AP Chemistry Unit 9 Thermodynamics & Electrochemistry Problem Sets
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	Answer the following questions of biological energy production in cells:

(a) Cells use the hydrolysis of adenosine triphosphate, abbreviated as ATP, as a source of energy. The reaction can be written:  
ATP(aq) + H2O (l) → ADP(aq) + H2PO4-(aq). 
Calculate K at 25°C for this reaction that has ∆G° = - 30.5 kJ/mol.

(b) One reaction that occurs in human metabolism is:  
glutamic acid(aq) + NH3(aq) ←→ glutamine(aq).  
For this reaction, ∆G° = 14 kJ at 25°C. Calculate K.

(c) In a living cell, these reactions are coupled. Calculate ∆G° and K at 25°C for the following reaction:
glutamic acid(aq) + ATP(aq) + NH3 (aq) ←→ glutamine(aq) + ADP(aq) + H2PO4-(aq)
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Electrochemistry				

I. Oxidation and Reduction PROBLEM SET

A) I can differentiate between oxidation and reduction.

1) oxidation = ___________________________________________________________


2) reduction = ___________________________________________________________


B) I can assign oxidation numbers to each element in a compound or ion.

1) Assign oxidation numbers for each element in the following:

Na2SO4		Na  _____		S _____		 O _____

N2			N    _____	

NO2			N    _____		O _____

Cr2O72-		Cr   _____		O _____	 

I3-1			I      _____	

C) I can predict the products of a single replacement redox reaction using a table of reduction 
     potentials or activitiy series.

1) Cu(s) + AgNO3(aq) ⇒ __________________________________________



2) Zn(s) + CuCl2(aq) ⇒   __________________________________________



3) NaI + Cl2(g) ⇒ 	        __________________________________________





D) I can identify the element being oxidized and the element being reduced in a reaction.

     Identify the element being oxidized and the element being reduced:

1) MnO4- + Fe2+ → Mn2+ + Fe3+

	      oxidixed ______________		reduced _______________


2) Cd + NiO2 + 2 H2O → Cd(OH)2 + Ni(OH)2

	      oxidixed ______________		reduced _______________


E) I can identify the oxidizing agent and the reducing agent in a reaction.

    Specify which of the following equations represent oxidation-reduction reaction, and indicate the 
    oxidizing agent, the reducing agent, the species being oxidized, and the 
    species being reduced.


1) CH4(g) + H2O(g) → CO(g) + 3H2(g)

			




2) 2AgNO3(aq) + Cu(s) → Cu(NO3)2(aq) +2Ag(s)


F) I can write a balanced equation for a redox reaction that occurs in acidic or basic solution.

     Balance each of the following equations by the half-reaction method for the pH conditions 
     specified (without predictions)

1) Cr(s) + NO3-(aq) → Cr3+(aq) + NO(g)			(acidic)











2) Al(s) + MnO4-(aq) → Al3+(aq) + Mn2+(aq)		(acidic)







3) PO33-(aq) + MnO4-(aq) → PO43-(aq) + MnO2(s)	(basic)

II. Electrochemical Cells

A) I can use a reduction table to predict what element is being oxidized and what element is being reduced in an electrochemical cell.

1) Answer the following questions using data from Table 17.2 (all under standard conditions)   
    and explain briefly in each case.

a) Is H+(aq) capable of oxidizing Cu(s) to Cu2+(aq)?


b) Is Fe3+(aq) capable of oxidizing I-(aq)?


c) Is H2 (g) capable of reducing Ag+(aq)?


d) Is Fe2+(aq) capable of reducing Cr3+(aq) to Cr2+(aq)?


B) I can predict and describe the construction and properties of voltaic/galvanic cells
· I can use half-reactions to write the net redox reaction.
· I can identify the cathode and the anode in a redox reaction.
· I can determine the theoretical voltage produced in an electrochemical cell.
· I can explain the flow of electrons in the cell and the flow of ions in the salt bridge.
· I can identify the relationship between voltage and spontaneity.

