
Problem Set #11 

Assigned November 15, 2013 – Due Friday, November 22, 2013 

Please show all work for credit 

Colligative properties   Engel Ch. 8:  

1. P8.7)  Assume that 1-bromobutane and 1-chlorobutane form an ideal solution. At 273 K, 

  
Pchloro

*
 3790 Pa  and 

  
Pbromo

*
 1394 Pa.  When only a trace of liquid is present at 273 K, ychloro = 0.75. 

a. Calculate the total pressure above the solution. 

b. Calculate the mole fraction of 1-chlorobutane in the solution. 

c. What value would Zchloro have in order for there to be 4.86 mol of liquid and 3.21 mol of gas at a 

total pressure equal to that in part (a)? [Note: This composition is different from that of part (a).] 

a) Calculate the total pressure above the solution. 
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b) Calculate the mole fraction of 1-chlorobutane in the solution. 
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*
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c) What value would Zchloro have in order that there are 4.86 moles of liquid and 3.21 moles of gas at a total pressure 

equal to that in part a)? (This composition is different than that in part a.) 
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Please see the last 

page for how to 

derive the equation 

used in part a and c.  



2. P8.14)  Ratcliffe and Chao [Canadian Journal of Chemical Engineering 47 (1969), 148] obtained the 

following tabulated results for the variation of the total pressure above a solution of isopropanol (

  
P1

*
 1008 Torr ) and n-decane (

  
P2

*
 48.3 Torr ) as a function of the mole fraction of the n-decane in the 

solution and vapor phases. Using these data, calculate the activity coefficients for both components 

using a Raoult’s law standard state. 

P (Torr) x2 y2 

942.6 0.1312 0.0243 

909.6 0.2040 0.0300 

883.3 0.2714 0.0342 

868.4 0.3360 0.0362 

830.2 0.4425 0.0411 

786.8 0.5578 0.0451 

758.7 0.6036 0.0489 

a)  for isoproponal 
*

1 1008 TorrP   

 for n-decane    
*

2 48.3 TorrP   

Using the relations
*,  /i i total i i iP y P a P P  , and i

i

i

a

x
  , the calculated activities and activity 

coefficients are shown below. 

P(Torr)     x2     y2    a1    a2   1    2 

942.6 0.1312 0.0243 0.912 0.474 1.05 3.61 

909.6 0.2040 0.0300 0.875 0.565 1.10 2.77 

883.3 0.2714 0.0342 0.846 0.625 1.16 2.30 

868.4 0.3360 0.0362 0.831 0.651 1.25 1.94 

830.2 0.4425 0.0411 0.790 0.706 1.42 1.60 

786.8 0.5578 0.0451 0.745 0.735 1.69 1.32 

758.7 0.6036 0.0489 0.716 0.768 1.81 1.27 

 

3. P8.33)  When a solute shows very small activity coefficients at relatively low concentrations, this is 

evidence for strong interactions between the solute molecules. For example, the activity coefficient 

for 6-methylpurine is 0.329 at 0.20 m, whereas the activity coefficient of cytidine is more than twice 

that value at a comparable concentration. This is an indication that 6-methylpurine may be 

aggregating. 

The simplest form of aggregation is dimer formation. If M forms a dimer D in solution we have the 

equilibrium: 
  2 M


D.Assume the equilibrium constant is 

  

K 
CD

CM
2

 where CD is the concentration of dimer, 

CM is the concentration of monomer and CT = 2 CD + CM. The chemical potential for the monomer is

  
M  M

0
 RT ln CM

Dimerization can be treated as a type of non-ideality where 

  
M  M

0
 RT ln CT

 where the activity coefficient  = 1 if no dimer forms and  < 1 if a dimer forms. 

a. Using the two equations for the chemical potential of M, given above, obtain an expression for the 

activity coefficient  in terms of CM and CT. 



b. Using the expression for the equilibrium constant K and your result from part a show that 

  

 
1 8KCT 1/2

4KCT


1

4KCT

 

c. Using the data given above, calculate the equilibrium constant for the dimerization of 6-

methylpurine. Estimate the equilibrium constant for the dimerization of cytidine.  

a) Combining the two equations yields: 

    TγCln T RμCln T Rμ MMM  
 

Then: 

       TT CγγC lnlnlnCln M   
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T
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C
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b) Combining the equations for K, CT, and part a we obtain: 
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Solving the quadratic equation for CM yields: 
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Then  can be expressed as: 
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c) We obtain the equilibrium constant for 6-methylpurine by solving for K: 
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And in analogy for cytidine with two times the activity coefficient: 
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4.  

