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Chapter 7 Chemical Equilibrium
7.1 AG’and the Equilibrium Constant

L ("8 HREY aA+bB=cC+dD, "¢ Z:viXi =0%* 1 (v, of product £} [, retactantt% £1)
constant 7. P. » dG= Z,uidnl.

5 extent of reaction & (FY L] progress variable):
no=n,, +v¢ (nio &% initial condition)
(A) EH-EF[FHev, [=normalization
(B) %[ forward rx., & £
HIl dn, =v,d¢

= dG =) uvdé fe
G Z >0 spontaneous backward rx. (*} A= [ dG 7@ |)
- = WV =0 = fﬁl_;
( ¢ jr,p 2

i <0 spontaneous forward rx.
2. ¥y, =’ +RT Ina,

.. [0G g
Ffsr (gjnp :Zi:vl.,ui +RT Zvi Ina,

=AG°+RTY v, Ing,

Gibbs energy change for std. state
=AG°+RTInQ , QO=[]a’ T ALK, TR O TRLK

activity quotient

= fgir?ﬁ\ﬂjf (2-?) =0 , AJAG°=-RT InQ,, =-RT InK

T,P

3. J\J aA(g)+bB(g) - CC(g) E’bl’ﬂ

TR Pa P Pc AG=0

std. state P’ P’ P’ AG=AGhH  13--{h-1\ ks ©

B aAg(P=Px) — aAgy(P=P), AG=aRTIn(P/Py) ------ 0
bBg (P=Pg) — bByy(P=P), AG=bRTIn(P/Pg) ------ @
cCe(P=P) — cCy(P=Pc), AG=cRTIn(Pc/P) - ®

O©+D+@+0  aA (P=Pa) + bB( (P=Pg) — cC(P=Pc) T fii

5[l AG+ aRTIn(P’/ Py) + BRT In(P"/ Py) + cRTIn(Pc/ P') = 0
AG+ RTI(P /PR, )0

AG+RTInK=0,AG= —RTInK
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7.2 Reactions Involving Gases and Pure Solids or Liquids

T

FRAEY RIE: o =B/P 5L K:H:[%) ) bar BBV PR activity

©

FA'["E | pure condensed phase: «, =1 forcondensedphase il E WA ' I'| [

solution:

® ©®

lmﬁijamfr solute: a; = y;m;/m’  molality ./ 1 & (h- @{TFJ%EE‘FTFF:%)
e [ IF%EJJ: standard state £% m =1 .V solution
#f solvent: a, =y,x, =1 for dilute solutions
ik[*ﬁﬂj standard state £% x=1 ./ pure solvent

LA A D m L SSS Y, (B a = /e, ALF] a = a1

2. AG g, VT ?
(D) WEEEIRA L QP2 AGy, ) I

(2) AG°,, from AG®

(gas)

l’gr‘%jlﬂ,ﬁ]ﬁi Henry’s law, I P =k"™x, §5 k&) m,

—_—— R P,
fug = :usoln ;‘[” ﬂg,i it RT ln(Poj ﬂsolnl +RT ln k(H) m

m,1

)
pm : = 5 1l _
Mo = Mo +RT ln[“;#} convention I, J[| Henry’s law I/ ref. state [/ 1

K COZ?FUE"HI solubility m =3.4x10% m® ~ for P=1bar, I 1=k"-3.4x107

k' =294, i Hn = 4, + RT n29.4
m=17  —_3944484 kimol"

152 99399 : . o
(3) AG (ot from AG (s Hiflct 1" subscript saturated solution .V activity

¥
= o _ o
'u(s) = lu(saturated soln) ;‘IH lu(s) = U +RT Ina

F(Sf fel#13El saturated soln .V activity Fi¥ activity coefficient =™

U = Hoy—RTIna Y1 a>1, | g, © u morenegative

a<l, I ug,, ®& w4 morepositive

<§J’ﬁ‘>: A(s) - A(satsoln, ¢m°) > AG = O H E\[Hl[j(s) S lusooln +RTlne

A.SA AG:RTln%

(s) (soln, mm®) » E[”
1 -

A, —>A AG=RTan=—RT1n€

(s)