1) Given each of the following materials, (1) draw the electrochemical cell, (2) draw the direction of electron flow, (3) identify the anode and the cathode, (4) write the line notation for the cell, and (5) calculate the E°cell

a) Ag (s) and 1.0 M Ag+ (aq) with Cu (s) and 1.0 M Cu2+ (aq)






b) Fe2+ (aq) and Fe3+ (aq) with MnO4- (aq) and Mn2+ (aq)





2) Sketch the galvanic cells based on the following overall reactions. Show the direction of 
electron flow and identify the cathode and anode. Give the overall balanced reaction. 
Assume that all concentrations are 1.0 M and that all partial pressures are 1.0 atm.

a) Cr3+ (aq) + Cl2 (g) ←→ Cr2O72- (aq) + Cl- (aq)










b) Cu2+ (aq) + Mg (s) ←→ Mg2+ (aq) + Cu (s)






c) Calculate E° values for the galvanic cells sketched above.










3) Sketch the galvanic cells based on the following half-reactions. Show the direction of 
electron flow, show the direction of ion migration through the salt bridge, and identify the 
cathode and anode. Give the overall balanced reaction, and determine E° for the galvanic 
cells. Assume that all concentrations are 1.0 M and that all partial pressures are 1.0 atm.

a) 	H2O2 + 2 H+ + 2 e- → 2 H2O 	E° = 1.78 V
O2 + 2 H+ + 2 e- → H2O2		E° = 0.68 V







b) 	Mn2+ + 2 e- → Mn			E° = -1.18 V
Fe3+ + 3 e- → Fe			E° = - 0.036 V







	c) For each of the following galvanic cells, give the balanced cell reaction and determine E°.
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reaction  ____________________________	    reaction  ___________________________

	Eo	    _______________			    Eo	    _______________









III.Gibbs, Galvanic Cells with Different Concentrations PROBLEM SET

A) I can calculate the Gibbs free energy for the net redox reaction in a cell.

1) Chlorine dioxide (ClO2), which is produced by the reaction,

2 NaClO2 (aq) + Cl2 (g) → 2 ClO2 (g) + 2 NaCl (aq)

	    has been tested as a disinfectant for municipal water treatment. Using data from the 
    table below, calculate E° and ΔG° at 25°C for the production of ClO2.





B) I can calculate the equilibrium constant for a reaction given its Gibbs free energy and its cell 
    potential.

Under standard conditions, what reaction occurs, if any, when each of the following 
operations are performed? For the reactions that occur, write a balanced equation and 
calculate E°, ΔG°, and K at 25°C.

1) Crystals of I2 are added to a solution of NaCl.



2) Cl2 gas is bubbled into a solution of NaI.




3) A silver wire is placed in a solution of CuCl2.

4) At 25°C, H2O2 decomposes according to the following equation:

2 H2O2 (aq) → 2 H2O (l) + O2 (g) 		

	Reduction ½ Rxn
	Eo

	H2O2 + 2 H- + 2e- → 2 H2O
	1.78

	O2 + 2 H+ + 2e- → H2O2
	0.68



a) Determine the value of the standard free energy, ΔG°, for this reaction.

b) Determine the equilibrium constant, K, for this reaction.


C) I can explain the effect of changing the concentration of a solution in an electrochemical cell.

D) I can use the Nernst equation to calculate the voltage of an electrochemical cell where the two 
    solutions have different concentrations.


1) A galvanic cell is based on the following half-reactions at 25°C:

      Ag+ + e- → Ag
H2O2 + 2 H+ + 2 e- → 2 H2O
		
     Predict whether Ecell is larger or smaller than E°cell for the following cases:

a) [Ag+] = 1.0 M, [H2O2] = 2.0 M, [H+] = 2.0 M




b) [Ag+] = 2.0 M, [H2O2] = 2.0 M, [H+] = 1.0 x 10-7 M




E) I can predict which way electrons will flow in an electrochemical cell where the same metal is the  
    electrode on both sides of the cell and calculate its voltage.

