6 Chemical Equilibrium

6A  The equilibrium constant

Answers to dscussion questions

6A.2 Egn .9, in the form of the following expression, provides the general defindf theactivity for species J,
a; u,=u,° +RTIn a, [5E.9] where »,° is the value of the chemical potential of J in the standard state,

i.e., the state for which; = 1. In fact, thestandard stateof a substance at a specified temperature is its
pure form at 1 bar. This means that the activity of a substance that is a eitiver soll (e.g., copper,
sodium chloride, naphthalene) or a pure liquid (e.g., bromine, wat¢hanod) equals 1 at, say, 25°C.
Since the activity of a pure solid or liquid is equal to 1, it can be convinignbred wherpresenting an
equilibrium constant expression.

Activities andactivity coefficients are generally used to address questions that concern reatfjeabn
mixtures. It is well worth remembering several useful activiynfa Of course, both activities;, and
activity coefficients,y;, of nonideal mixtures are dimensionless and related by egns that have the general
form a; = y; x (concentration of J).

Perfect Gas: a;=psp° (u,° depends upoii alone;p® =1 bar.)
Real Gas: a=y;p/p* (x,° depends upoii alone.)

Ideal solutions: ;=X

Ideatdilute solutions: ag = [B]/ ¢® wherec® =1 mol dm®

Solvent A of a nofideal solution: aa = yaXa

Solute B of a norideal solution: ag = yg[B)/ c®

Solutions to &ercises

6A.1(b)2 A —>B
n; = ny(0) +v;A¢ wheref is the extent of reaction; is negative for reactants and positive for products.
Na = 1.75 mol — 2x(0.30 mol) =|1.15mo
ng = 0.12 mol + 1x(0.30 mol) ©.42mo

6A.2(0)2A > B  A,G=-2.41kJ mol

A,G:(ﬁj [6A.1]
o ),

With the approximation th%@j = i—G, which is valid when A¢ is very small, we find that
p.T

AG = A, Gx A&

=(-2.41kI mot)x(+ 0.051 mpk|-_0.12}

6A.3(b) 2 NOy(g) — NOig) A,G® =-4.73 kJ mot*



A,G=A,G° + RTIn Q [6A.10]
=(-4.73 kI mot)+( 2.4790 kI md)x @ at 298.1
The above equation is used to calculgte values at the give® values in the following table.

Part| Q INQ | AG/kJ mol’
() |0.10] 2303 1044

M | 10| o —473

(i) | 10 | 2.303| +0.979
(iv) | 100 | 4.605 +6.69

The abovesquation also indicates that a plot olagainstA,G should be linear so points ii and iii, which straddle
AG = 0, can be used to perform a linear interpolation to Knffom our equilibrium knowledge that Qh=
INQequiibrium = INK whenA,G = 0. Perfoming the linear interpolation:

InQ, -
INQ=1IQ, +[%}(Are—4 G)

_o.f__2303-0 X( AG 1_(_4_73)]
0.979-(-473 kJ mol

= O.4034><[ AG -+ 4 7%
kJ mol

Thus,
InK = 0.4034x( o+ 4 7;%

=1.908
K="= from a two-point interpolatic
The twopoint interpolation is in agreement with the result given by eqn 6A.8:
K =e ¢ /RT [6A.8]

B e7(74.73< 16 Imol')/{( 83145 Imidh R)x( 298 19K

=6.74

6A.4(b) N,O,(g)= 2NO,(g) T=298.15Kp=1bar=p°, a=0.201 at equilibrium
We draw up the following equilibrium table (Exampl&.g).

N204(9) NOx(9)
Amp_un_t at @-a)n 2an
equilibrium
Mole fraction o 2
1+« 1+«
Partial pressure d-a)p 2ap
1+« 1+«
K= [H ay j [6A.13]= (H( p,/ p° )VJ J (perfect gas assumptio
J equilibrium J equilibrium
2
2 2ap
(pNoz/ p ) _ pN022 _ (1+aj

Puo,/ P Puo, P ((1—a)pj 0°
1+«



(0.20°

B %{(l—a)oj(u a)} =4

=10.168

6A.5(b) (i) Br,(9) = 2 Br(g)
We draw up the following equilibrium table (Exampl&.g).

{(1- 0.20)x( % 0.2

T=1600 K,p=1 bar =p°

.

, a = 0.24 at equilibrium

Bry(9) Br(9)
Amount at (1-a)n 2an
equilibrium
Mole fraction e 2o
l+a 1+«
Partial pressure d-a)p 2ap
1+a 1+«
K = (H aJVJj [6A.13] = (H( n,/ p° )VJJ (perfect gas assumptio
J equilibrium J equilibrium
, [20: pjz
(pB' / pe) _ pBr2 lta

©
l+a P

_4p o _ 0.24)°
s {(1—a)x(1+a)} 4{(1_ 029x( & 0.2)1}
-[0.244 at 1600 K

pBrZ/pe - nBr2 pe ((1_a)p)
(

©
(”) |n K2 — |n Kl_i i_i [6A22]
R AL T
AH?( 1 1
N Kaooo k =IN Koo == (2000 K 1600 Kj

_ i( 0.22)| F112x10 Jmof x( t 1 K):o.zi'-s
8.3145 JK* mot 2000 K 1600
Koo k = e0'2773 =

As expected, the temperature increase causes a shift to the right when the eeotiothermic.

6A.6(b) CH,(g)+ 3 CL (g)= CHC (In- 3 HCI(g;
(i) Using data tablesf the textResource sectioat 25°C, we find
A,G® = A, G®°(CHCL,l)+3 A, G° (HCL g)- A, G° (CH,, g)
= (73.66 KImot } (3 « 95.30 KJ mbl-)—( 50.72 KJ rhc

.

