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Chemical Equilibrium
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At equilibrium:  rate forward = rate reverse
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Homogeneous Equilibria: Reactants/Product all in a single phase.
Or

Homogenous equilibrium applies to reactions in which all
reacting species are in the same phase.
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2HI(g) =——= H,(9)*+1x(9)
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N2O, (9) = 2NO; (9).

N,O, (99 —=2NO, (9)

Start with NO, Start with N,O, Start with NO, & N,O,
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The NO,-N,0, System at 25°C

Initial Equilibrium Ratio gf
Concentrations Concentrations Concentrations
(M) (M) at Equilibyium

[NO,] [NO,
[NO,| [N204] [NO,| [N2O4]

[N2O4]  [NO4]
0.000 0.670 0.0547 0.643 0.0851 465 % 1073
0.0500 0.446 0.0457 0.448 0.102 466 x 1073
0.0300 0.500 0.0475 0.491 0.0967 460 % 1073
0.0400 0.600 0.0523 0.594 0.0880 460 %103
0.200 0.000 0.0204 0.0898 0.227 463 %103
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NaCl (aq) + AgNO; (ag) = AgCI(s) + NaNOs (aq) i
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INn Most cases

K. =K,

Legin A83all a5y AUl 4 il
Kp = Kc X RT 4"
Alelaiall o) gall Y g 220 - 2l gl Y ga 222 = ( An) Sus

-

An = moles of gaseous products — moles of gaseous reactants
=(c+d)-(a+b)
¢ aBdall oda ciplas (b (il (s 3u e s 5 CSlg
Relationship between concentration and pressure obtained from the
ideal gas law.
Recall PV = nRT

aA (g)+ bB (g) = cC(g) +dD (9)
_ PR (ICIRT F(IDIRT )"
" PPy ([AIRT F([BIRT)
_[CIFID)*(RT)"
[A]*[B]°(RT )™
Kp _ KC(RT )(c+d)—(a+b) _ KC(RT )An
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N,(g)+3H.,(g) <= 2NH;(9)

PV =nRT
~P=1RT
Vv
. P =[Gas|RT
N,(9)+3H,(9) < 2NH,(g)
2 PZ
KC:[NLIS]S ORK, = NH33
[N,][H,] Py, ¢ Py,
< Pe,  INHFRTY  [NH,T o(RT)?

PR INIRT)e[HFRTY N,JHT
Kp = K_(RT )"

s AW CMe Wl (ha JSI o 35Nl Adataa s
250y + Oy —— 250yy
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2
K, = Pso;
P 2
PSCIE KPOE
Nag) + dHzg  ——= 2NHyq
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N,O,4 (g) = 2NO; (9).
_INO, P2 < Rio.
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Haber Process:
N, + H,~—INH,

-
Balance:
N, + 3H, = 2INH,
K = 7
K= _[INH,]* _
[NL[HL ]2



K= [3.1x10? mol/l.]?
[8.5x10 ' mol/L][3.1x10mol/L]3

= 3.8x10% (mol/L)?

¢e ) LiuSe 13) dhasy 0l

What happens if we reverse the reaction?

2ZNH, —— N, + 3H,

K™ = 2
K7 = [NL][H, ]2
[NH,T?
= 1/K
= 1

3.8x10% (mol/1.) =

=2.6x10° (ol 1)<
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CH;COOH (aq) + H,O () —— CH;COO" (aq) + H;O* (aq)

« _ [CH;COOT[H;07] [H,O] = constant
¢ = [CH;COOH][H,O] 2

_ [CH,COO][H;0%]
~  [CH,COOH]

Ke = K¢ [H0]
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Heterogeneous Equilibria: Reactants/Product in more than one phase.
:Jhe

CaCO4(s) = CaO((s)+ CO,(9))

. a 5 a = constant
KE = [CaO][CO,] [CaCO,]
¢ [CaCO,] [CaO] = constant
— _ ‘ [CaCOB] —
K. =[CO,] = K, X iCaol Kp =Pco,

CaCO5(s) ——= CaO (s) + CO, (9)

T=650°C

‘ e Same [CO2] e
e, b ®
. L Same K . ‘ '
‘ //

CaO
CaCO;3 ’ e, s
¢ L solids do not . CaCOg E%&,
ﬂ change their

concentrations




CaCOg3 (s) — CaO (s) + CO, (g9)

Kc = [COZ]

At equilibrium, [CO,] does not depend on [CaO] or [CaCOs3]

OIS g b < Y (Aaball 3 gall g A i) guad) ) Culil) 308 10 <uld 3 gal) ; Adiadle

The concentration of solids and pure liquids are not
included in the expression for the equilibrium constant.