Consider the concentration cell shown below. Calculate the cell potential at 25°C when the 
concentration of Ag+ in the compartment on the right is the following. Also, for each case, 
identify the cathode, the anode, and the direction in which electrons will flow.
		
	1) 1.0 M	
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	2) 2.0 M	 






	

	3) 0.10 M 	






	

	4) 4.0 x 10-5 M 	






	

	
	




IV. Electrolysis PROBLEM SET

A) I can explain the difference between a galvanic cell reaction and an electrolysis reaction.




B) I can identify the processes for which electrolysis reactions are used.




C) I can calculate the mass of plated material produced given the current, the time, and the 
     substance used, or vice versa.

1) In an electrolytic cell, Cu is produced by the electrolysis of CuSO4 (aq). Calculate the 
    maximum mass of Cu (s) that can be deposited by a direct current of 100 amps passed 
    through 5.00 L of 2.00 M CuSO4 (aq) for a period of 1.00 hr.

2) How long will it take to plate out each of the following with a current of 100.0 A?

a) 5.0 mol Ag from aqueous Ag+

b) 1.0 kg Al from aqueous Al3+




D) I can calculate the mass of metal produced given the amount of another metal and the time of the 
    process.

1) A steady electric current is passed through molten MgCl2 for exactly 1.00 hour, producing 
    243 grams of Mg metal. If the same current is passed through molten AlCl3 for 1.00 hour, 
    what is the mass of Al metal produced?


E) I can predict the order that different metals will be plated using their reduction potentials.

1) A solution at 25°C contains 1.0 M Cd2+, 1.0 M Ag+, 1.0 M Au3+, and 1.0 M Ni2+ in the 
    cathode compartment of an electrolytic cell. Predict the order in which the metals will plate 
    out as the voltage is gradually increased.


F) I can write electrolysis equations.
· I can identify whether the cation will undergo electrolysis or water will be better.
· I can identify whether the anion will undergo electrolysis or water will be better.

     Write a net ionic equation for the following electrolysis reactions:

1) A solution of copper(II) sulfate is electrolyzed in water.



2) A solution of potassium iodide is electrolyzed in water.



3) Aqueous cobalt(II) bromide is electrolyzed in water.


4) A solution of nickel(II) nitrate is electrolyzed in water.
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5) The compound NaI dissolves in pure water. Some of the information in the table of 
standard reduction potentials given below may be useful in answering the questions that 
follow. 
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An electric current is applied to a 1.0 M NaI solution. 

a) Write the balanced oxidation half-reaction for the reaction that takes place. 








b) Write the balanced reduction half-reaction for the reaction that takes place. 








c) Which reaction takes place at the anode, the oxidation reaction or the reduction reaction? 







d) All electrolysis reactions have the same sign for ΔG°. Is the sign positive or negative? Justify your answer. 
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19.85 The reaction 2 Mg(s) + Oa(g) — 2MgO(s) is highly
spontaneous and has a negative value for AS°. The sec-
ond law of thermodynamics states that in any sponta-
neous process there is always an increase in the entropy
of the universe. Is there an inconsistency between the
above reaction and the second law?
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31. Choose the substance with the larger positional probability in
each case.

a. 1 mole of H, (at STP) or 1 mole of H; (at 100°C, 0.5 atm)
b. 1 mole of N, (at STP) or 1 mole of N; (at 100 K, 2.0 atm)
. 1 mole of H,0(s) (at 0°C) or 1 mole of H,O(/) (at 20°C)
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32. Which of the following involve an increase in the entropy of
the system?

a.

