19. Tetrachloromethane and tfichloroethylene form essentially an ideal solution at 40°C at all
concentrations. Given that the vapor pressure of tetrachloromethane and trichloroethylene at 40°C
are 214 torr and 138 torr, respectively, plot the pressure-composition diagram for this system (see

Problem 24-17).

Plot
P .= P’ +x,(P; — P) =214 torr — x,(76 torr)

total —

and
PP _ (214 torr)(138 torr)
el T pr —y (P — P}) 138 torr + y,(76 torr)

220

180

P, ..,/ torr

140

0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction

24-20. The vapor pressures of tetrachloromethane (1) and trichloroethylene (2) between 76.8°C and
87.2°C can be expressed empirically by the formulas

2790.78

In(P;} /t = 15. -
n( P, /torr) 5.8401 172264
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and

2345.4
t+192.7
where ¢ is the Celsius temperature. Assuming that tetrachloromethane and trichloroethylene form

an ideal solution between 76.8°C and 87.2°C at all compositions, calculate the values of x, and y,
at 82.0°C (at an ambient pressure of 760 torr).

In(P; /torr) = 15.0124 —

Let 1 denote tetrachloromethane and 2 denote trichloroethylene.

2790.78
In(P? /torr) = 15.8401 — ——2>-'° _ _ 6791
n(Py ftom) 82012264 001

or P = 890 torr. Similarly, P;; = 648 torr. Therefore, (see Example 24-5)
: _ P —760torr 648 torr — 760 torr

- = 0.463
ST TR PT T 648torr — 890 torr
P, x,P;  (0463)(890 torr)
M= 760 torr | 760 torr 760 torr 3

24-21. Use the data in Problem 24-20 to construct the entire temperature-composition diagram of a
tetrachloromethane/trichlororethylene solution.

The vapor pressures of tetrachloromethane (1) and trichloroethylene (2) between 76.8°C and 87.2°C

are given by
In(P; /torr) = 15.8401 2790.84
n oIT) = . _
: 4 226.4
2345.4
In(P; /torr) = 15.0124 - ————
n(F;/torm) f+1927

where ¢ is the Celsius temperature. The mole fractions of tetrachloromethane (1) in the liquid and
vapor phases at temperature ¢ are given by
P} — 760 torr

X =—-—-—-—— and
T TP N

_ x Py
~ 760 torr
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By comparing this result to Equation 24.7, we see that V; = Vj.

24-25. The volume of mixing of miscible liquids is defined as the volume of the solution minus the
volume of the individual pure components. Show that

AmixV = le(vi - V:)

at constant P and 7', where V: is the molar volume of pure component ;. Show that AmixV = 0 for
an ideal solution (see Problem 24-24).

Problem 2424 shows that V; = V]. for an ideal solution, so A mixV =0.

24-26. Suppose the vapor pressures of the two components of a binary solution are given b
PP por p. p ry g y
_ 272
P, = x Ple™
and
_ 2
P, = x,Pje"

Given that P = 75.0 torr and P,” = 160 torr, calculate the total vapor pressure and the composition
of the vapor phase at x; = 0.40.

P, = P + P,=x Pyes/ + x,Pret’?
= (0.40)(75.0 torr)e®5*/2 4 (0.60)(160 torr)e®4¥*/?
= 35.9 torr 4+ 104 torr = 140 torr

P 35.9 torr _

NE P T Ta0or

total

0.26

24-27. Plot y, versus x, for the system described in the previous problem. Why does the curve lie
below the straight line connecting the origin with the point x, =1, y, = 1? Describe a system for
which the curve would lie above the diagonal line.

We simply use
P

* x2/2
1 x Ple”
- 2 2
Poa  x,Pre* 4 x, P/
2
x,(75.0 torr)e!' /2

x,(75.0 torr)e®™ "2 4 (1 — x,)(160 torr)e*i/?

=
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A 15 molar solution implies that there are

(15 mol-L™")(97.998 g-mol~') = 1470 g of phosphoric acid per liter of solution

Therefore, the density of the solution is

1470 g- L™

density = 0.85

=1700g- L' = 1.7 g-mL™"

25-4. Calculate the mole fraction of glucose in an aqueous solution that is 0.500 mol-kg~ glucose.

There are 0.500 mol glucose per kg H,O. so

3 0.500 mol — 0.00893
2= 1000gH,0
0.500 mol +

18.02 g-mol™' H,0

25-5. Show that the relation between molarity and molality for a solution with a single solute is

(1000 mL-L™) pm
C =
1000 g-kg™' + mM,

where c is the molarity, m is the molality, p is the density of the solution in g-mL™", and M, is the
molar mass (g-mol~!) of the solute.

Consider a solution of a certain molality, m, containing 1000 g of solvent. The total mass
of the solution is 1000 g-kg™" + mM, and its volume (in mL) is (1000 g-kg™' + mM,)/p,
where p is the density of the the solution in g-mL~". The volume of the solution in liters is
(1000 g-kg™' + mM,)/p(1000 mL-L™") liters. There are m moles of solute per (1000 g-kg™" +
mM,)/p (1000 mL-L™") liters, so the molarity is

(1000 mL-L™") pm
Cc =
1000 g-kg™" +mM,

25-6. The CRC Handbook of Chemistry and Physics has tables of “concentrative properties of aqueous
solutions” for many solutions. Some entries for CsCI(s) are

A/% p/g-mL™" c¢/mol-L™

1.00 1.0058 0.060
5.00 1.0374 0.308
10.00  1.0798 0.641
20.00 1.1756 1.396
40.00  1.4226 3.380

where A is the mass percent of the solute, p is the density of the solution, and c¢ is the molarity.
Using these data, calculate the molality at each concentration.
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This equation is similar to Equation 25.17 except for the negative sign, which occurs because boiling
points of solutions are elevated whereas freezing points are lowered. The rest of the derivation
follows Equations 25.18 through 25.23.