AH® =A,H®(CHCL,1)+3A,H® (HCL g)-A,H® (CH,, g)
— (13447 kImdl ) (3) « 92.31 kI mbl-)— ( 74.81 kJThe
=—-33659 kJmaol [Used in part (ii)]



“AG® ~(-308.84¢ 16 Jmot)

InK =——=_[6A.14] = — =124.€
RT (8.3145JK* mol* k (298.15K)
K =e?°=[1.30« 16"
i) K, =ik, ~2P 11 1) 6a00
R L T
AH® 1 1
INK.po=INK,, .—— -
e ®C R (323.15 K 298.15>J
= I 1.3& 10)- ~336.55 161 J ”fd x( r = ;32114'_1
8.3145 JK* mot 323.15K 298.15

Kspe = Ca

As expected, the temperature increase causes a shift to the left when the reactidreiméxot
A,G® =-RTIn K [6A.14]

AGS . =—(8.3145 K mof)x( 323.15K | 357 f)=[- 307 knif

6A.7(b) 3 Nx(g) + Hx(g) — 2 HN3(g) For this gas phase reactidw = ZVJ =2-3-1=-2
J
K = (H aij [6A.13] = [H(yJ p,/ p° )”Jj = (ij (H( P,/ P )“j
J J equilibrium J equilibrium\.  J equilibium
=K,K,  where Kyz(HyJ"Jj anlip:U_[(pJ [f’)ij
J equilibrium J

Let us assume that the gases are perfect gases. Then, the activigieoweféqual 1 anK, =1. Additionally,
p, = n,RT/ V=[J] RT. Substitution gives

K=K, :[H([J]RT/pe)“j :[H([J] /cﬂ)”jeqw“mm(ﬂ(@ RT/ ﬁ)wj

=K, (c°RT/ pe)AV where Kc=(H([ p tf’)wj

K=K, x(ce RT/ p° )72 becausa v=— 2 for this reaction

equilibrium

equilibrium

equilibrium

equilibrium

Since ¢® R/ p° = 0.0831451 K*, this expression may be written in the form
K =(144.653 K)xK_ I

Anhydrous hydrogen azide, HNboils at 36°C and decomposes explosively. A dilute solution can be handled
safely.

6A.8(b) Draw up the following table for the reaction equation: A+8 C + 2 D.

A B C D Total
Initial amounts / mol 2.00 1.00 0 3.00 6.00
Stated change / mol +0.79
Implied change / mol -0.79 -0.79 +0.79 +1.58
Equilibrium amounts / mol 1.21 0.21 0.79 4.58 6.79
Mole fractions 0.1782 0.0309 0.1163  0.6745 0.999¢

(i) Mole fractions are given in the table.

@ k=[x



(0.1163)x (0 6745)
K, = Q1163 Y|
(0.1782)x (0 0309)
(iii) p, = X, p. Assuming the gases are perfegt~= p,/ p°, so

o ©\2
K=(|0C/|oe)x(|oo/|oe) =Kx(%)=*<x when p= 100 ba
(Pa/P%)x(R/P)

p
<K, -[661
(v)  AG®=-RTIn K=—(8.3145 J K* mol* x (298 K} In(9 68 |- 5.61 kJ m

6A.9(b) The formation reaction is: U(s)* Hy(g) = UHs(s).

3/2
=le =( b J (A = @un, =1 and, assuming perfect gas behawagr,, = p, p® /
a s 2 2

H2(0) sz

(10 Pa)”’
(139 Pa,

A,G° =—RTIn K[6A.14]
=—(83145JK mot)x( 500K I 1.93 1p

=|-41.0 kJ mot

=1.93« 10

6A.10(b) P(s,wh) +*/, Hy(g) — PH4(g)  A,G® =+13.4 kJ mof*
AG=A,G®+RTIn Q[6A.10] where Q=]]a" [6A12b]
J

/ ©
pPHS—py [Perfect gas assumption]

=A,G® +RTIn
(pu,/ P°)

—(+13.4 kI mot)+( 8.3146 10 kIK mbjx( 29B.K)><In(0'60j

1%
={+12.1 kJ ml™*

Since A,G > 0, the spontaneous direction of reactioftésvardthe elementsn their standardstates

6A.11(b) Pbl,(s)= Pbl (aq) K.,= 14 18
AG® =-RTIn K
=—(8.3145JK" mof x (298.15K) I 1.4 1Y)=+ 44.8kbl*
=A,G°(Pbl,,aq)}-A,G®° (PhJ ,s)
A,G?®(Pbl,,aq)=A,G° +A, G° (Pb) ,s)

=(44.8-173.63 kJ mol=|- 128.8 kJ mbl

Solutions to poblems

6A.2  AG°(H,CO,g)=A,G® (H,CQ )+ A G® (H,CQ I) whereA, G° (H CO B+ 28.95Jkmol*

For H,CO()= H,CO(g) K (vap):% whene= 1500 Tefr 2.000 bar pfic= ]
p



P

A4,G® =—RTIn K(vap)=- RTIn—

vap

__(8.3145JK* mof X (298 Ky ( -goboa?a) —_ 172K md

Therefore, for the reactio@0(g)+ H, (g)= H, CO(9)
AG® ={(+28.95%+ (172) kImot=+ 2723 kI md

1 -
Hence, K :e(727,2&1@ Jmort ) (83145 3K niof x) (298 KLog 1091169 10

6A.4" A reaction proceeds spontaneously if its reaction Gibbs functiceyitive.
A,G=A,G° + RTIn Q [6A.10]
Note that under the given conditiorRT =1.58 kJ mot*
(i) AG/(kJ mol*)={A,G° (i)~ RTIn p o} kI mol* =- 23.6 1.58 | 1:3 19
=+1.5
(ii) AG /(K3 mol*)={A G° (i)~ RTIN po Ruo, | /(kI mol?)
=-57.2- 158 ( 1.3 10)x( 44 18)]
=+2.0
(iii) A,G/ (kI mol*) ={A,G® (i)~ RTIN p,o* Pyo, } /(I mol?)
=-85.6- 1.58In[(1.% 10 3x (44 1& )]
=-1.3
V)  AG/(kImol")={AG®(iv)= RTIN po° P, | /( kI mot)
=-112.8- 1.58In[(1.3 10 3 (44 1& )

=-3.5
So both the dihydrate and trihydrate form spontaneously from the vapouroB®esnvert spontaneously into the
other? Consider the reaction

HNO, - 2H,O(si H,O(g)= HNQ- 3H O(s
which may be considered as reactionivaction(iii). A,G for this reaction is

A,G = A, G(iv) — A, (i) =-2.2 kJ mol™.
We conclude that the dihydrate converts spontaneously , the most stable solid (last of the four
we considered).

