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 צבי קורן'  פרופ– 2תרמודינמיקה בהנדסה כימית 
 

  תרגילים–אנרגיה חופשית 
Free Energy – Problems 

 
[Problems adapted and edited from:  Maron S.H. and Lando J.B. Fundamentals of Physical Chemistry, 

Macmillan Publishing Co., NY, 1974, Ch. 9, pp. 353-357.] 

 

 

1. Two moles of an ideal gas are compressed isothermally and reversibly at 100°C from a 

pressure of 10 to 25 atm. (a) Find the values of G and A for the process. (b) What are 

the values of U, H, S, q, and w for the process? 

 

2. Three moles of an ideal gas are allowed to expand freely at 300 K from a volume of 100 

to 1000 liters. (a) What are the values of G and A for the process? (b) What are the 

values of U, H, S, q, and w? 

 

3. A certain gas obeys the equation 

PVm = RT + a1P + a2P
2
 

where Vm is the molar volume, and a1 and a2 are constants dependent only on the 

temperature. What will be the expressions for G and A when 1 mole of the gas is 

compressed from a pressure Pl to a pressure P2 at temperature T? 

 

4. The molar volume of C6H6(ℓ) is 88.9 cc at 20 °C and 1 atm pressure. Assuming the 

volume to be constant, find G and A for compression of 1 mole of the liquid from 1 to 

100 atm. 

  

5. Calculate the difference in calories between G and A at 25 °C for the reaction 

  H2(g, 1 atm) + ½O2(g, 1 atm) = H2O(ℓ) 

 

6. For a certain process G = -12,000 cal and H = –17,500 cal at 400 K. Find for the 

process at this temperature S, [(G)/T]P, and [(A)/T]V. 

 

7. Assuming that the process mentioned in problem 6 is carried out reversibly, how much 

heat is evolved during its performance? 

 

8. For the reaction H2O(ℓ) = H2O(g, 23.76 mm Hg), G25°C = 0. Assuming the water vapor 

to behave as an ideal gas, find G at 25 °C for the reaction 

  H2O(ℓ) = H2O(g, 1 atm) 

 

9. For a certain reaction 

   G (cal/mol)= 13,580 + 16.1 T logl0T – 72.59 T.  

  Find S and H of the reaction at 25 °C. 

  

10. For the reaction, H2(g, 1 atm) + Cl2(g, 1 atm) = 2 HCl(g, 1 atm), G at 25 °C is –45,400 

cal. Find G for the process 

  H2(g, 2 atm) + Cl2(g, 1 atm) = 2 HCl(g, 0.1 atm) 
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11. For a certain reaction the change in volume as a function of pressure is given by 

  V = al + a2P, 

 where al and a2 are constants dependent only on the temperature. What will be the 

change in free energy produced by a change in pressure from Pl to P2 at constant T? 

 

12. At –50 °C the molar volumes of N2(g) at various pressures are as follows: 

P (atm) 1 20 40 60 100 200 300 400 500 

V (L/mol) 18.28 0.890 0.434 0.284 0.167 0.0879 0.0671 0.0579 0.0526 

 Determine the activity coefficients of the gas at 100, 200, and 500 atm. 

 

13. From the data given in problem 4 calculate the activity of C6H6(ℓ) at 20 °C and 100 

atm pressure. 

 

14. Using the values for the fugacities (f) for H2 given in the appropriate table in the 

lecture, find G for the isothermal compression of 1 mole of H2(g) from 50 to 500 atm 

at 100 °C. Compare the result with the value obtained on assumption that H2(g) 

behaves as an ideal gas. 

 

15. A certain gas at temperature T obeys the relation PV = RT + BP + CP
2
. Deduce the 

expression for ln  of the gas as a function of P at this temperature.  

 

16. If in problem 15, T = 223.2 K, B = –3.69 x 10
-2

, and C = 1.79 x 10
–4

 for volume in 

liters and pressure in atmospheres, what will be the activity coefficient of the gas at P = 

100 atm?  

 

17. Derive the expression for the variation of activity with temperature at constant 

pressure. 

 

18. The standard free energy of formation of H2O(ℓ) at 25 °C is –56,690 cal. Find the free 

energy of formation of H2O at 25 °C from H2 at a partial pressure of 0.01 atm and O2 at 

a partial pressure of 0.25 atm.  

 

19. For the formation of C2H5OH(ℓ), G°25°C = –41,770 cal. Find G at 25 °C for the 

reaction 

  2 C(s) + 3 H2(g, f = 50 atm) + ½ O2(g, f = 100 atm) = C2H5OH(ℓ) 

 

20. Deduce the criteria of equilibrium for the following conditions: 

 (a) Constant H and P 

 (b) Constant S and V 

 (c) Constant S and P. 

