Chemistry2720Fall 2001Assignmen®6 Solutions

1. (a) Thereactionis spontaneou§.e. thermodynamicgredictsthatit will proceed)f the
freeenegy changeds negative. Thebalancedeactionis

BZH@(g) + 3C|2(g) — ZBC|3(|) + 3H2(g).
For thisreaction,

AG® = 28Gj@cy,)+ 308Gy, — (AGH g.m +30Gi 1y )
— 2(—387)+3(0) — [86.7-+3(0)] kI/mol
= —861kJ/mol.

Becausehe pressureareall givenin barsandthe standargressures 1 bar, the activ-
ities of the gasesarenumericallyequalto the pressuresTheactvity of liquid BCls is
1 sinceno solutesarementioned.

AG = AG°+RTINQ

2 3
= AG°+RTIn ((aBC's“)) (@) )

(aBzHe)(aC|2)3

L _ 3 -1 -1 M
= —861kJ/mol+ (8.314510x 10" °kJK™"mol™")(29815K)In ( (0.5)(0.5)3
= —880kJ/mol.

SinceAG is negative,thereactionis spontaneousnderthe statedconditionsandcould
in principlebeusedto produceborontrichloride.

(b)
AH® = 20H{gcly) +30H ;) — (AH?(BzHe> + 3AH?(<:|2>)
— 2(—427)+3(0) — [36+3(0)] ki/mol
= —890kJ/mol.
~ AH° —AG®  —890—(—861)kJ/mol

) _ B B |
SAS = T 598 15K = —0.0983kJK™"mol™".

- DG3e315 ~ —890kJ/mol— (26315K)(—0.0983kJK ~tmol~1) = —864kJ/mol.
(aBC|3(|))2(aHz)3
(aBzH6)(aC|2)3

-.AG = AG°+RTIn (
= —864kJ/mol
2 3

+(8:314510x 10 2kJK ~mol 1)(26315K) In (M)

(0.5)(0.5)3
= —881kJ/mol.



The free enegy changeis still negative, so the reactionis still spontaneousit this
temperature.

2. Theformationreactionis
GC(S) + 6H2(g) — C6H12(|).

We know that AG® = 26.7kJ/mol andwe want to calculateAG®. AG? is the free enegy
changevhenthegasesave anactvity of 1atm/1bar= 1.01325andall otherspeciesreat
unit actvity. Therefore

= ~ acgH
AG® = AG®—RTIn <¢)
(ac)®(a,)®

- 1
= AG’—RTIn <(1)6(1.01325)6)

1
B B 31 1 —Lral-1 -
= 26.7kJ/mol— (8.314510x 10 °kJK™"mol™*)(29815K) In <(1_01325)6)

= 26.9kJ/mol.

3. (a) Theoverallreactionis
CH4(g) + 202(9) — COZ(g) + 2H20(|).
Themaximumelectricalwork is thechangean the Gibbsfreeenegy:

(aco,) (aHzO(|) )2> .

AG=AG’+RTINQ=AG’+RTIn
( (aCH4)(a02)2

For thisreaction,

AGO - AG?(COz) + ZAG?(HQOU)) - (AG?(CH“) + ZAG?(02)>
= —39437+2(—237.140) — [-50.72+ 2(0)] kJ/mol
—817.93kJ/mol.

The actiities of the gasesareall calculatedby a = R /P°, whereP° = 1bar. Since
purewateris assumedthe actvity of theliquid wateris 1. Thuswe have

AG = -—-817.93kJ/mol
+(8.314510x 10~ *kJK~*mol )(29815K)|n< (0.7)(0.2)2
= —82918kJ/mol.

A methanduel cell operatingundertheseconditionsmightthereforgproduceasmuch
as829.18&J/molof methaneoxidized.

2



(b)

(€)

(d)

The actvity of a solventlike wateris (to a first approximation)ts mole fraction. In
a concentratedolution,the mole fraction of waterwould be significantlylessthan1.
This would reduceQ which would make AG more negative. In otherwords, more
usefulwork couldbeproduced.

Note: If youhavetroublefollowing thisagumenttry afew calculationsvith aq,0 < 1.

If we reducethe partial pressureof oxygen,we increaseQ. IncreasingQ malesAG
lessnggative. In otherwords,lessusefulwork couldbe obtained.

If we burn methanen a heatengine,the amountof work obtainedis NQcomn Where
Jeomb IS the molar heatof comhustion of methaneunderthe reactionconditionsand
n is the efficiengy of the heatengine. For ary real heatengine,n < 1. The heat
of comhustion of coursedependsn a numberof factors(temperaturewhetherthe
reactionis at constantpressureor volume, etc.). However, we cangeta roughidea
of the magnitudeof this numberby computingthe standardenthally of comhustion,
whichtells usthe heatof comhustionat25°C and1 barconstanpressureThisis

AH® = AHP o, +28Hf(,0,) = (Aq?(cm) + ZAF'?(OZ))
_ 39351+ 2(—285830) — [74.81+ 2(0)] k/mol
—890.36kJ/mol.

This particularreactiongenerates little moreheatthanfree enegy. However, justto
matchthe power outputof the fuel cell calculatedn question3a, the efficiengy of the
heatenginewould haveto be

_ 82918kJ/mol

= 59036ky/mol ~ 93t

This is anextraordinarilyhigh efficiency for a heatengine.lIt requirestheratio of the
upperandlower operatingtemperatureso be Tiow/ Thigh = 0.069. For instancejf the
upperoperatingemperaturés 800K (whichwould of courserequirearecalculatiorof
AH), the lower temperaturavould have to be 55K (—218°C). In orderfor the lower
temperaturgéo approachroomtemperatur€293K), theuppertemperaturevould have
to be over 4000K. All of thesecalculationsassumethat both the fuel cell and heat
engineoperateat the maximumtheoreticalkefficiengy, but it doesgive us someideaof
therelatie efficienciesof thetwo kindsof machinesTheansweiis thereforeghatwhile
it is theoreticallypossiblefor a heatengineburningmethaneo operatewith a similar
or betterefficiengy asamethanduel cell, therequiredoperatingconditionsfor theheat
enginemake it impractical.A fuel cell is thereforea betteralternatve ernvironmentally
sinceit will uselessfuel (andthusproducdessof thegreenhousgascarbondioxide)
to producea givenamountof work.



