
Chemistry2720Fall 2001Assignment6 Solutions

1. (a) The reactionis spontaneous(i.e. thermodynamicspredictsthat it will proceed)if the
freeenergy changeis negative.Thebalancedreactionis

B2H6
�
g��� 3Cl2

�
g��� 2BCl3

�
l ��� 3H2

�
g���

For this reaction,

∆Ḡ 	 
 2∆Ḡ 	 f � BCl3 � l � � � 3∆Ḡ 	 f � H2 ��
 �
∆Ḡ 	 f � B2H6 � � 3∆Ḡ 	 f � Cl2 ���
 2 � 
 387� � 3 � 0� 
�� 86� 7 � 3 � 0��� kJ� mol
 
 861kJ� mol �

Becausethepressuresareall givenin barsandthestandardpressureis 1bar, theactiv-
ities of thegasesarenumericallyequalto thepressures.Theactivity of liquid BCl3 is
1 sincenosolutesarementioned.

∆Ḡ 
 ∆Ḡ 	 � RT lnQ
 ∆Ḡ 	 � RT ln � � aBCl3 � l � � 2 � aH2 � 3� aB2H6 ��� aCl2 � 3 �

 
 861kJ� mol � � 8 � 314510 � 10� 3kJK � 1mol � 1 ��� 298� 15K � ln � � 1� 2 � 0 � 03� 3� 0 � 5��� 0 � 5� 3  
 
 880kJ� mol �

Since∆Ḡ is negative,thereactionis spontaneousunderthestatedconditionsandcould
in principlebeusedto produceborontrichloride.

(b)

∆H̄ 	!
 2∆H̄ 	f � BCl3 � l � � � 3∆H̄ 	f � H2 � 
 �
∆H̄ 	f � B2H6 � � 3∆H̄ 	f � Cl2 � �
 2 � 
 427� � 3 � 0� 
��36 � 3 � 0�"� kJ� mol
 
 890kJ� mol �# ∆S̄ 	!
 ∆H̄ 	 
 ∆Ḡ 	

T

 
 890 
 � 
 861� kJ� mol

298� 15K

 
 0 � 0983kJK � 1mol � 1 �# ∆Ḡ 	263$ 15 % 
 890kJ� mol 
 � 263� 15K ��� 
 0 � 0983kJK � 1mol � 1 �&
 
 864kJ� mol �# ∆Ḡ 
 ∆Ḡ 	 � RT ln � � aBCl3 � l � � 2 � aH2 � 3� aB2H6 ��� aCl2 � 3 �
 
 864kJ� mol� � 8 � 314510 � 10� 3kJK � 1mol � 1 ��� 263� 15K � ln � � 1� 2 � 0 � 03� 3� 0 � 5��� 0 � 5� 3  
 
 881kJ� mol �
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The free energy changeis still negative, so the reactionis still spontaneousat this
temperature.

2. Theformationreactionis
6C� s� � 6H2

�
g� � C6H12

�
l � �

We know that ∆Ḡφ 
 26� 7kJ� mol andwe want to calculate∆Ḡ 	 . ∆Ḡφ is the free energy
changewhenthegaseshaveanactivity of 1atm� 1bar 
 1 � 01325andall otherspeciesareat
unit activity. Therefore

∆Ḡ 	!
 ∆Ḡφ 
 RT ln � aC6H12� aC � 6 � aH2 � 6  
 ∆Ḡφ 
 RT ln � 1� 1� 6 � 1 � 01325� 6  
 26� 7kJ� mol 
 � 8 � 314510 � 10� 3kJK � 1mol � 1 ��� 298� 15K � ln � 1� 1 � 01325� 6  
 26� 9kJ� mol �
3. (a) Theoverall reactionis

CH4
�
g� � 2O2

�
g� � CO2

�
g� � 2H2O �

l � �
Themaximumelectricalwork is thechangein theGibbsfreeenergy:

