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1. Methanol melts at —-97.9 °C with an enthalpy of fusion of 3117 J/mol. [7 marks]
(a) Calculate the total entropy change for 1.45 mol of methanol freezing at its melting point.
[5 marks]

For melting of methanol:

solid methanol — liquid methanol ALH = +3117 ﬁ
Therefore, for freezing of methanol:

liqguid methanol — solid methanol A.H = —-3117 ﬁ

Step 1: Convert temperature into Kelvin

T =-979°C=175.25K =175.3K 1 decimal place so 4 sig. fig.

Step 2: Calculate entropy change for freezing of 1 mol methanol

AS = % and, at constant pressure, q,..,, = AH therefore A,.S = A;H

AS = Wi _ 1779 4 sig. fig.

175.3 K mol-K
Step 3: Calculate entropy change for freezing of 1.45 mol methanol
A, = (-17.79—L_) (145 mol) = —25.8% 3sig. fig.

(b)

The entropy change calculated in part (a) is negative. (You did get a negative entropy change,
did you not?) Because of this, some people might conclude that you can never freeze methanol
—that it would go against the second law of thermodynamics. Why are they wrong?  [2 marks]

No credit will be given for answers that amount to “because they are”. Explain why this is a
misinterpretation of the second law of thermodynamics and what the correct interpretation is.

The entropy calculated in part (a) is the entropy change for the system.

The second law of thermodynamics states that the entropy of the universe must increase with
every reaction.

It is possible to increase the entropy of the universe despite decreasing the entropy of the system
— as long as the entropy of the surroundings is increased by a large enough amount.



In catalytic reforming, low-octane hydrocarbons are converted to higher-octane hydrocarbons
suitable for use as fuels. One reaction that occurs during catalytic reforming is the conversion of
heptane (C;H;s) to toluene (C¢HsCH;) and hydrogen. During the reforming process, all
reactants and products are in the gas phase.

Is this reaction thermodynamically allowed at 25 °C if the pressures of the reactants and products
are as follows: [9 marks]

e Heptane: 5.3 bar
e Toluene: 1.2 bar
e Hy:3.0 bar
Don’t forget to start with a balanced reaction!

There are two equally valid approaches to this question. Both require calculation of the standard
free energy change for the reaction and the reaction quotient for the actual reaction conditions.

Approach A is to calculate the free energy change for the reaction under these conditions using
A,.G = A,.G°+ RTInQ. If A.G < 0, the reaction is thermodynamically allowed..

Approach B is to calculate the equilibrium constant for the reaction from the standard free energy
change. If Q < K, the reaction is thermodynamically allowed.

Step 1: Write a balanced chemical equation for the reaction
C7Hie(g) = ColsCHz(g) + 4 Hag)

Step 2: Convert temperature to Kelvin (if necessary)

T =25°C =298.15K

Step 3: Calculate the standard free energy change for the reaction
A.G° = ¥ AsG°(products) — ¥, AsG°(reactants)

A,G° = [ArG°(CoHsCH(g)) + 4 ArG°(Hag))| = AG°(CrHie(g))

8,60 =[(12235%) +4(0;5)] - (8:26,%)

mol mol mol
o — K kI : L

A,G° = 114.04 — = 114.0 — 1 decimal place so 4 sig. fig.
Step 4: Determine activities for all reactants and products

5.3 bar 1.2 bar
aC7H16(9) = Tbar 5.3 aC6H5CH3(y) = Tbar 1.2

__3.0bar _ 0
Aty () = 1bar

Step 5: Calculate reaction quotient

(aC6HSCHS(g))(“HZ(g))4 _ 12E0"

= =18 2 sig. fig.
(aC7H16(g)) (5-3)

Q:



Step 6A: Calculate free energy change for reaction under nonstandard conditions
A,G = A.G° + RTInQ

_ kJ J 1k
8,6 = (1140-L) + (8.314 462 ) (Z-L) (298.15 K)In(18)

mol-k) \1000 J
_ kJj kJj
2,6 =(1140-2) + (7.21-2)
AG=121.3-L
mol

The free energy change for the reaction under these conditions is positive therefore the reaction
is not thermodynamically allowed under these conditions.