‘melting of a solid

b. sublimation

o
da
. scparation

e.
f.

freezing
mixing

boiling
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45. Predict the sign of AS® and then calculate AS® for each of the
following reactions.

a. 2H,S(g) + SO5(g) — 3Spomncls) + 2H,0(g)
b. 2505(g) — 2504(g) + Oale)
¢ Fe,04(s) + 3H,(g) —> 2Fe(s) + 3H,0(g)
46. Predict the sign of AS® and then calculate AS® for each of the
following reactions.

a. Hy(g) +30,(g) — H:0()
b. 2CH,0H(g) + 30,(g) — 2CO,(g) + 4H,0(g)
. HCI(g) —> H*(ag) + CI"(ag)
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48. For the reaction
CS,(g) + 30(g) —> CO,(g) + 250(e)

AS® is equal to —143 J/K. Use this value and data from Ap-
pendix 4 to calculate the value of ° for CSa(g).
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19.41 Predict the sign of the entropy change of the system for
each of the following reactions:
@) 250,(g) + Ox(g) —> 2505(5)
(b) Ba(OH),(s) —> BaO(s) + H,0(g)
(© CO() + 2 Hy(g) — CH,OH()
(d) FeClyfs) + Hy(g) —> Fe(s) + 2 HCI(g)
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10. When (if ever) are high temperatures unfavorable to a reaction
thermodynamically?
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50. Two crystalline forms of white phosphorus are known. Both
forms contain Ps molecules, but the molecules are packed to-
gether in different ways. The  form is always obtained when
the liquid freezes. However, below —76.9°C. the a form spon-
taneously converts to the 8 form:

Pyfs. @) — Pyfs. B)
a. Predict the signs of AH and AS for this process.

b. Predict which form of phosphorus has the more ordered
crystalline structure (has the smaller positional probability).
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19.5 The diagram below shows how AH (red line) and TAS
(blue line) change with temperature for a hypothetical
reaction. (a) What s the significance of the point at 300K,
where AH and TAS are equal? (b) In what temperature
range is this reaction spontaneous? [Section 19.6]
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35. Given the values of AH and AS, which of the following
changes will be spontancous at constant T'and P?

a. AH= +25kJ,AS = +5.0J/K, T = 300.K
b. AH = +25kJ, AS = +100. JK, T = 300. K
¢ AH= —10.kJ,AS = +50J/K,T=298K
d. AH = —10.kJ, AS = —40.J/K, T = 200. K
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51. Consider the reaction
20(g) — Os(g)

a. Predict the signs of AH and AS.

b. Would the reaction be more spontancous at high or low
temperatures?
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39. For ammonia (NH;), the enthalpy of fusion is 5.65 ki/mol and
the entropy of fusion is 28.9 J/K - mol.

. Will NH(s) spontancously melt at 200. K?
b. What is the approximate melting point of ammonia?
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1965 For a particular reaction, AH = =32K] and AS=
—98J/K. Assume that AH and AS do not vary with tem-
perature. (a) At what temperature will the reaction have
AG = 07 (b) If T is increased from that in part (a), will
the reaction be spontaneous or nonspontaneous?
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53. From data in Appendix 4, calculate AH", AS®, and AG” for
cach of the following reactions at 25°C.

a. CH,(g) + 20,(g) —> CO,(g) + 2H,0(g)

b. 6CO,(g) + 6H,0(1) — CeH,z04(s) + 60s(g)
Glucose
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¢ P,0y(s) + 6H,0(]) — 4H;PO(s)
d. HCI(g) + NH;(g) —> NH,CI(s)
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Classify the following reactions as spontaneous at all temperatures,
nonspontaneous at all temperatures, spontaneous at low T, or spontaneous at high T:
a. N, +3F,5—2NF, AH° =-249 kJ; AS°=-278J/K
b. N, +3Cly—2NCly AH°=+460kJ; AS°=-275JK
c. NF,q —>2NF 2@ AH® =+ 85 kJ; AS° =198 J/K
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54. The major industrial use of hydrogen is in the production of
ammonia by the Haber process:
3H:(g) + Nalg) — 2NHi(g)
a. Using data from Appendix 4, calculate AH®, AS®, and
AG for the Haber process reaction.
b. Is the reaction spontancous at standard conditions?