P8.38)  When the cells of the skeletal vacuole of a frog were placed in a series of NaCl solutions of 

different concentrations at 298 K, it was found that the cells remained unchanged in a 0.70 % (by 

weight) NaCl solution. For a 0.70 % NaCl solution the freezing point is depressed by –0.406 K. What 

is the osmotic pressure of the cell cytoplasm at T = 298 K? 



We obtain the osmotic pressure by combining: 

V

RTsoluten
  and 

f

f
solute

K

ΔT
m


  from soluteff m KΔT   

 

 
   

 

-1 -1
f

1

fsolute

-1

-0.406 KΔT 8.314472 J K  mol 298 K R T
1.86 K kg molKn RT

π
V V 0.001 L kg

540834.1 Pa 5.34 atm



 
    
        

 

 

 

 

5. P8.41)  The following data on the osmotic pressure of solutions of bovine serum albumin were 

obtained from the work of Scatchard et al., J. American Chemical Society 68 (1946), 2320: 

Concentration (g L
–1

) 27.28 56.20 8.95 17.69 

Osmotic Pressure (mmHg) 8.35 19.33 2.51 5.07 

Calculate the molecular weight of bovine serum albumin. Assume T = 298 K. 

We need to plot /C2 versus C2: 

 

For C2 → 0,  /C2 → 0.275 mmHg g L
-1

 = 0.0003618 atm g L
-1

. The molecular weight is then: 

   
 

1-
-1

22

solute mol g 4.67622
1-L g atm 0.0003618

K 298molK  atm L 0.0821

π/C

T Rlim
M 







C
 

 

6. P8.45)  The concentrations in moles per kilogram of water for the dominant salts in sea water are: 

Ion Cl
–
 Na

+
 Mg

2+
 

 
SO4

2
 

Ca
2+

 

Mol kg
–1

 0.546 0.456 0.053 0.028 0.010 

Calculate the osmotic pressure exerted by sea water at T = 298 K. Suppose sea water is separated from 

pure water by a membrane that is permeable to water but impermeable to the ions in sea water. Assuming 

the density of sea water is about equal to pure water at T = 298 K, calculate the column of sea water that 

would be supported by osmotic pressure. 
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Set ρ is the density of solvent,  

Note: NaCl fully dissociated so this will be 

2xb, twice the molality. OK determine by Tf 



 

To calculate can assume 1 kg of sea water  is 1 L, sum the ion concentrations,  the osmotic pressure is: 

     
 

bar 08.27 Pa 93.2708139

m 0.001

K 298molK  J 8.314472mol .0100.0280.0530.4560.5460

V

RTn
π

3

-1
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The column of sea water that would be supported by this osmotic pressure can be calculated as follows: 

h g atm 1p    

   
   

km 0.266m 265.73
s m 9.81m kg 1000

Pa 101325Pa 2708139.93

g ρ

atm 1π
h

2-3-








  

 

Equilibria Ch. 4:  

 

7. P4.2) – In the frog muscle rectus abdominis, the concentration of ATP, ADP, and phosphate are 

1.25E-3M, 0.50E-3M, and 2.5E-3M, respectively.  

a) Calculate the Gibbs free-energy change     for the hydrolysis of ATP in muscle. Take the 

temperature and pH of the muscle as 25℃ and 7, respectively.  

b) For the muscle described, what is the maximum amount of mechanical work it can do per mole of 

ATP hydrolyzed? 

c) In muscle, the enzyme creatine phosphokinase catalyzes the following reaction: 

 

The standard Gibbs free-energy of hydrolysis of phosphocreatine at 25℃ and pH7 is -43.1kJ/mol:  

 
Calculate the equilibrium constant of the creatine phosphokinase reaction.  