6B The response to equilibria to theconditions

Answers to dscussion questions

6B.2 (1) Response to change in pressurBe equilibrium constant is independent of pressure, but the individual
partial pressures of a gas phase reaction can change as the total presge® @ will happen when there is a
difference, Av, between the sums of the number of moles of gases on the product and retesasftte balanced
chemical reaction equation.

A== > = |y
J

J= product gases =J reactant gases

The requirement of an unchanged equilibrium constant implies thaidheviéh the smaller number of moles of



gas be favored as pressure increabesee this, we examine the general reaction equﬁ)t'toEVJJ [6A.9]in the
J

special case for which all reactants and products are perfect gases. In thisecastvities equal the partial
pressure of the gaseous species and, therefore,

aJ(gas): pJ/pe = XJp/p)a
wherex; is the mole fraction of gaseous species J. Substitution into £dr8 &nd simplification yields a useful

equation.
SUCHINS ST
J equilibrium J

=(Hx?j [H(P/pe)“] =(H%Jj ()"

J

=K, (p/ pe)AV where KX:(H >§’JJ
J

Ky is not an equilibriuntonstant. It is a ratio of product and reactant concentration factors that hasan&dogous

to the equilibrium constar. However, wherea& depends upon temperature alone, the concentrationKatio
depends upon both temperature and pressure. §dmik, provides an equation that directly indicates its pressure
dependence.

equilibrium

equilibrium

K,=K(p/ pe)fAv

This equation indicates that, if Av = 0 (an equal number of gas moles on both sides of the balanced reaction
equation) K, = K and the concentration ratio has no pressure dependence. An increase in presssneoceldange
in Ky and no shift in the concentration equilibrium is observed upon a change iarpress

However this equation indicates that, if Av < 0 (fewer moles of gas on the product side of the balanced reaction
equation),K, = K ( p/ p° )‘AV‘ . Because is raised to a positive power in this case, an increase in pressurel€auses

to increase. This means that the numerator concentrations (produgss)imorease while the denomioat
concentrations (reactants) decrease. The concentrations shift to the grdduot reestablish equilibrium when an
increase in pressure has stressed the reaction equilibrium. Similarly, if Av > 0 (fewer moles of gas on the reactant
side of the balanced reaction equatioii),= K ( p/ pe‘)f‘Aw . Becaus@ is raised to a negative power in this case, the

concentrations now shift to the reactant side to reestablish equilibvhen an increase in pressure has stressed the
reaction equilibrium.

dinK A H®

dT  RT?
decreases with increasing temperature when the reaction is exothermiga, f&.< 0); thus the reaction shifts to
the left. The opposite occurs in endothermic reactions (h&4,° > 0). Seetext Section ®.2 for a more detailed
discussion.

(2) Response to change in temperature. Vae 't Hoff equation, [6B.2(a)], shows thatk

Solutions to &ercises

6B.1(b) At 1120K,A G® =+22 16 J mot



© i —
A.G [6A14]- - (22x 11(? Jimo1 ) 23
RT (8.3145 J K mof ¥ (1120 K)

K =e2% - 9.4k 10°
A H®
INK, =1In Kl—'—{i—ij [6B.4]

Solve forT,at InK, =0 K, = 1).

In K, (1120K)= —

l ) Y p—
1_RInK 1_(83145JK moty (2363) 1 .o ..
T, AH®° T, (125« 16 J mof ) 1120 K
T, =[1.4x 16 K
6B.2(b) |nK=A+$+TC—3 where A—— 204B=— 1176 K, ar@= 2.1710°
At 450 K:
A,G® =—RTIn K[6A.14]= RTX( A+T§+%j
— (83145 JK' mol)x (450 Ky| — 2041176 K, 2.k 10 K
( P ¢ K*( 450K ' (450 K}
=+16.6 kJmol™
aH® =—RINK 6p o))
dwT)

__r_d (A+§+£j —R><[B+£J
diw/T) T T3 T?
(83145 1K mcﬂ)x{(_ 1176 )6 %}m
AG® =AH®-TA,S°

9_ © 1 _
AS® = AH - AG” _ 7.19kJ mcz56 &6'6 kJ md1:|_ 209 JK* mof!

6B.3(b) CH;OH(g) + NOCI(g) — HCI(g) + CH3NO,(g) For this gas phase reactidv = z v,=0
J
K :(Hayj [6A.13]=(H(7/J p,/ pQ)VJ) =(H yJVJJ [H( p,/ P )j
J J equilibrium J equilibrium\.  J equilitium
=K K, where K =(H;g“] and | =(H( P, ¢G)VJJ
J equilibrium J

Let us assume that the gases are perfect gases. Then, the activiiecteféqual 1 and, =1. Additionally,

equilibrium

equilibrium

p, = X, p. Substitution gives

oot |__-{]_(10mo7)_

equilibrium J J

= Kx(p/ pe)AV where K, =(H xJ"JJ
J
For this reaction:
K=K,x(p/p° )O =K, becausav=

equilibrium

X



K is independent of pressure so we conclude by the above eqn that for thienrads also independent of
pressure. Thus, the percentage changfg itpon changing the pressure eqfor this reaction.