(soln, Im°®) »

N

] std. soln

&R
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7.3 Chemical Equilibrium in Solutions
1. Y[Es §F; & AT, 15 =" — v, _cation+v_anion total=v=v,_+v.
€)) 1deal solution fXT— “{FE" A[Jp’

D OEEEE o } HliEE e (1-a)m+vam

RO, £ m =[1+(v-Da]m
N gross molality

i—1

I =icRT M id[l+(v-Da, §¥ |la=—

ic PR AN+ (v =Da 5 -

(2) non-ideal solution : ¥/ activity & activity coefficient

(A) th =V, +vyr, TG, [HFER L g0 v (TR 1D 3 fUBESS ] -

U1 NaSOsfliv, =2, =1, v.=1,3 = —2
N o= +RTInag, , * Ina, =v.Ina +vina

I R R 4 -3
Aoy =4d, d_ =4, (V_V++V_)

1
e . . - V. v c Y
2 mean ionic activity | @, = (a a )/V 0 |am=al

(B) I’E a+ =7/+n/l+ s A =}/_m_
o ava =yimiy =y flm)

< . . . . . 1
3 mean ionic activity coefficient |y, = ( Ve )4

1
mean ionic molality -~ | m, = (m: m’” )/V

W a. =y.m, FK" Agare = (7/+mi )V

(Note) :m, ! m ;[/F%Jﬁ': :

1
m,=v.m , m.=v.m , FFIY mi:(vi*vf'%mzvim

(RS 10 1 FRET m, =m

231?;?’%%@7 m

3 LERRET m, =27
2:2F% Fﬁi@? m, =2m
2. Ionic strength: [/ :%Z:mizi
charge F*- 1 : —1electrolyte I=m , m,=m
1: —2electrolyte [=3m, m =4%m

2 —2electrolyte I=4m , m,=m (f {5t 1:1)

3

Zvié'/i =0

(- Qsalt ?FIF[&JED I,[:E{TT’.:I‘J%:J';I/ a
axfﬁﬁlﬁﬂ 1 fWEE" VTt g



(fF): 0.01 m® Na,SO, +0.02m° NaCl

(1 kg H,0[1 10.01 moleU/Nazs%? (- )

Ot

diil

+0.02 mole " NaCl, J }EL_#F',F@KJ (Hsolulfl )

Hl Na®=0.01x2+0.02=0.04 m°
Cl'=0.02 m°
SO; =0.01 m°

Na,SO, I/ [ £50.03m® , NaClt50.02m® ,

= %(0.04+ 0.02+0.01x4)=0.05m°

b
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7.4 Debye-Hiickel Theory

Peter J. W. Debye (1884-1966) [ #7535 B ~ 1936 & Nobel Prize (dipole moment)
Erich Hiickel (1896-1980 fH#i! *)

2

Pn Iﬁi” T”i;ln‘f‘—! l/[‘l:F )J F'lz =e —Qle

' 47&91’122
g = godral
FIIR AUk, £ 85 RS 55 T”[ﬁﬂé, la :excluded radius |

- zjezexp[— k(r—a)]

_ 1/ _
(r)= = Debye length
(1) drer(1+ K a) %f yeleng

average net change per unit volume at distance »

c—e 2N, p I - ,B\/Y yo :. de.ns1ty of solvent
ekyT [ : ionic strength
§ « for water at 298 K
e, =8.8545x10 "Fm™" | ¢, =78.54
~3.282x10° kg2mol 2m"” =997.14 kgm" for water
B g P g
=BT e=1.60218x10""C

ky =1.3807x10 2 JK™

totalnet charge dQ =4 r’n;(r)dr at distance r (I =)