 

 

Note how huge this is, for 

~0.5 M solution, means can 

use osmotic pressure  for 

small concentrations or 

macromolecules 

Note this sign is tricky. Work done by 

system is negative, but max work a 

system can do is a positive concept. 

-43.1 



 

8. P4.5) 

 

 
 

 
 

 

9. P4.14) 

 
 



 

 
 

10. P4.27) 

 

 
 

Use the G
o
 = -219 kJ/mol, as 

provided to you by e-mail, 

directly to get G. This shows 

it can be derived from 

electrochemistry 

This answer assume biological 

standard state, pH7 



Ionic equilibria  Engel Ch. 9: 

11. P9.2)  Calculate 
 
Hreaction

  and 
 
Greaction

  for the reaction  

  Ba(NO3)2(aq) + 2KCl(aq)  BaCl2(s) + 2KNO3(aq). 

reactionG = fG (BaCl2, s) + 2 fG (K
+
, aq) + 2 fG (NO3

–
, aq) – fG (Ba

2+
, aq) 

  –2 fG (NO3
–
, aq) –2 fG (K

+
, aq) –2 fG (Cl

–
, aq) 

reactionG = fG ( BaCl2, s) – fG ( Ba
2+

, aq) –2 fG (Cl
–
, aq) 

reactionG = –806.7 kJ mol
–1

 + 560.8 kJ mol
–1

 + 2 131.2 kJ mol
–1

 = 16.5 kJ mol
–1

 

reactionH = fH  (BaCl2, s) – fH ( Ba
2+

, aq) –2 fH (Cl
–
, aq) 

reactionH =–855.0 kJ mol
–1

 + 537.6 kJ mol
–1

  + 2 167.2 kJ mol
–1

 = 17 kJ mol
–1

 

 

12. P9.12)  Calculate the mean ionic molality and mean ionic activity of a 0.150 m Ca(NO3)2 solution for 

which the mean ionic activity coefficient is 0.165. 

   
1 1

2 1 13=  = 2 0.150 molkg 0.238 molkg

0.238 0.165 0.0393

v v vm v v m

m
a

m


   

  


 



 
     

 

: 

13. P5.6) 

 

 



14. P5.18) 

    

 
 

Extras (good for test) 

Engel Ch. 8:  

15. P8.2)  A volume of 5.50 L of air is bubbled through liquid toluene at 298 K, thus reducing the mass 

of toluene in the beaker by 2.38 g. Assuming that the air emerging from the beaker is saturated with 

toluene, determine the vapor pressure of toluene at this temperature. 

–1

–1

1 mol
2.38 g 0.08314 L bar K 298 K

 92.14g mol
 = 0.116 bar

5.50 L

nRT
P

V

  

   

16. P8.22)  A sample of glucose (C6H12O6) of mass 1.25 g is placed in a test tube of radius 1.00 cm. The 

bottom of the test tube is a membrane that is semipermeable to water. The tube is partially immersed 

in a beaker of water at 298 K so that the bottom of the test tube is only slightly below the level of the 

water in the beaker. The density of water at this temperature is 997 kg m
–3

. After equilibrium is 

reached, how high is the water level of the water in the tube above that in the beaker? What is the 

value of the osmotic pressure?  

You may find the approximation ln (1/1 + x)  –x useful. 



* *

* *

*
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1
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1
Expanding the argument of the logarithmic term in a Taylor series, ln
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17. P8.24)  To extend the safe diving limit, both oxygen and nitrogen must be reduced in the breathing 

mixture. One way to do this is to mix oxygen with helium. Assume a mixture of 10.% oxygen and 

90.% helium. Assuming Henry’s law behavior, calculate the levels of oxygen and helium in the blood 

of a diver at 100 m. Assume T = 298 K. 