 

21. Deduce the criteria of equilibrium for the following conditions: 

 (a) Constant S and U 

 (b) Constant S and H. 

 

22. From the data of standard free energies of formation calculate G
O
 for the following 

reactions at 25 °C: 

 (a) C2H5OH(ℓ) + O2(g) = CH3COOH(ℓ) + H2O(ℓ) 

 (b) 2 CO2(g) = 2 CO(g) + O2(g). 

 Which of the above reactions as written is spontaneous in the standard state?  
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23. Using standard absolute entropies, calculate H° at 25 °C for the reactions given in the 

preceding problem. 

 

24. From the following series of reactions find the free energy of formation of N2O4(g) at 

25 °C: 

½ N2(g) + ½ O2(g) = NO(g) G°298 K  =  20,720 cal 

  NO(g) + ½ O2(g) = NO2(g) G°298 K  =  –8330 cal 

  2 NO2(g) = N2O4(g)           G°298 K  =  –1380 cal 

 

25. From the appropriate absolute entropies and heats of formation calculate the standard 

free energy change at 25 °C for the reaction: 

   CO(g) + H2O(ℓ) = CO2(g) + H2(g) 

 

26. For the sublimation of gold, 

  Au(s) = Au(g),   

 H°298 K = 90,500 cal/mole and G°298 K = 81,000 cal/mole. Further, 

 Au(g): CP = 5.00 cal mole
–1 

degree
–1

 

 Au(s):  CP = 5.61 + 1.44 x 10
–3

 T  cal mole
–1

 degree
–1

 

 From these data find an expression for G° as a function of T. 

 

27. For the reaction MoS2(s) + 2 H2(g) = Mo(s) + 2 H2S(g), 

 H°25 ºC = 46,670 cal, G
°
zs°c = 38,460 cal, and CP is given by 

 CP = –12.95 + 3.75 x 10
–3

 T – 0.503 x 10
5
 T

–2
 

 Deduce the expression for G
O
 as a function of T. 

 

28. For the reaction Cu(s) = Cu(g) 

 H
°
 = 81,730 - 0.47 T - 0.731 x 10

-3
 T

2
 

 S
°
 = 34.94 - 1.081og10T - 1.46 x 10

-3
 T 

 Set up the expression for G
O
 as a function of T.  

 

29. For the reaction FeCO3(s) = FeO(s) + CO2(g) 

 G° = 18,660 - 14.42 T logl0T - 6.07 T + 8.24 x 10
-3

T
2
 

 Find H° and S° for the reaction at 25 °C. 

 

30. For the reaction C(s, graphite) + S2(g) = CS2(g) 

 G
O
 = -5040 - 7.67 T log10T + 1.51 x 10

-3
T

2
 + 1.106 x 10

5
 T

–1
 + 21.58 T 

 Further, 

 C(s, graphite): Cp = 2.673 + 2.617 x 10
-3

 T - 1.169 x10
5
 T

–2
 cal mole

–1
 degree

–1
 

 CS2(g):            Cp = 13.75 + 0.49 x 10
-3

 T- 3.38x10
5
 T

–2
 cal mole

–1
 degree

–1
 

 From these data find the equation for CP of S2(g) as a function of the temperature. 

 

31. For the reaction A2(g) + 2B(s) = 2AB(g), AG
O
 is given by 

  G
O
 =A+BTlnT+CT+DT

2
 

 Find the expressions for (a) A°, (b) H
°
,  (c) U°, (d) S

°
, (e) C°P, and (f) C°V 

as functions of the temperature. 
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32. The densities of liquid and solid Hg are, respectively, 13.70 and 14.19 g/cc at the 

melting point, -38.87 °C. The heat of fusion is 566 cal/mol. Find the change in melting 

point per atmosphere change in pressure. 

 

33. m-Dinitrobenzene melts at 89.8 °C under a pressure of 1 atm, and at 114.8 °C under a 

pressure of 968 atm. If the heat of fusion is 24.7 cal/g, what is the change in volume on 

fusion? 

 

34. The heat of fusion of ice is 79.7 cal/g at 0 °C. The densities of ice and water at the 

same temperature are, respectively, 0.9168 and 0.9999 g/cc. Calculate the melting 

point of ice at 325 atm pressure, and compare your answer with the observed value of -

2.5°C. 