6B.4(b) N,(g)+0,(g)= 2NO(g) K= 1.6% 10 at 2300
50049

Initial modes:n, =————~ _—0.1785 mo
> 28.013 g mof
Initial moles: n,, =Lgl: 6.250x 10° mol
? 32.00 g mot
N, 0O, NO Total
Initial amount/mol  n, =0.1785 n, =0.0625 0 n=0.2410
Change/mol -z A +2z 0
Equilibrium amount/m¢ Ny, —Z Ny, =2 2z n=0.2410
Mole fractions (nN2 - z)/ n (no2 - z)/ n 2z/n 1

©

Av
K=K, [—] =K, (Becausév= ZVJ = 0 for this reaction. See [Eis¥ 6B.3(a) or (b)
J

(22)°

(nNz - Z)X( N, ~ %
(1-%) 7" - nz+ n, 1 =0

ni\/n2—4(1—%<) n, 1,
) 2(1-%)

0.2410¢,/ 0.2410- 24, ,,»)( 01786 0.062

2(1_ %.69« 103)

=-2.223 10° or2.124 16
=2.121 10° because the negative value is non-phy

XNO:Q - M): 1.8x 107

n 0.241

K=

z

6B.5(b) |nﬁ=—£(i—ij [6B.4]

_ 1 1Y (K,
=(83145 0K mol)x| ———-—"—| x |2
310K 325K K,

=(55.85 kJ mfﬂ)x | ij]

(a) K2/K1 =2.00
AH® =(55.85 kJ mof )x Iif 2.0p=| 38.71 kJ mY]

AH® =(55.85 kJ mof )x Iif 0.50p=|- 38.71 kJ mij



6B.6(b) The reaction iCuSQ, - 5H, O(s}= CuSQ () 5H O(.
For the purposes of this exercise we may assume that the requipsddtme is that temperature at whicks 1 at
a pressure of 1 bar. Fét¢ =1, InK =0, andA,G® =0.

AG®=AH°-TA,S°=0
T AH®
A, S°
We now estimate that the values of bathH® and A,S° are not too different then the values at 25 °C and
calculate each with standard values found in theResburce section

AH® =Y VA H® ={(-771.36)+ (5k ¢ 241.82) « 2279.§) Jmbk+ 299.2rkal™*
J

AS® =Y VS ={(109)+ (5)x (188.83) (300.4) JK mdl= 7528 J'mol*

J
~299. 16 J mot

752.8 JK' mol*
Question What would he decomposition temperature be for decomposition defined as the statehe w %2?

=397 K

6B.7(b) NH,CI(s)= NH,(g9)+ HCI(g) Vapor pressuregi,7-c= 608 kPa  and psse-c= 1115 kPa
The gases originate from the dissociation of the solid alongso= p.., =% p.
() Equilibrium constants

K = ( Pus, / pe)x( e/ P°) [Perfect gas assumptic

=(%p/p°)x(% 0l P°)
=4(p1p°)
Kgrre = %(608 kPa/100 kPR =| 9.4

Kusse = %(1115 kPa/100 kPA= 3L
(ii) A G° =—RTIn K [6A.14]

AG5c=—(8.3145 JK' mof')x (700.15 K I 9.94 |- 12.9 kJ rifo

(i) |nﬁ=—£[i—ij [6B.4]

-1
~(83145 9K mol)x| L —— | x fELOY
70015 K 732.15 9.24

=|162 kJ mot
© © 1 ~
)  As - AH®-AG® (162 kImol' ) ¢ 12.9 ki mof l|+250 TKE mof]
T 700.15 K

Solutions to poblems

6B.2 U(S)+ % H, (@)= UH, (s



-3/2 3/2

K=a,"=(p,/p°)
= (p/p° )" b, = p]

° dInK d 312 d
AH =RT2d—T [6B.2(a)]= R1'2d—_|_|n( pE) =-% R?E<In pPa- In B /Pa

[perfect gas

:—%Rﬁ%( Inp/Pa

d B C
:_%RTZE( A+ B/T+ Clr( T/K)):—% R?x(?+?j

=%RX(B— CT) where B=- 1.464 10 K nda C=-5.65

d(AH®)=A,CodT [from eqn 2B.6(a) applied to chemical reactions, 20,

o ACS= (aAé': ] — _3%CR=[70.5JK* mof
p

6B.4 CaCl - NH (s)= CaCl (s)+ NH (9) :p—g angH © = +78 kJ mol*

A.G® =—RTIn K=— RTIn-

r e
=-(8.3145JK mol ) x (400 K) x nLkF>a pT= 1bar 100.0k
100.0 kP

= +13.5kImal at 400 K

° AG® (T,

AG(T) ACT(T) =AH® 1 1 [6B.4 and 6A.1}
T T T T
Therefore, takindl, = 400 K and lettingT = T, be any temperature in the range 350 K to 470 K,

A,G(T)=[
400K

_ T
)x (13.5 kI mot* )+ (78 kI mdl X ( —1m)

_ (78 kJ mof* }F((13.5— 78) kJ mdij[T]

400 K
Thatis, A,G® (T)/(kJ mol*)=|78- 0.16%(T/ H].

6B.6 The equilibrium we need to consider ligg) = 2 I(g) (M, = 126.90 g mal). It is convenient to express the

equilibrium constant in terms of, the degree of dissociation of, lwhich is the predominant species at low
temperatures. Recognizing that the data is related to the total iodine mass, by n_ =m/M_ we draw the

following table.

| I, Total
Equilibrium amounts ~ 2an, A-a)n, (+a)n,
Mole fraction 22 1-a 1
1+ a l+a
: 1-
Partial pressure 2ap [_aj p P
1+a l+a

Theequilibrium constant for the dissociation is



2
(P/p°) _ p2 _4’(p/07)
p,/p° m,p°  1-a’
We also know that
PV =Ny RT=(1 +a) n RT
Implying that « :p—\r\f—l whereV = 342.68 cm. The provided data along with calculated values ahdK(T)
n,
aresummarized in the following table.

K =

T/K 973 1073 1173
p/atm 0.06244 | 0.07500 | 0.09181

10°n, /mol | 2.4709 | 2.4555 | 2.4366
a 0.08459 | 0.1887 | 0.3415
K 1.82x10°% | 1.12x10% | 4.91x10?