%reXp[—w—a)]:exp[—w—a>]+r<—x>exp[—x<r—a>1

ffsf r—— | max

~43 Afor 1:1 electrolyte at 0.005 m

BB
a|z+z_|\/7 . F Fl o J=
Iy =T | YT ) SREGRR | i R

) 3/2
H[l a=y27 N, p, (zm:Tj % H,0at298K , | =1.171kg"* mol ™2
B




(B (Haz3A. [ pazl

ln7+=—1-171|z+z—|£ infinite dilution ]| VI —1
1+\/7 1+\/7

VI

1++/1

TR T00 T+ soln-

| logy 7. :—0.510|z+z_|

Jm

1+vm

~—am'* +bm

S LV AT, T = m, log,, 7, =—0.510

(f¥1=) “p— FifE1-7F - Davies equation

ﬁ(ﬁ

_)
1+\/7 1+\/7

-0.30 IJ

f Guggenheimeq. Iny, =-alz

Iny. slope =1.17
g_\_/deviation at greater m
x
slope = 2.34+/3 ='4.05
m
1. Ky VEHET
PIRg R me, e ml

T
[y, o0 A GRS, @)
1] salting out ./ "FZE!

Bk K, =mm" F K, =ala"
= o 7)

7] : AgCl solubility =1.27x10° m°

ideal solution real solution

_ —L171W1.27x10°
1+41.27x107

¥, =0.996

K, =(m,) -(0.996)* =1.60x10™"°

a

K, =1.61x10"" m Iny,

2 [ gy T
=(m,) RSy IS

=-0.00418

PEHHC ) R

B T

]



PRS- )P [ E 3 EE

I 0.1 m NaCl [FERLY" 0.1m NaCl %

. ~1.171J0.1
* 1+ Jﬁ

-10
m,m_ = 1('06;%)2 =2.81x107° K, LAY

i solubility = D.81x107° m°
it ‘teal” 254 75%
Higr F (D)EAE _’\\ﬁﬁj, DHG equation #$-7=17J§ " |
(2) CI 1% | AgCl i)

HII solubility J#£% 1.61x107° m’ In 7, =0.754

2. T g J%#vbizﬂ solutes

¢ (y.m, i
K — 1 1
i

YU E] solute & solvent, |

K =(yx)" I1 (%) ~11 (%) for diluted soln

i=2 12

3. Reactions with Electrolyte Solutes
] -
EEr kL

net -

(I B E - BEY V AH, AGy, AS
[ E H g Im® Y AH, AGy, S 1910 %

-]+ $21 HCl(q) IV state function F3512E4" oy FINOs oo [EI3E5H
( strong acid (5% = #EEE) :
HCI, HCIO4, HI, HBr, HNOs, H2S0,4
{ strong base :
LFE (P, I : NaOH, KOH
\ weak acid or base : T = AR

K w4 171 7.9)

A, AG'=R7.08T Ky, [l at298K
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Vi Mo+ Yo Mow ?
K, ="—"" MNLTOT OF _ Ve M m, =m in thiscase
VN, Nn, Y 1,00 0,0 My,
2m2
J[1 initial [NH5]£% 0.100 m®, [l K, =—2:"— | m=0.00133 ify, =1
0.100 —m -
(¢ Debye-Hiickel law, log,,y, =-0.510] Jm —-0.30m |=-0.01774
- 1++/m
7.=0.960, F|f* 7 =¥ m=0.00140
4. JEFHTEETY B T HCHELf]
H(HCI, aq) = p(H") + u(CI) X HCL i 8BS 7 Im VS 1 m’ (B reference state,
m' w1 m° J
u°(HCL, aq)+ RT na(HCLaq)
= p°(HCl, aq) + RT Iny,m,, (HCI)/m' standard states
= u°(H")+RT Iny, .m (H")/m° H, CI' - Im®, y=1
+1°(CI)+RT Iny,_ m, (CI')/m° HCl,, — m' , y=1
WFJZ BEA - omy ,(HCD) S Elj a

#°(HCL, aq) = u°(H7) + u°(Cl) o JHIFHRE m’

{% a (HCl,aq) = yyc, - m (HCI)/m' (! THCl side ¥ %7)
- 7H+7Cl' meq (H+)meq (Cl-)/momo (EI [HJr—}yCl side _1\
= 7+7-m+m-