. At what temperatures s the reaction spontancous at stan-
dard conditions? Assume AH® and AS® do not depend on
temperature.
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63. Using data from Appendix 4, calculate AH®, AS®, and AG” for
the following reactions that produce acetic acid:

[
CHy(g) + COxg) —> CH;(‘:‘70H(I)

CH;OH(g) + CO(g) —> cn;(‘:‘—ox—l(l)

‘Which reaction would you choose as a commercial method for
producing acetic acid (CH,;CO,H) at standard conditions?
What temperature conditions would you choose for the reac-
tion? Assume AH® and AS° do not depend on temperature.
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19.71 Acetylene gas, CoHy(g), is used in welding. (a) Write a
balanced equation for the combustion of acetylene gas to
COy(g) and H;0(). (b) How much heat is produced in
burning 1 mol of Cyfl, under standard conditions if both
reactants and products are brought to 298 K? () What is
the maximum amount of useful work that can be accom-
plished under standard conditions by this reaction?
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61. Consider the reaction
Fe,05(s) + 3H,(g) —> 2Fe(s) + 3H,0(g)
a. Use AG values in Appendix 4 to calculate AG® for this
reaction.

b. Is this reaction spontaneous under standard conditions at
208 K?
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57. Given the following data:
2H,(g) + C(s) — CH(g) AG® = —51kJ

2H,(g) + Oy(g) —> 2H,0()  AG° =

Cl) + 0yg) — COs(g)  AG° =

Calculate AG® for CH,(g) + 20,(g) —CO,(g) + 2H,0().
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19.58 Use free energy of formation data to calculate the change in
Gibbs free energy for each of the following reactions.
In each case indicate whether the reaction s sponta-
‘neous under standard conditions
(@ Hofg) + Cla(g) —> 2HCI(g)
(b) MgClafs) + H0() —> MgO(s) + 2 HClg)
(@ 2NHs(g) —> NaHi(g) + Halg)
(d 2NOCl(g) —> 2NO(g) + Cly(g)
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58. Given the following data:
2CH,(I) + 150,(g) —> 12CO,(g) + 6H,0())

AG® = —6399 kI
C(s) + 0(g) — COx(g) AG® = —394 k]
Hy(g) + 30,(g) —> H,0() AGe = —237kI

calculate AG® for the reaction
6C(s) + 3Ha(g) — CeHy(l)
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19.74 Indicate whether AG increases, decreases, or does not
change when the partial presstire of H, is increased in
each of the following reactions
@ Ny(g) + 3Hylg) —> 2NHa(g)

(b) 2 HBr(g) — Halg) + Brag)
© 2Hylg) + Cobg) — CoHig)
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15. A mixture of hydrogen gas and chlorine gas remains unreacted
until it is exposed to ultraviolet light from a burning magne-
sium strip. Then the following reaction occurs very rapidly:

H,(g) + Cly(g) —> 2HCI(g)
Explain.
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19.76 Consider the reaction 6 Ha(g) + Pi(g) — 4 PHa(g),
(@) Using data from Appendix C, calculate AG® at 298 K.
(b) Calculate AG at 295 K if the reaction mixture consists
0f 8.0 atm of Hy, 0.050 atm of Py, and 0.22 atm of PH.
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65. Using data from Appendix 4, calculate AG for the reaction

NO(g) + 05(g) — NO(g) + Ox(g)
for these conditions:

T=1298K

Pro

1.00 % 107 atm, Py, = 2.00 % 107 atm
1.00 % 1077 atm, Py,

Pyo, = =1.00 X 10~ atm
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72. The standard free energies of formation and the standard
enthalpies of formation at 298 K for difluoroacetylene (C;Fy)
and hexafluorobenzene (CgFy) are

GF(g)
CoFe(g)

For the following reaction:

CoFo(8) ==3C,Fs(g)
a. calculate AS® at 298 K.
b. calculate K at 298 K.

c. estimate K at 3000. K, assuming AH® and AS® do not
depend on temperature.
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74. The Ostwald process for the commercial production of nitric
acid involves three steps:

4NH,(g) + 50,(g) ———> 4NO(g) + 6H,0(g)

B25C

2NO(g) + 0,(g) — 2NO,(g)
3NO,(g) + H,0(1) —> 2HNO,()) + NO(g)

a. Caleulate AH®, AS®, AG®, and K (at 298 K) for cach of the
three steps in the Ostwald process (see Appendix 4).

b. Calculate the equilibrium constant for the first step at
825°C, assuming AH° and AS® do not depend on
temperature.