Since A H® is expected to be approximately a constant over this temperature range raed si

AH® :_R[;j(l:f:_()j [6B.2(b)], a plot of IK against 1T should be linear with slope =A H® /R. The linear

regression fit to the plot is found to b&lr 13027-(18809 K)T with R* = 0.999969. Thus,

AH® =—(-18809 KR = |+ 156 kJ mot

6B.1  Hi(g) + .Q(g) > HO(l) AH® =-28583kJmof and,S°=- 163343JK mbol at298.1
Let the temperatures of interest Be= 298.15 K andT,. A{G(T,) at 1 bar can be calculated from the reaction
thermodynamic properties &t with the following relations.

AH(T,)=AH(T)+["A,C,(T)AT[2C.7(@)and (b)a, G( D=3 vG,

nAC,(T) _ _ _
AS(T)=A§ I)“L.Ll Td T [3A.19 applied to reaction equatio

AG(T,)=AH(T,)-TA S T)
The computation is most easily performed using the funcégabilityand numeric integratioref either the

scientific calculator or a computer software packdde following is aMathcad Prime 2 worksheet for the
calculation of A¢G for 273.15 K <T,<373.15K at 1 bar.

Data:
T,:=298.15-K kJ:=1000+J
AH pater 08 =—285.83 - kJ mol ™! A8 ater 203=—163.343.1. K" - mol

Cp water(T)=75.29.J. K" mol '

. B} 5 w2
C, hirogen (T) = [27,23+325.m 1K 1.74% JeK'emol !
St 3 %51 1.67-10° . K* s =
C, oryeen (T) =|29.96 +4.18-10 . K T |- 3K mol




Computational equations:

1
ACP (T) = Cp water [T] i Cp hydrogen (T) 3 ; o C;: oTYgen (T}

Ty
AH, ter (T3) = AH; ygier. 208+ J AC,(T)dT
T,

T,
AC T
A‘qf_umter (T2) o A‘Sf_wu!er_zgs + J# drT

T,

d(;f wiater (T'z) == AHf water (T'z) _T‘Z. A‘qf water (TE)

Computation: AGY yater (372+K)=—225.334 kJ »mol ™

Thus, with numerical integratisne have foundhat A,G° = |—225.334 kJ de. The worksheet alsmakes it

very easy to examine, even plot, changes in the reaction thermodynamicigsopére following worksheet plot
shows the variation of the formation Gibb’s energy with temperafime plot shows a decreasih temperature in
a nea#linear manner. Can you explain why?

T:=273.K,278.K..398.K

0 —-AG; 'mw{']"] (kJ-mn]_')

6C Electrochemical cells

Answers to dscussion questions

6C.2 A salt bridge connecting two hatktlls is usually a Hube filled with potassium chloride in agar jelly. It
provides the mobile electrolyte for completing the circuit of an elelstnmical cell. In its absence, the cell cannot
generate an electrical current through the single wire that connects the twodeleetnd the circuit is said to be
"open”. No electron can leave or enter either-balf, because this act would cause the net electronic charge of the
half-cell to be norzero. The strong electrostatic force prevents this from happening and caam®scopic objects

to normally have a zero net electrical charge. However, a salt bridge pravideson to the anodic haiéll for

every electron that leaves while simultaneously providing a catidmetedathodic haitell for every electron that
enters. This is a “closed” electrical circuit in which the net chargeaoh hakcell remains zero but an electric
current can be generated.

6C.4 When a current is being drawn from an electrochemical telicell potential is altered by the formation of
chargedouble layers at the surface of electrodes and by the formation of solution cheputealtial gradients



(concentration gradientsiResistive heating of the cadlrcuits may occur anplinction potentls between dissimilar
materialsboth external and external to the aakiy change.

Solutions to &ercises

6C.1(b) The cell notation specifies the right and left electrodes. Note thatdpepcancellation we must equalize
the number of electrons in halfactions being combined. For the calculation of the standard cell potergiasve

usedE2, = Es — E”, with standard electrode potentials from data tables.
EG
0) R: Ag,CrO,(si 2e—> 2Ag(s) Crd (aq) +0.45
L: Cl,(g)+2e —» 2 Cl(aq +1.36 V

Overall(R- L): Ag,CrO, (s} 2Cl (agp> 2Ag(s) CO @+ Cl,(g)

(i) R: S (agy 2e— SH (aq) +0.15V
L: 2F€e" (agr 2e—» 2Fe (aq) +0.77V
Overall (R- L): Sri*(agt+ 2F8( ag>p S jyg 2°Fe )aq - 0.8
(iii) R: MnO,9+ 4H(ag+ 2e— Mii( ag 2H O(l) + 1.23
L: Cu*@g+ 2€¢ » Cup +0.34V

Overall (R- L): Cu$+ MnQ(s+ 4H ag> Cu pg Nn jaq 2H O[2p.89 V]
Comment Those cells for whichE?, >0 may operate as spontaneous galvanic cells under standard conditions.

cell
Those for whichEZ, <0 may operate as nonspontaneous electrolytic cells. RecallBRatinforms us of the

spontaneity of a cell under standard conditions only. For other conditiorexuieeE .

6C.2(b) The conditions (concentrations, etc.) under which these reactions occur ajiwaerotFor the purposes of
this exercise we assume standard conditions. The specification ofihamileft electrodes is determined by the
direction of the reaction as writteAs always, in combining hattactions to form an overall cell reaction we must
write halfreactions with equal number of electrons to ensure proper cancellation. &vVéeddintify the hak
reactions, and then set up the corresponding cell.