(m®)

4 AG° =0 for HCl, = H},, +Cl,

b Kk Lumym ey

ﬁ 7HC1(mHCl/m’)

ﬂﬁ [:E“’F’JLL*F TEES (lla,,a. T ~Hiielectrolyte(HCH)! |3 EFEJ’ﬁ'r%EJ
< u(HC, aq) = u(HCl, g) = £°(HCL, @)+ RT In P,/ P°

4l ©°(HCI, @)+ RT In Py /P° = i + u° +RT In LT
mo
5 P° L°(H )+4°(Cl)-p°(HCL, g)
ﬁ;r FBici =y y.m, ((mO)z ] ¢ K
ko

Note: Py, =k"y.>m.? 070 IE%Z’EJZLL’E’T]EI?J Henry's law oc m

)

’ I,EIT\%‘_? m].](:] zm+m_ 5 [:—H m,;t m°

f]: The partial vapor pressure of a 5.00 mol kg ! aqueous solution of HCI at 298.15 K is equal to 6.97% 107

f‘t-l

atm. The mean ionic activity coefficient is equal to 2.38. Find the value of %+ = and of .

8
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Solution

=5
ki’”) = P(HC)) = 6.97x107 atm > =4.92x 107 atm ng mol™

yim*  (238)(5.00 molkg™)

— (8.3145
J

K1) mol'(i1)) (298. 15 K) X In[((4.92 x1101'17) atm) (1 mol kg (11))'2)#(1 bar) ((1.01325 bar){(l atm))]

]

=1360 X 10° g =1360 [J .
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7.5 Buffer Solutions
(1) lﬁ}f’f pH = _loglo[H+]

7H+ mH+

o

Mt pH =-log,, a,. =-log,

<ffl1> (O CH,COOH =CH,COO +H* K_=?

€q

AGJ,( +)fLLzero(i,E.\TJ'ﬁ{tj 7, F\, Filfet i H VTP % H* 7 solvation)

g‘, table A.8 (a0 % Im° VR, 4 HEELE)
AG° =-369.31+0—-(-396.46)=27.15k] mol™

o

K= exp{ ﬁg

@ 0.1m Y CH,COOH V pH fii?

2

}:1.75><105

£y =1, fl——=1.75x10" ", x=131x10" m°
[ 0.1-x
Ny
' Davies Eq., log,,7, =-0.510z,z_|- —-0.307
E q g107, | | |:1+ﬁ

]:%Zmizf:1.31x10_3, Ty ~0.9655

2=2
25— 21.75%10° , x~1.36x107

0.1—x
pH =-log,,1.36x107 x0.9655 = 2.88
N8 . =7.
(2) Buffer Solution : 5@@3[%}1%2@& 59 PA e+ AR
HA=H"+ A"
a.a. a.y.m.
K, =20l GalaTe s 1)
Apy Mya
n, n,
My, m,.

= 1 kg solvent - 1 kg solvent

Ff,y pH = pK, + loglo(nsyAJ <~ ﬂﬁzﬁ]ﬁé
n

a

~ pK, + loglo(ﬂ
n

( A[JHenderson - Hasselbalch Eq.) T %7y

a

10

j ify, =1, EJ[J%[@JHIEI”T%% =

B T

]
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Pl buffering: ™1V BRIEANL

CO,,=CO,, k™ =124%10° Torr  at 298K

CO,,, +H,0=H,CO;,, K =258x10" AN FHF= 6 SJF SRLD | x SIS0 ] Torr
Y122 p ionization , H|[F=T ﬂ,ﬂfﬁ Bkt CO,,, = H,CO,,, VI

(' H,CO,,, =H, +HCO;,, K, =1.70x107"

HCO' 349 = Hy,, +COY, K,=4.69x10™"
® 760 Torr ™ CO, iﬁﬁ?\*’J‘HLpH =9
P P
Xeo, =m0 T (504 v oxa s,
* ™ 1.24%10°  1.24x10
m+——
Ml
X~ MW of solvent in kg
-4
ey = o130 6 034 e
*0.018