∆Ḡ 
 ∆Ḡ 	 � RT lnQ 
 ∆Ḡ 	 � RT ln � � aCO2 ��� aH2O� l � � 2� aCH4 ��� aO2 � 2 � �
For this reaction,

∆Ḡ 	 
 ∆Ḡ 	 f � CO2 � � 2∆Ḡ 	 f � H2O� l � � 
 �
∆Ḡ 	 f � CH4 � � 2∆Ḡ 	 f � O2 � �
 
 394� 37 � 2 � 
 237� 140� 
��'
 50� 72 � 2 � 0��� kJ� mol
 
 817� 93kJ� mol �

The activities of the gasesareall calculatedby ai 
 Pi � P 	 , whereP 	 
 1bar. Since
purewateris assumed,theactivity of theliquid wateris 1. Thuswehave

∆Ḡ 
 
 817� 93kJ� mol� � 8 � 314510 � 10� 3kJK � 1mol � 1 ��� 298� 15K � ln � � 0 � 0003��� 1� 2� 0 � 7��� 0 � 2� 2  
 
 829� 18kJ� mol�
A methanefuel cell operatingundertheseconditionsmight thereforeproduceasmuch
as829.18kJ/molof methaneoxidized.
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(b) The activity of a solvent like water is (to a first approximation)its mole fraction. In
a concentratedsolution,themole fractionof waterwould besignificantlylessthan1.
This would reduceQ which would make ∆Ḡ more negative. In other words, more
usefulwork couldbeproduced.

Note: If youhavetroublefollowing thisargument,try afew calculationswith aH2O ( 1.

(c) If we reducethe partial pressureof oxygen,we increaseQ. IncreasingQ makes∆Ḡ
lessnegative. In otherwords,lessusefulwork couldbeobtained.

(d) If we burn methanein a heatengine,the amountof work obtainedis ηq̄comb, where
q̄comb is the molar heatof combustionof methaneunderthe reactionconditionsand
η is the efficiency of the heatengine. For any real heatengine,η ( 1. The heat
of combustionof coursedependson a numberof factors(temperature,whetherthe
reactionis at constantpressureor volume,etc.). However, we canget a roughidea
of the magnitudeof this numberby computingthe standardenthalpy of combustion,
which tellsustheheatof combustionat25	 C and1barconstantpressure.This is

∆H̄ 	!
 ∆H̄ 	f � CO2 � � 2∆H̄ 	f � H2O� l � � 
 �
∆H̄ 	f � CH4 � � 2∆H̄ 	f � O2 � �
 
 393� 51 � 2 � 
 285� 830� 
)�*
 74� 81 � 2 � 0�"� kJ� mol
 
 890� 36kJ� mol�

This particularreactiongeneratesa little moreheatthanfreeenergy. However, just to
matchthepower outputof thefuel cell calculatedin question3a,theefficiency of the
heatenginewouldhave to be

η 
 829� 18kJ� mol
890� 36kJ� mol


 0 � 931�
This is anextraordinarilyhigh efficiency for a heatengine.It requirestheratio of the
upperandlower operatingtemperaturesto beTlow � Thigh 
 0 � 069. For instance,if the
upperoperatingtemperatureis 800K (whichwouldof courserequirearecalculationof
∆H̄), the lower temperaturewould have to be55K ( 
 218	 C). In orderfor the lower
temperatureto approachroomtemperature(293K), theuppertemperaturewouldhave
to be over 4000K. All of thesecalculationsassumethat both the fuel cell andheat
engineoperateat themaximumtheoreticalefficiency, but it doesgiveussomeideaof
therelativeefficienciesof thetwokindsof machines.Theansweris thereforethatwhile
it is theoreticallypossiblefor a heatengineburningmethaneto operatewith a similar
or betterefficiency asamethanefuel cell, therequiredoperatingconditionsfor theheat
enginemake it impractical.A fuel cell is thereforeabetteralternativeenvironmentally
sinceit will uselessfuel (andthusproducelessof thegreenhousegascarbondioxide)
to produceagivenamountof work.
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