EB
(i) R: 2HO(ly 2e— 20R (ag) H (9) - 0.
L: 2Na (agr 2e— 2 Na( -2.71V
and the cell is
Na(s) NaOH ag| b §j Pt
(i) R: L(sr2e— 21 (aq) +0.5
L: 2H(agq+ 2€ > H (g 0
and the cell is
PUH, (@[ H (ag).1 (ag) L (§) Pt
(i) R: 2H (agr 2e— H (g 0
L: 2H,01)+2€e > H (¢ 2 OH (ag -0.83 V

and the cell is

Pt‘ H, (g) OH (adf H (ad) H( § Pt



Comment All of these cells haveE?, > 0,corresponding to a spontaneous cell reaction under standard conditions.

cell
If ES, had turned out to be negative, the spontaneous reaction would have beeertde okthe one given, with

the right and left electrodes of the cell also reversed.

6C.2(b) Pt|H, (g p° )| HCI(aqg,0.010 mol kg )|AgCI(s)|

0) R: AgCI(s) + € — Ag(s) + CI(aq) E® =+0.22 V
L: HCl(aqg) + € — Y2 Hx(g) + CI'(aq) E®° =+0.00 V
2x(R— L): 2 AgCI(s) + H(g) — 2 Ag(s) + 2 HCl(aq) E°, =+0.22 V andv= :

The cell reaction is spontaneous toward the right under standard cosiditicauseEy;, > 0. The Nernst equation
for the above cell reaction is:

E o = By~ N Q[6C.4]

cell —

2 2\2
Q= (a;il(aq))z _ (aw(:‘;acr (aq)) _ (7/12 (b:)c; /pze) ) _ 73 (bHc| I b° )4 (ie.p= pe )
2(9) 5(9)

Thus,

Eer = Ecill‘%'”{?’f(hm/ b9)4} or |Ey= Eciu‘? |n{7¢( B /ﬁ)}

(ii) AG® =—vFE2, =-2x(9.6485 10 Cmot ) (0.22\8|—_ 42 kI m4

(iii) The ionic strength and mean activity coefficient are:
| =1%"2*(h / b°) [5F.9]=1{1(0.010) { .01f} = 0.010

logy, =—|z, z| AF? [5F.8]=—1x (0.509% (0.016f =— 0.05(
7, =0.889

Therefore,

B = B _¥In{7&<h—|q/ be)}

2x(8.3145 3 mot  K')x( 298.15K
= 0.22 V- |
9.6485¢ 16 C mot

05

n{( 0.889x( 0.000= 0.22V 0.24

Solutions to poblems

6C.2 Cell: Hg|HgCIx(s)|HCl(aq)|Q- QKAu Ecen=+0.190V and v=2
The electrode halfeactions and thegtandardootentials are

EG
R: Qagk 2H (agy 2e—> QH (aq) 0.699
L: Hg,CL(s)+2e€ —» 2 Hg(l} 2 C(aq) 0.2676

Overall (R- L): Q(agq} 2H (aq} 2 Hg® 2 Cl (de> QH,(ag)y+ Hg, Cl (s) 0.4318°
The reaction quotient is diregttelated to the pHa relation that is simplified by notindpat for an HCI solution
b, =h, while for the Q- QHequimolecular complex of quinorig, = b, .



The Debye—Hiickel limiting law makes use of the mean activity coefficiefur the compound K, defined bya,; =
%bs Thus,a,, /a,=1, a.=a, ,andthe reaction quotient becomes

Q=4
The definition of pH provides the relation to the reaction quotient.
in(a, ) Q") _ In@Q
H=-I =— =— = I =4I 10 pt
PH=—109 (3, )=~30G) = Tin(ig ~ aimag O MQ=4M10p
The Nernst equation [6Q.4t 25 °Cis now used to relateell potentials to the pH.

25.693 10° Vln

Ecell = Eceell - Q

. 25693 10° v(

cell

y 41n(10) pH)

v °
pH= m Ecai — Ecell)

2 ,(0.4318 0.190)\
0.23664 V
=

6D Electrode potentials

Answers to dscussion questions

6D.2 The pH of an aqueous solution can in principle be measured with anpeééebaving an emf that sensitive

to H'(ag) concentration (activity). In principle, the hydrogen gas elegti®the simplest and most fundamental. A
cell is constructed with the hydrogen electrode being the-highd electrode and any reference electrode with
known potential athe lefthand electrode. A common choice is the saturated calomel electrode. The pH dan then
obtained by measuring the emf (zewarrent potential differencek.e, of the cell. The hydrogen gas electrode is
not convenient to use, so in practicesglelectrodes are used because of ease of handlifg(se16.2).

Solutions to &ercises

6D.1(b) In each case the equilibrium constantagualated with the expression K= VFRIiEe” [ 6(

(i) Sn(sy CuSQ (agg= Cu(s) Sn$O (aq)
R: CU +2e— Cu(s) + 0.34
L: Sr** (agk 2e— Sn(s) - 0.14

In K _ VPR [ec.s]:wz 37.4
RT

25.693 mV
K= &%=

ES, =+0.48V

cell



(i) Cu(sy Cd* (ag=> 2 Cl (aq)
R: CU" + e - Cu (aq) + 0.16
L: Cu (agit € — Cu(s) + 0.52

ink = YFEa [gcg- WXC036V)_
RT 25.693 mV

K= e°=[83 10]

6D .2(b) Bi|Bi>S(s)|BS;(aq)|Bi

ES, =-036V

cell —

EG
R: 2B (ag+6e—> 2B} +0.20V
L: BiS,(s)+6e—> 2B 3+ 35( & ~0.76 V
Overal(R-L): 2B (ag+ 38 ( ap> Bi g ) +0.96 V V=6
_VFES 6(0.96V)

[ INK=_"——" [6C5]=—~ 7/ =224
v rr 10C) (25693 10° V)

K =€ =1.9¢ 107
The solubility equilibrium is written as the reverse of the cell reactiorerefdre, the solubility product of £;(s)

isKep=K*=1/1.9 x 18 =[5.3x10%}.

(ii) The solubility product of BBs(s) is very small. Consequently, the molar solubilifyof Bi,S;(s) must also be
very low and we can reasonably take the activity coefficients of the aqueotis ensal 1.