@ iﬂﬁﬁ'ﬁ%ﬂmcoz(aq) ¥ H,CO,, . AR [CO, ]+ [H,CO;]

i (H")(HCO3) _ K, d54 (HHHCO3) K,
(H,CO,) {(H,C0,)+(CO,)}
a
1 2.58%107° _;_(;03 Al aco, =388 dy o,
CO,
K =K (H,C0) L 710 =437x107

(/7;93/)+(c0 )} 389

5\5‘\(\ Ng ]:[J buEx it

2

PR R, 437x107 :ﬁ Cx=1.22x10" m°
(xzaH+ zmm)
<Note> By=r FYF=fie=" 1 i, H “E'(’jf%ﬁ;’}ﬂﬁ:l]xl()“
389
FH10.034/389 5% ayy oo, (% 0034x2389x 17;81904 =4.37x107

pH =—log,,(0.000122) =391
® U]y, , B 7, =0.987 , 7 pH =391

(3) * [Tl pH i PICONE Dl
ikl (hyperventilation)
A1 pH ), FICO, 557
pHﬁ gjgl —>}[—J%§<4 BHE [ ISP A 387 CO, — [ pH [l

11
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7.6 Temp. Dependence  fji[[ 1=/ 88A17;T =AH §Y aAac;/T =— ?f

AH YT &L constant, ™| AH(T) = AH(Th) + AC, (T—T1) (%

b

WKL) _ AH(T)
T2 Ti R 1 2

| -
Hl X(T) R
Principle of Le Chatelier =%7# respond to “stress” by fi'I'] Tii | “stress” ¥V~ E
51 O SRS T PR (R )
@ FH~ e, I mole @], HIIESTT Gy (s gt

Kx = (PT/PO)iAVKp
I Av RLETfifi(mole B ), I[VEs Ky, i i 2

12
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7.7 Biological Systems
@© ATP+H,0— ADP+P [RIfiF %’_F,'Lqﬁj EEEVVEES | ) glucose — glucose6 - phosphate
ATP I ADP JI{%= Ca ™~ Mg 7% complex e [ | [M+] V activity T ERIEE
3p] Hi 2 [“modified standard state” (PNH! T-{1Y standard state 1 “real” "), J] ¢ AG®" = -29.3 kJ mol
for 298.15K, pH =7.00, pMg=4.00 ATP/ADP [V ¥&3"Z2 1/ complex

pMg = —logwaMg+2 = _10g10[7mg+2 Cope /CoJ
[ff ADP f|ufj||~ [Ei@pil ATP :

f7]: PEP+H,0=P, +P AG=-53.6
+) ADP + P =H,O0+ATP 293

fix ADP+PEP = ATP+P, —243 N
PEP : phosphoenolypyruvicacid H—O— ]lr_ O—H
P, : pyruvicacid o 0 O 0
2 CH,O—C=8R [
P : HPO, Sh—C—e=QH

=1 [S;Z?_FEIEJD:— enzyme (pyruvate kinase)
{ E+PEP=EP+P,

EP + ADP =E + ATP
@ [MEE R “active transport”  ADP+PEP = ATP+P,

REZR AFigure 7.4 * S SEREI (T (FCA > Cl4 A)

T —— Fraz!
Al J@ %L spontaneous

enzyme \_/

carrier C | 2 FEIY = {Cv b= Aﬁﬁ
=2 Aﬁ“@%ﬁ

spontaneous

T “ﬁE}HI F|*| ATP — ADP I'] ¥ enzyme rl IEUj nonspontaneous I/ process 5 &
FIES TSR f{ HIER [RRE SV, 3F Bl 1

b1F © HS+CO — H+0CS AH’ =52 kJ mol™
(il HS+CO < HSCO AH® ~ 0

HSCO + 0, — HO, +OCS AHP = —164 kJ mol™
9 : FH]H+0, > HO, AH® =216 kJmol™ Ay vz s (plsb =

13
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