Step 6B: Calculate equilibrium constant from standard free energy change
A,G° = —RTInK

InkK = — 2%
RT
(114-0ﬂ) 1000

— mol ]
Ink = (8.314 462ﬁ)(298.15 K) X kJ
InK = —46.00
K = @—46.00
K =1.0x10"2° compareto Q = 18

Q > K therefore the reaction is not thermodynamically allowed under these conditions.



(a)

(b)

In the gas phase, toluene (C¢HsCH3) can react with itself to make benzene (C¢Hg) and xylenes
(CeH4(CH3),). [10 marks]

2 CeHsCH3(g) = CoHggy + CoHy(CH3)p(g)
At 25 °C, the equilibrium constant for this reaction is 0.16.
Calculate the standard free energy of formation for xylenes. [4 marks]
Step 1: Calculate standard free energy change for reaction from equilibrium constant
A,G° = —RTInK

°o— _ _J \ (K
AGo = (8.314 462 mol_K) (1000]) (298.15 K)In(0.16)
AG° = 4.5%

Step 2: Calculate standard free energy of formation for xylenes

A.G° = ¥ AsG°(products) — ¥ AsG°(reactants)

AG° = [ArG°(CsHe(gy) + ArG°(CsHy(CH3) 2(5))| — 2 ArG°(CeHs CHzgy)
ArG°(CeHy(CH3)z(g)) = ArG° — ArG°(CeHeo(gy) + 2 ArG°(CeHsCHsyy)
By G(CoHA(CH3)5q) = (45-5) — (129.8-1) + 2 (122321
ArGo(CoHa(CHz)z(g)) = 119.3-2

Calculate the equilibrium constant for this reaction at 1175 °C. [6 marks]
Step 1: Match equilibrium constants to the corresponding temperature

T, =25°C=298.15K T, =1175°C = 1448 K

K, = 0.16 K, =777

Step 2: Calculate the standard enthalpy change for the reaction
A.H® = ¥ AsH°(products) — ¥, AcH°(reactants)
A HC = [ApH(CoHo(g)) + ApHO(CoHa(CHa)a(g))] — 2 ApHO(CoHsCHa )

aH =[(82.9-L) + (175 2L)] - 2 (50.1 L)

mol mol mol

AH° = 02-L

mol

Step 3: Crunch the numbers
Ko\ _ &M (1 1
in (K_l) "R (T1 Tz)

kJ \/1000 J
_ () (7)) ( 11 )
8.314 462 —J — ) \29815K  1448K

mol-

K, = (0.16)(1.07) = 0.17



(a)

(b)

The following data were obtained for ammonia.

temperature (°C)

pressure (kPa)

triple point -77.75 6.060
critical point 132.41 11,357
normal boiling point -33.33 101.3
normal melting point -77.65 101.3

Sketch a phase diagram for ammonia. On your diagram, you must label:

e Dboth axes

e regions corresponding to the four states of matter discussed in class

[7 marks]

[5 marks]

Your sketch does not need to be to-scale; however, it must be neat and all points used to make
it must be clearly labeled. Relative values must be preserved. In other words, it must be clear
which pressures/temperatures are larger/smaller/approximately the same.

(o

(%)

_ eeNe
;’DJ?Q, %\u{(f o

T Q)

Which is denser, liquid or solid ammonia? Explain how you determined this based on the data in

this question.
Solid ammonia is denser.

[2 marks]

The normal melting point is a (very slightly) higher temperature than the triple point. This means
that the solid/liquid equilibrium line has a positive slope (melting point increases as pressure
increases). As such, applying a pressure (which increases a substance’s density) at a constant
temperature can convert liquid to solid but cannot convert solid to liquid.