Ko=[BiZ T [s* T 1(c®) = (29 (39° [ ¢) = 109 s/ ¢)’
s=(K, /108" ¢® =(5.3 10” /10§° moldm=| 1.4 1§ moldi or7.2agd

Solutions to poblems

6D.2 Themethod of the solution is firsd determineA G°,A, H*®,andA, S° at 25 °Cfor the cell reaction
¥%H,(g)+ AgCI(s)—> Ag(sy HCl(aq v=1
and then, from the values of these quantities and the known valugss6f, A, H®, andS®, for all the species

other thanCl ™ (aq), to calculateA,G®, A, H®, andS® for CI™ (aq).
Since EZ, = E — B = Bociger ~9= Bugiager» We have (R.G. Bates and V.E. Boweds Res. Nat.

AgCl/Ag,CI™
Bur. Stand.53, 283 (1954))
E2, IV = 0.236 59- 4.8564x 10™* (6I°C) — 3.4205x 10°°® (4°C)* + 5.869x 10°° (4°C)?

cell

and we proceed with the calculation of the electrochemical and thermodynanimnrpaaperties at 25 °C.

ES, /V =(0.23659) (48564 10 3 (2500) (34205 $0x) (2500) . (5869°10 ). (28
=10.22240V

Ar(';e ==V FE:;I
_ _1x(96 485 kC mof ¥ (022240 \8— 2146 kJ it



o © © o,
ase =] BCT) _ H % | ecel=vF| | C [dgec= @K
oT o oT o 06 o K

=vF{(—4.8564>< 10'/° §- 2( 34206 189/(° X)+ g 5869 10%/(° )%}}OCTV

_4.8564¢ 10°)— x( 34205 10)x
— 1x (96 485 kC mof y{( )- &( )x( Z)Fv

+3x(5.869¢ 10°)x( 2§ K

=-6230J K" mol"
AH®=AG®°+TA,S°
=—(21.46 kImol' } (298.15K) « 62.30 JK mbl=)- 40.03kJm
The cell reactiorGibb’s energy is related to formation Gibb’s energies by

AG® =A,G°(H")+A, G°(CI")-A, G°(AgCl)
= AG°(C1)-4,G°(AgCl) [A G°(H')=0]
Hence, A,G®(Cl’)=A,G°+A, G°(AgCl)
=(-2146-10979 kI mol
—|-131.25 kJ mot|

Similarly, A;H® (CI")=A,H® +AH®(AgCl)
= (~40.03- 127 0] kJ mol

=|-167.10 kJ mot|
For the entropy ofZl” in solution we use
AS® = S(Ag)+ S(H)+ S(ClI')-% 8(H,)- JAgCl)
with S°(H")=0. Then,
S°(cl)=A, S - S(Ag)+% S(H,)+ $(AgCl)
={(-6230)—( 4255+ ¥%x( 130 6B+( 96)2 JK mbd
-1+56.7 JK* mol*|

Integrated activities

63(@) | =§{(bﬂej 2 +[bﬂej z_z}[5F.9]= 4(b_2)

ForCusQ, | = (4)x (1.0x 10° )=[ 4.6 10|

ForznsQ, | = (4)x (3.0 10° )=

(b) logy, =—1|z.z | A* [5F.8]
log 7, (CuSQ )=— (4% (0.509) (40 1dY§=-— 0.12
y.(CusQ, )=[0.74
log 7, (ZnSQ )=— (4x (0.509) (1.2 1®0Yf=- 0.22
7.(ZnSQ, )=

(c) The reaction in the Daniell cell is

Cu” (ag} SF (agy Zn(sp Cu(s) Zn (ag) $O (



a(zn’)a(sqa ,R)
a(Cu*)a(sq ,L)
y.b,(Zn*)y b (SG ,R)
rb.(Cu )b (8T L)

where the designations R and L refer to the right and left sides of the edoattbe cell reaction and atl are
assumed to be unitless, that figh® .

b,(Zn*)=b (SO ,R)= b(ZnSQ

b,(Cu*)=b (SG ,L)= b(CusSQ
Therefore,

Hence, Q=

{ Eb_g here and belo}

_72(ZnSO, P’ (ZnSQ )_ (0.60F x 3.0 10° § __ o _ 53
~ y2(CuSQ, p? (CuSQ ) (0.74x (10 1d?)

d Eo - Ar'G: [(6C.3]= —(-212.7x 16 J mdll,) _T1102
14

(2)x (9.6485 16 C mot )

(e) E.,=E3- MInQ: (1.102vy(M7m(5.§2
|4

= (1.102 V) (0.023 V)| +1.079

6.4 Pt|H, (gp®) INaOH aq,0.01000 mol kg ,N4Cl aq,0.01125 mol)kg |AgCI(s)|:
H,(g,p°®)+ 2 AgCl(s)»> 2 Ag(s)+2Cl (ag) 2H (a
wherev= 2 [Activities of solids equal 1am, = p°.]

Bt = B = {% 3, | [6C.4 and 6A.12(b)]
Kna K,7.b.
-ES, RTm{aH )= £ -Rlpleds g BT, KrBy
F Aoy F 7irbo|_r
Kb
e BT Kb po T RT B
F bOH, F E bor-r
RT RT, b, In K
=E2, +IN10— xK, —— In—="— =—lo
A [FK K= |n10j

OH"

In {bC'J
ceII Et:ell bOH’

Hence, pK, =
ence. P = 11oRT/F T In10
_(5039.75 V) £~ E2,), In(0.0100/0.01125
T/K In10

::(5039.75 vl) ( el /KEw") 0.05115

Using information of the data tables, we find that

Ee

cell —

- E° = E°(AgCl, Ag) - E°(H*/H,)=+0.22 V- 0=+ 0.22 \.



This value does not have the precision needed for computations withigh precision data of this problem.
Consequently, we will use the more precise value found in the l@R@book of Chemistry and Phygics" ed):

Eo, =0.22233 . We then daw up the following table.