 

35. NH4NO3 undergoes a transition from one solid modification to another at 125.5 °C at 1 

atm, and at 135.0 °C at 1000 atm pressure. The form stable at higher temperatures has 

an average volume of 0.0126 cc/g greater than the other modification over the pressure 

range studied. From these data calculate the heat of transition. 

 

36. AgI exists in two forms,  and , which are in equilibrium at 146.5 °C at 1 atm 

pressure. For the change of  to , Htrans = 1530 cal/mole, while V = -2.2 cc/mole. 

Find the pressure at which the transition temperature will be 145.0 °C. 

 

37. At the normal boiling point, 61.5°C, the heat of vaporization of CHCl3 is 59.0 cal/g. 

Assuming that the vapor behaves as an ideal gas and that the volume of the liquid is 

negligible compared to that of the vapor, what is U per mole for the vaporization 

process? 

 

38. The vapor pressure of ethanol is 135.3 mm at 40°C and 542,5 mm at 70 °C. Calculate 

the molar heat of vaporization and the vapor pressure of ethanol at 50 °C.  

 

39. The heat of vaporization of ethyl ether is 83.9 cal/g while its vapor pressure at 30 °C is 

647.3 mm. What will be the vapor pressure at 0 °C? 

 

40. The vapor pressure of CH3C1 between -47 and -10 °C can be represented by the 

equation 

  log Pmm Hg = -1149T
–1

  + 7.481  

 What is the heat of vaporization of this liquid in calories per gram? 

 

41. A liquid is observed to boil at 120 °C under a pressure of 725 mm. Its molar heat of 

vaporization is 8200 cal/mole. Calculate the normal boiling point of the liquid. 

 

42. The normal boiling point of C6H5Br is 156.15 °C. Using Trouton's rule, find the vapor 

pressure at 100 °C, and compare with the observed value of 141.1 mm. 

 

43. CC14 exhibits the following vapor pressures at the indicated temperatures: 

 t (°C)     30   50   70   100 

 P (mm Hg) 142.3 314.4 621.1 1463.0 

 Set up the equation giving log10P as a function of the temperature. 
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44. Beattie and Marple [J. Am. Chem. Soc. ,  72, 1450 (1950)] give the following 

equation for the vapor pressure of 1-butene as a function of the temperature between -

75 and 125 °C: 

 log10P (atm) = 5.475462 – 1343.516 T
–1

 - 167.515 x 10
-5

 T 

 Find: (a) the expression for Hvap as a function of the temperature; (b) Hvap at 300 K; 

(c) the normal boiling point of the liquid.  

 

45. The heat of vaporization of a certain liquid as a function of the temperature is given by 

the relation 

 Hvap =a+bT+cT
2
 

 where a,  b ,  and c are constants. What will be the expression for ln P as a f(T)? 

 

46. To measure the heat of vaporization of a liquid calorimetrically, 13.5200 g of vapor of 

the liquid, initially at 45.35 °C, were passed into a calorimeter and condensed there. 

During this process the temperature of the calorimeter rose from 25.015 to 26.525 °C. 

If the heat capacity of the calorimeter is 453.25 cal/ degree, and if the specific heat of 

the vapor is 0.180 cal g
-
1 degree

-
1,

 
what is the heat of vaporization of the liquid in 

calories per gram?  

 

47. The vapor pressure of solid CO2 is 76.7 mm at -103 °C, and 1 atm at -78.5 °C. 

Calculate the heat of sublimation of CO2. 

 

48. At 630 K the heat of sublimation of ZrBr4 is 25,800 cal/mole, while the vapor pressure 

is 1 atm. What will be the sublimation pressure at 700 K? 

 

49. At 0 °C the heat of sublimation of ice is 675.7 cal/g, while the heat of vaporization of 

water is 595.9 cal/g. Calculate the rates of change of vapor pressure with temperature 

for water and ice at 0°C. At this temperature the vapor pressure of water is 4.58 mm 

Hg. 

 

50. Ice is in equilibrium with air-free liquid water at 0.0023°C under a pressure of 1 atm, 

while under its own vapor pressure the melting point is 0.0075°C higher. Using the 

data given in problem 34, find the sublimation pressure of the ice. 

 

51. The sublimation pressure of N2O is given by the relation 

log10Patm = -1294T
–1

 + 1.405 log10T - 0.0051 T + 4.800 

Find the expression for the heat of sublimation of N2O as a function of the temperature. 

 

52. The vapor pressure of liquid arsenic is given by the equation 

 log10Pmm = -2460T
–1

 + 6.69 

that of solid arsenic by 

 log10Pmm = -6947T
–1

 + 10.8 

Find the temperature at which the two forms of As have the same vapor pressure. What 

is the value of this pressure? 