 

 

The pressure at a 100 m is given by: 

         

   

-3 -2p 100 m 1 atm  g h 1 atm 1000 kg m 9.81 m s 100.0 m

101325 Pa 981000 Pa 1082325 Pa

     

  
 

For a mixture of 10% O2: 

    Pa 5.108232Pa 10823251.0p
2O   

Using Henry’s Law: 

 
   

5

1-54

Ok,

O

O 101865.2
Pa bar 1000.1bar 1095.4

Pa 5.108232

k

p
x

2

2

2




  

Now we can us the molar volume of water: 

OHm,

OH

O

O 2

2

2

2
V

V

n
x   

Then the concentration is: 

 
 

M 1021.1
L 018.0

mol 101865.2

V

n

V

x
3

5

OH

O

OHm,

O

2

2

2

2 





  

   
2

3 -1 -1

OC 1.21 10  mol/L 32000 mg mol 38.72 mg L     

Equivalently we obtain for a mixture of 90% He: 

    Pa 5.974092Pa 10823259.0pHe   

Using Henry’s Law: 



 

   
6

6 5 -1
k,He

p 974092.5 Pa
x 6.538 10

k 1.49 10  bar 1.00 10  bar  Pa

He

He

   
  

 

Now we can us the molar volume of water: 

2

2

He
He m,H O

H O

n
x V

V
  

Then the concentration is: 

 
 

2 2

6

4He He

m,H O H O

6.538 10  molx n
3.63 10  M

V V 0.018 L






     

   4 -1 -1C 3.63 10  mol/L 4000 mg mol 1.4 mg LHe

     

 

18. P8.26)  The average osmotic pressure of human blood versus water is 7.60 atm. at a temperature of T 

= 310. K. Calculate the total solute concentration in human blood. 

Solving the van’t Hoff osmotic equation for nsolute/V: 

V

T R n
π solute  

 

   
-1 -3 -1 -1solute

-1 -1

770070 Pan  π
299 mol  m 0.299 mol  l

R T V 8.314472 J mol  K 310 K
   


 

 

19. P8.37)  Red blood cells do not swell or contract in a solution composed of 103 g of sucrose dissolved 

in a kilogram of water. Assuming the red blood cell membrane is impermeable to sucrose, calculate 

the osmotic pressure exerted by the cell cytoplasm at T = 310 K relative to pure water. Assume 

sucrose forms an ideal solution in water. 

The Osmotic pressure is given by: 

     
 

atm 661.7Pa 5.776260
m 001.0

K 310molK  J 8.314472mol g 342 / g 103n
3

-1-1

solute 



V

RT
  

20.  P8.43)  Assume an aqueous solution contains equal numbers of polynucleotides with molecular 

weights of roughly 20,000, 50,000, and 100,000, units of g mol
–1

. Calculate the osmotic pressure of 

this solution at T = 298 K. Assume 1.00 g of polynucleotide is dissolved in 1.00 L of water. 

For equal number of polynucleotides, n, we have: 

g 1Mn Mn Mn 321   

   
6

-1

1 2 3

1 g 1 g
n 5.88 10 mol

M M M 20000 50000 100000  g mol

   
   

 of each. n(solute,total) = 

3 x 
65.88 10 mol  

Then the Osmotic Pressure is: 

     

 

6 -1

solute

3

3 5.88 10 mol 8.314472 J K mol 298 Kn RT
π 43.70 Pa 0.00043 atm

V 0.001 m

x   
     

 



21.  P9.9)  Express ± in terms of + and – for (a) SrSO4, (b) MgBr2, (c) K3PO4, and (d) Ca(NO3)2.  

Assume complete dissociation. 

a) SrSO4   
1

2                          c) K3PO4   
1

3 4      

b) MgBr2   
1

2 3                       d) Ca(NO3)2   
1

2 3     :  

22.  P4.13)  

 

 

:  

23.  P5.11)  

 

 
24.  P5.24) 

 



25.  P5.31) 

 

 

26.  P5.33) 

 

       

    

 



 

Atkins Ch. 6 Exercises: 

27. P6.5 (b)  

 

 



28. P6.6 (b)  

 
 

 
 

 

 

 



29. P6.10(b) 

 

 
30. P6.19 (b)  

 

 
  

P.S. How to derive the equation used in part a and c of Prob.1. 

Set choloro=A, bromo=B, and for an ideal solution of A plus B, we have:  

 

Therefore,  
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Multiply the same term  

Because      

Substitute the 

highlighted equation in   

Done proof 