0/°C 20.0 25.0 30.0
E.,/V 1.0477¢ 1.04864  1.0494z
pK,, [13.93 [13.7d

Inspection of the table reveals that for each 5 K increase in tempettsdwaue of K, decreases by 0.22nd,
consequentlyd(pK,)/dT =—0.22 /5.0 K =—0.044 K™'. Thus, at 25°C:

dinK, A, H®
ST 0w - el 16B.2(a
dT rTe 16820
a e =R IMKy o100 g2 910Ky _ 100 g 9K
dT dT
=—In10x(8.314% 16 kImdl K)x( 298.15)Kx(— 0.044'§
=[+74.9 kJ mol*
A,G® =—RTIn K, = In10x RTx pK, =|+ 79.5 kJ mol
A,S° =M=|—15.4 JK* mol]

6.5 Electrochemical Cell Equatiorys H,(g,1 bary AgCI(s}= H (ag} Cl (ag) Ag(:
with a(H,) =1 bar= p® andg, =y, b.
Weak acid EquilibriumBH" = B+H" with b_,. =k, = Db
Ko =858, /8. =760, [(7,:0) = 76, 175
Thus, a, =y, .K,/7s-
lonic strength (negledh,. becauseb,. <<b): | =%{zZ.b . +Z h}="r.
According to the Nernst equationg61]

RT [ a.a, szte”_RTln(lo)lo

Ecer = Efe”—?ln D(Hz)/ pe F g(ah %r)

F

Ka oy Ve P
RTIN(10)

(Ecell - Eceeu) =-log(a,. 7, b= —|og[ y
= K- log(-) a(.) where yZ=y, .7, ¥

Substitution of théavies equation

Alz z| 12
|Ogj/i = _W+CI [5F11(b)],
gives
L(ECeII ~E%)=pK, - |og(b)+2A—*/B— 2Cb where A=0.5091.
RTIn(10) 1+ Bvb

The expression to the left of the above equality is experimental dafa th&inction ob. The parameterpK,, B,
andC on the right side are systematically varied with a mathematical regresdtware package like Mathcad uinti

the right side fits the left side in a least squares sense. The resu'qure:G.?S?, B= 1.99}, and|C =-0.121.




a2
tal

1+BIY2

b
The mean activity coefficient is calculated with the equafige: 10[ J for desired values df andl. Figure

16.1 shows a:. against plot forb = 0.04 mol kg' and 0< | < 0.1.

13 -

11 -

Dg T T ] ] 1

0 0.02 0.04 0.06 0.08 01

Figure 16.1

6.6 A,G=A,G° + RTin Q [6A.10]

In Equation &.10 molar solution concentrations are used with 1 M stangegs ¢° =1 mol dm®). The

standard statgo) pH equals zero in contrast to the biological standard s@&fjeof pH 7. For the ATP hydolysis
ATP(aq) + HO(l) — ADP(aq) + Pi"(aq) + HO"(aq)

we can calculate the standard state free energy given the biologicahrsteree energy of about31 kJ mot*

(Impact On Biochemistri6.1).

AG®=A,G° +RTIn @ [6A.10]
AG®=AG°- RTIn Q
=-31kImot-( 83145 JK mo)x( 310K (In10 M/1)
=+ 11 kJ mot
This calculation shows that under standard conditionbyteolysis of ATP is not spontaneous! It is endergonic.

The calculation of the ATP hydrolysis free energy with the cell canditpH = 7, [ATP] = [ADP] = [P] = 1.0x10
3 M, is interesting.

AG=AG°+RTIn Q=A, G + RTn[[ADP]X[RJX[H]]

[ATP]x(1 M)’
=+11kI mof +( 8.3145JK md)x( 310)K (in T& 1P
=—48 kJ mof
The concentration conditions indbbgical cells make the hydrolysis of ATP spontaneousvemyg exergonic. A

maximum of 48&J of work is available to drive coupled chemical reactions when a mal€pfs hydrolyzed.

6.7 Yes, a bacterium can evolve to utilize the ethanol/nitrate pair to exergonicaligeehe free energy needed for
ATP synthesis. The ethanol reductant may yaalg of the following products.



CH,CH,0OH— CH,CHO— CH,COOH»> CQ +H (
ethanol ethanal  ethanoic acid
The nitrate oxidant may receive eetrons to vyield any of the following products.
NO; - NG, - N, — NH
nitrate nitrite  dinitrogenammonie

Oxidation of two ethanol molecules to carbon dioxide and water can transfect8ome$ to nitrate during the
formation of ammonia. The hatéactions and net reaction are:

2 [CH,CH,0H())—> 2 CO, (9) +H O() +4 H (aq) 4 € ]
NO;(aq) + 9 H (aq) + 8e—> NH; (ag) +3,H O

2 CH,CH,OH(l) + H (aq) INO; (agq)» 4 CO (g) +5,H O()NH, (¢
A,G® =-2331.29 k! for the reaction as written (a data table calculation). Of course, enzymes volvgt #hat

couple this exergonic redox reaction to the production of ATP, whiahidithen be available for carbohydrate,
protein, lipid, and nucleic acid synthesis.

6.8" (@) The equilibrium constant is given by

K :exp(_A'G j: ex;:[_A'H j ex;EAfSej [6A.1¢€
RT RT R

-AH® AS°
SO InK =- + .
RT R

A plot of InK against/T should be a straight line with a slope—fAfrHe/R and ay-intercept ofArSG/R(Fig.
16.2).

Figure 16.2
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1000/ (T/K)
So AH® =-Rxslope=—(8.3145 10 kJmdl K)x( 8.%1 10)
=[-72.4 k3 mot|
and A,SezR><intercept=(8.3145JK mtil)x(— 17)3|— 144 JK o
(b) AH®=AH?((CIO),)-2AH®(CIO) so AH®(( CIf))=AH®+ A H®( CIL.

AH®((ClO),)=[~72.4+ 7 101.8] kI mol=|+ 131.2 kJ mt)




S°((Cl0),)=[-144+ A 226.5] JK mot=[+ 309.2 7K md