 

53. For a certain liquid the heat of vaporization is Hvap = 13,500 - 10.0T cal/mole, while 

the normal boiling point is 400 K. Assuming the vapor to behave as an ideal gas, find 

per mole for the vaporization process at 400 K: (a) H, (b) S, (c) G, (d) G
O
, (e) q, 

(f) w, (g) U, (h) A, (i) CP, and (j) CV. 
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ANSWERS TO FREE ENERGY AND RELATED PROBLEMS 

 

1. (a) G = A = 1359 cal   (b)  U = H = 0   S = –3.641 eu,   qrev  = wmax  = –1359 

cal. 

(Note:  "eu" is an abbreviation for "entropy units":  eu ≡ cal/K.) 

2. (a) G = A = –4118 cal;    (b)  S = +13.73 eu,  U = H = q = w = 0 

3. G = RTℓn(P2/P1) + a1(P2 – P1) + 0.5a2(P2
2
 – P1

2
);          A = RTℓn(P2/P1) – 0.5a2(P2

2
 

– P1
2
) 

4. G = 213 cal;   A = 0 

5. G – A = –888 cal  

6. S = –13.25 eu,   (G/T)P = (A/T)V = 13.25 eu 

7. qrev = –5300 cal 

8. G = 2050 cal 

9. S = 25.74 eu, H = 11,490 cal 

10. G = –48,540 cal 

11. G  =  a1(P2 – P1) + 0.5a2(P2
2
 – P1

2
) 

12. 0.888;     0.842;     0.967  

13. a = 1.44 

14. 1880 cal ,     1710 cal 

15. ℓnγ = (BP + 0.5CP
2
)/(RT)  

16. γ  = 0.858 

17. ( lnA/T)P =  –(H – H
o
)/(RT

2
) 

18. G = –53,550 cal 

19. G = –50,090 cal 

20. (a)     dSH,P = 0,    (b)  dUS,V = 0,    (c)  dHS,P = 0 

21. (a)     dVS,U = 0,    (b)  dPS,H = 0 

22. (a)    –108,720 cal;     (b) 122,900 cal;   (c)  is spontaneous 

23. (a)   –118,410 cal;      (b) 135,270 cal 

24. 23,400 cal/mol 
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25. –4750 cal 

26. G
o
  =  90,740 + 1.40Tℓog10T  –   36.23T + 7.2x10

-4
 T

2
 

27. G
o
  =  50,200 + 29.82Tℓog10T – 112.88T – 1.88 10

-3
 T

2 
+ 25,200/T 

28.  G
o
  =  81,730 + 1.08T log10T – 35.41T +7.3 x10

-4
 T

2
 

29.  H
o
  = 19,790 cal,  S

o
 = 43.1 eu 

30. CP  =  7.75 + 0.888 10
-3

T 

31. (a)  A
o 
 = A + BTℓnT + (C–R)T + DT

2
;         (b) H

o
 = A  –  BT  – DT

2
 

(c)  U
o 
 = A – (B+R)T – DT

2
;        (d)  S

o 
 = –(B+C) – BℓlnT – 2DT; 

(e)  CP
o 
 = –B – 2DT;          (f)   CV

o 
 = –(B+R ) – 2DT 

32 0.0051 
o
C/atm 

33 V = 0.0725 cc/g 

34 t = –2.44 
o
C 

35 1040 cal/mol 

36 103 atm 

37 6380 cal/mol 

38 9880 cal/mol;  221.0 mm 

39  208.0 mm 

40  104.1 cal/g 

41  121.6 
o
C 

42  155 mm 

43 log10P(mm Hg) = –1631/T  +  7.539 

44 (a) Hvap  =  6148 – 0.00767T
2
;    (b) 5460 cal;    (c)  267  K 

45 ℓnP  = a/(RT) + (b/R)lnT + (c/R)T + A 

46 47.1 cal/g  

47 6160 cal/mol 

48 7.97 atm 

49 Ice:  0.38 mm/
o
C;   Water:  0.33 mm/

o
C 

50 4.6 mm Hg 
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51 Hsub =  5960 + 2.81T – 0.0234 T
2
 

52 t = 819 
o
C,   P = 36.2 atm 

53 (a) H = 9500 cal;    (b) S = 23.75 eu;    (c) G = 0;    (d) G
o
 = 0;  

        (e) q = 9500 cal;    (f) w = 795 cal;    (g)  U = 8705 cal;    (h) A = –795 cal;  

          (i) CP = –10.0 cal/deg;    (j)  Cv = –12.0 cal/deg  

 

 