(a)

(b)

(c)

(d)

(e)

Consider the following unbalanced redox reaction performed in agueous base: [7 marks]
-2 +1 +2 -2 +1 0 0
N2H4(g) + Cu(OH)z(S) - Nz(g) + Cu(s)

Assign oxidation numbers to all atoms in this reaction. Write them above each atom in the
equation. [3 marks]

Write a balanced equation for the oxidation half-reaction. [1 mark]

N2H4(g) + 4'0H(_aq) - Nz(g) + 4'H20(l) + 4e”

Write a balanced equation for the reduction half-reaction. [1 mark]

Cu(OH)y) + 27 = Cuiy + 20Hgg

Write a balanced equation for the overall reaction. [1 mark]

N2H4(g) + ZCu(OH)Z(S) - Nz(g) + ZCU(S) + 4'H20(l)

What is the stoichiometric coefficient for the electrons (v,)?
(Some introductory texts refer to this as n.) [1 mark]

Ve =4



(a)

(b)

Consider the following unbalanced redox reaction performed in aqueous acid: [14 marks]
C;HsOHgy + Oy — COyy + HyOp
Equations for the two relevant reduction half-reactions are shown below:
2C05 + 12 H(J;q) + 12e~ - (,HsOHg + 3 H,0( E°co,/coHs0m =777

Oxg) + 4HYy + 4e” - 2H,0q E°, /0 = +1.24V
Calculate E° for this reaction. [6 marks]
Step 1: Write a balanced chemical equation for the reaction (or phase change)

30,4 + 12HY, + 127 — 6H,0q E°, /0 = +1.24V
CHsOHgy + 3H,0q — 2C0y4) + 12HGg + 12€7  E°cuionjco, =177

C,HsOHyy + 305 — 2C0y4 + 3H,0q E°on =777

Step 2: Determine stoichiometric coefficient for electrons (v,)

Ve =12

Step 3: Calculate the standard free energy change for the reaction

A.G° = ¥ AsG°(products) — ¥ AsG°(reactants)

AG° = [287G°(COxg)) + 3 8¢ G°(H00))] = [ A,G°(C2HsOH ) + 3 A G°(02q)]

8,6 =|2(-3944-L) +3(-237.19-L)| - | (-174.8-L) + 3 (0-L)]|
AG° = —1325.57% = —1325.6% 1 decimal place so 5 sig. fig.

Step 4: Calculate standard potential from standard free energy change
ArG® = =V, FE°cey

E°cen = —irj;
o = — (—1325.6&%&) 1000 J
(12)(96 485m) 1kJ
E°con = +1.1449 £ = +1.1449 V 5 sig. fig.
Calculate the standard reduction potential for the oxidation half-reaction. [2 marks]

E°cen = E°0,/m0 + E°cyH0H/cO0,

EOCZHSOH/COZ = E°ce — E°02/1-120

E°c,Heom/c0, = (+1.1449V) — (+1.24V)

E°c,n.om/c0o, = —0.10V 2 decimal places so 2 sig. fig.

BUT the question is asking about E°cq, /c,H.0mH !
When reversing the direction of a half-reaction, switch the sign for the potential.
Therefore,

EOCOZ/CZHSOH = +010 |74



(c)

continued...

Calculate the cell potential for the combustion reaction operating with typical atmospheric
pressures of oxygen and carbon dioxide at 25 °C: [6 marks]

e Oxygen: 0.19 bar
e Carbon dioxide: 4.1 X 10™* bar

Step 1: Convert temperature to Kelvin (if necessary)

T =25°C=298.15K

Step 2: Determine activities for all reactants and products

__ 4.1x10"* bar

— — —4
Aoty = 1 Acoyg) =~ 1par  — +1 %10
0.19 bar
0s9) = Thar 0.19 AHy00) = 1

Step 3: Calculate reaction quotient

2 3
_ (“C"z(g)) (“Hzo(l)) _ (#1x107)° @3
= e
(aCZHSOH(z))(aoz(g)) e
Step 4: Calculate standard potential from nonstandard potential using Nernst equation

E° and v, are known from part (a)
E=E—-LmQ
VeF

=25x%x107°

J
mol-K

(12)(96 485%)
E = 1.1449V — (—0.02273 V)
E = 11676V

(8.314 462 )(298.15 K)

— 1V
In(2.5 x 10~5) x by

E = (1.1449V) —