25-26. Calculate the boiling point elevation constant for cyclohexane given that T,,, = 354 K and that
A H =29.97 kJ-mol™".

Using the analog of Equation 25.23, we have
_ (84.161 g-mol™')(8.314 J-mol~'-K~")(354 K)?
b (1000 g-kg=")(29.97 x 10° J-mol ")
= 2.93 K-kg-mol™"

25-27. A solution containing 1.470 g of dichlorobenzene in 50.00 g of benzene boils at 80.60°C at
a pressure of 1.00 bar. The boiling point of pure benzene is 80.09°C and the molar enthalpy of
vaporization of pure benzene is 32.0 kJ-mol™". Determine the molecular mass of dichlorobenzene
from these data.

The value of AvapT is
AvapT = 80.60°C — 80.09°C = 0.51°C =0.51 K

Using the analog of Equation 25.23, we have

_ (78.108 g-mol")(8.314 J-mol™"-K1)(353.2 K)*

b (1000 g-kg™")(32.0 x 10° J-mol™)
= 2.53 K-kg-mol™*
The molality is given by
AT 051K
m=—= = 0.20 mol-kg ™"

K, 253K-kg ' -mol"’
Therefore,

1.470 g CH,Cl, «— 50.0 g C.H,
29.4 ¢ C.H,Cl, «— 1000 g C.H, «— 0.20 mol

and so the molecular mass is 147.

25-28. Consider the following phase diagram for a typical pure substance. Label the region
corresponding to each phase. Illustrate how this diagram changes for a dilute solution of a
nonvolatile solute.
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The plot is essentially identical to the one obtained in Problem 25-37.

25-40. Don Juan Pond in the Wright Valley of Antarctica freezes at —57°C. The major solute in the
pond is CaCl,. Estimate the concentration of CaCl, in the pond water.

We say “estimate” because the concentration will be too large for Equation 25.45 to be quantitative.
Nevertheless, we can “estimate” the molality to be

57K
m =~
(3)(1.84 K-kg-mol™)

= 10 mol-kg™"

where the factor of 3 in the denominator results because v = 3 for CaCl,.

25-41. A solution of mercury(II) chloride is a poor conductor of electricity. A 40.7-g sample of HgCl,
is dissolved in 100.0 g of water, and the freezing point of the solution is found to be —2.83°C.
Explain why HgCl, in solution is a poor conductor of electricity.

Because 40.7 g HgCl, corresponds to 0.150 mol HgCL,, the molality of the solution is 1.50 mol-kg™".
Using Equation 25.45, we find v to be

AT, 2.83K

"= Km ~ (184K-kg-mol )(1.50 mol-kg ™)

1.02

This result indicates that HgCl, is not dissociated under these conditions, and so is a poor conductor
of electricity.

25-42. The freezing point of a 0.25-molal aqueous solution of Mayer’s reagent, K,Hgl,, is found to
be —1.41°C. Suggest a possible dissociation reaction that takes place when K,Hgl, is dissolved in
water.

Use Equation 25.45 to obtain v = 3. The equation for the dissociation reaction is

K,Kegl,(aq) — 2 K*(aq) + Hgl; (aq)

25-43. Given the following freezing-point depression data, determine the number of ions produced per
formula unit when the indicated substance is dissolved in water to produce a 1.00-molal solution.

Formula AT/K

PCL,-4NH,  5.58
P(CL,-3NH,  3.72
PCL,-2NH,  1.86
KPCl,-NH,  3.72
K,PCl, 5.58

Interpret your results.
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Use Equation 25.45 to obtain

formula v  ions

PtCL-4NH, 3 PyNH,)i* 2CI°
PtCL-3NH, 2 Py(NH,),CI* CI”
PtCl,-2NH, 1 Pt(NH,),Cl,
KPiCL,-NH, 2 K' PyNH,)Cl;
K PiCl, 3 2K" PCly”

25-44. An aqueous solution of NaCl has an ionic strength of 0.315 mol-L™". At what concentration
will an aqueous solution of K,SO, have the same ionic strength?

The ionic strength, I, equals ¢ for a 1-1 electrolyte and 3c for a 2—1 electrolyte. Therefore,
a solution of K,SO,(aq) would have an ionic strength of 0.315 mol-L™" when its molarity is
0.105 mol-L7.

25-45. Derive the “practical” formula for «? given by Equation 25.53.

Start with
s 2 s
KZ = ! Z qzﬂ = NAe ZZZJ_
£,6,ky T = % 8,6,k T = %4
Now

n,
Jo_ -3
V= (1000 L-m™)¢,

because V, being in SI units, has units of m?. Therefore,

_ 2¢*N, (1000 L-m™)

K.Z
£,8, kg T

(I /mol-L™")

25-46. Some authors define ionic strength in terms of molality rather than molarity, in which case

I,
Im=§§;zjmj
/=

Show that this definition modifies Equation 25.53 for dilute solutions to be

K'Z

_ 26N, (1000 L-m~)p

I 1.kg™!
£, kT (1,,/mol-kg™)

where p is the density of the solvent (in g-mL™).

For dilute solutions, ¢ = pm (see Problem 25-5), and so I, = p[ . Therefore,

_ 2¢*N,(1000L-m)p
o £,6,kT

K'Z

(I,/mol-kg™")
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