¢ Is there a thermodynamic reason for the high temperature
in the first step, assuming standard conditions?
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70. Hydrogen sulfide can be removed from natural gas by the
reaction
2H,5(g) + SO,(g) =35(s) + 2H,0(g)
Calculate AG® and K (at 298 K) for this reaction. Would this
reaction be favored at a high or low temperature?




image36.png
19.78 Write the equilibrium-constant expression and calculate
the value of the equilibrium constant for each of the fol-
lowing reactions at 298 K, using data from Appendix C:
(@) NaHCOy(s) == NaOH(s) + COs(g)

(b) 2HBr(g) + Clolg) == 2 HCI(g) + Bralg)
(@ 250,(g) + Oslg) == 2505(5)
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23. Monochloroethane (C,H;sCl) can be produced by the direct re-
action of ethane gas (C,Hs) with chlorine gas or by the reac-
tion of ethylene gas (C;H,) with hydrogen chloride gas. The
second reaction gives almost a 100% yield of pure C;HsCl at
a rapid rate without catalysis. The first method requires light
as an energy source or the reaction would not occur. Yet AG®
for the first reaction is considerably more negative than AG®
for the second reaction. Explain how this can be so.
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19.79 Consider the decomposition of barium carbonate:
BaCO,(5) == BaO(s) + COx(g)
Using data from Appendix C, calculate the equilibrium
pressure of CO; at (a) 295 K and (b) 1100 K.
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19.91 (a) For each of the following reactions, predict the sign of
AH® and AS® and discuss briefly how these factors de-
termine the megnitude of K. (b) Based on your general
chemical knowledge, predict which of these reactions
will have K > 0. (@) In each case indicate whether K
should increase or decrease with increasing temperature.
() 2Mg(s) + Osg) == 2 MgO(s)

(i) 2KI(s) == 2K(g) + Ia(g)
(i) Nan(g) === 2 Na(g)
(iv) 2 V:Osls) == 4 V(s) + 504(g)
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Half-reaction E° (V)
0y(2) + 4H* + 4¢ — 2H0() 123
Lis) + 2¢ - 217 0.53
2H0() + 2€ — Hyg) + 20H" | —0.83

Na* + ¢- — Na(s)
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7. Predict the sign of AS for cach of the following and explain.
a. the evaporation of alcohol
b, the freezing of water
c. compressing an ideal gas at constant temperature
d. dissolving NaCl in water
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. The synthesis of glucose directly from CO, and H,0 and the

synthesis of proteins directly from amino acids are both non-
spontancous processes under standard conditions. Yet it is
necessary for these to occur for life to exist. In light of the
second law of thermodynamics, how can life exist?




image3.png
19.4 The diagram below shows the variation in entropy with
temperature for a substance that is a gas at the highest
temperature shown. (a) What processes correspond to
the entropy increases along the vertical lines labeled 1
and 2 in this diagram? (b) Why is the entropy change for
2 larger than that for 12 [Section 19.3]

©)

Entropy, §

@

Temperature (K)
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41. Predict the sign of AS® for each of the following changes. As-
sume all equations are balanced.

E=-C=®

)

Do+ o —
@
<. O

34
G;Q Q(n — ©
% o°

d.
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25. Which of the following processes are spontancous?
a. Salt dissolves in H,0.

b. A clear solution becomes a uniform color after a few
drops of dye are added.

«c. Iron rusts.
d. You clean your bedroom.