2 Al Jla

2NaHCO,(s) < Na,CO,(s) + H,O0(g) +CO,(9)
(in a sealed container)
« _[c0][H,0][Na,cO,]
[NaHCO, [
BUT : for any pureliquid of solid, theratio of the amount of substanct
to the volume of substanceis a constant

1 mol 2mol

= =25.7mol/L
0.0389L. 0.0778L

for example : NaHCO,

therefore

[NaHCO,[?
[Na,cO,]

[co,][H,0]=~ Ko
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Concentration of pure solid or liquid constant!
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—— | o] Same Molarity!
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Heg) Heg) | | He

e Same Molarity!

e===| Different Molarities!

sees il l XX T (Gases occupy entire container)

Different Molarities!
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2Hag + Oz = 2H20q)

Kc = [H,]°[O]

Nagg™ + Clag” NaClg+ H,0q | Kc=[Na™][CI"]
COy CotOzg | Kc=[COJ[O,]
Ha(9)+CO(g) = H20(9) +C () | k. = %
Cu(ag)”" +2Ag(s) = Cu(®) +2Ag'@a) | . - LGu)
KG = [COx]

CaO (g) +CO2(g) = CaCO;(g)
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N2(9) +3Hx(9) —— 2NHs(9)

2HI (@) — H,(g) +1.(9)

250, (9) +O2(9) — 2S0s(9)
Jall
K. K,
_ [NH3]2 K _ plle3
’ [I\lz][l_lz]3 P Pn., p,:jz
:[HZ][IZ] K — sz p'z
Cc [HI]2 p pﬁu
___[SO,F « __ Pso,
: [SOZ]Z[OZ] i pszoz poz
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CO (g) *+ Cl, (g9 —= COCl, (g)

Dt % VE ol ada o e ol V) die il 58 il o o

Carbon monoxide [CO] =0.012 M
Molecular chlorine [Cl,] = 0.054 M
[COCI,] =0.14 M

¢ Ky, Ke oY)l il
Jall

_[COCl,] 0.14
¢~ [COJ[Cl,] ~ 0.012 x0.054

=220

K, =K (RT)A"
An=1-2=-1 R=00821 T=273+74=347K

K, =220 x (0.0821 x 347)1=7.7

s Jetall sV s laay e

2NO; (9) ==2NO (9) + 02 (9)

the equilibrium pressure of ) O, 4 ¢ 33V Jakia salad (IS ) o o v o o 2ic Y OA o
. Pnoz = 0.400 atm , Pyo = 0.270 atm ¢ ale 13 (O,

Jall
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_ PfoPo,
p 2
Po,
2
F)NOZ

PO = K
2 2
I:)NO

p

Po, = 158 x (0.400)2/(0.270)? = 347 atm

s Qul Jeladll & o

NH,HS (s) ——= NHj; (g) + H,S (g)

. 0.265 atm s 3l A 35l Trall o alely) Jeladl) 13g) K, K s

Jal

Kp = PNH3PHZS =0.265 x 0.265 =0.0702

Ky = K (RT)4"
Ke = Ky(RT)
An=2-0=2 T=295K

K. =0.702 x (0.0821 x 295)2 = 1.20 x 103
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L sl o mlaiil H, 5 CO 5l HyO 5 CO e uill (530 2 8 1) psige a2y J
& H,O (= Js<0.250 mol 5 CO = J = 0.250 Mol a5 138 | oS 5l 5 68 4l
o die o) 5V 2ie Ja glaall a5 sl 900K ol a da 0 e 125-mL 4ixas (3550

L Jelill 131 156 & KC ded ol Ll o) 5all da

CO(9)+HO(g) =— CO;(9)+H:(9)

N
AN (M) Jsalls (188 O g & 3880 JS

[CO]= [H,O]= 0.250/0.125L = 2
concentration CO(g) + H,0(g) === CO,(g) + Hy(2)

E initial 2.00 2.00 0 0
change -X -X +X +X

I equilibrium 2.00-x  2.00-x X X

15



CojH) _ & & o (xp
[COJH,0] (2.00-x) (2.00-x)  (2.00-x)2

Ke=

v1.56 =

=+/-1.25

2.00-x

x=1.11M Bico,= =110
2.00 - x=0.89M Bico) = (H.01 = 0. soMil

sl Jelall (Ke) ol 3 cald (5 12800C e o

Br; (9) —— 2Br (9)

Jthe initial concentrations 44 s¥! <3< il culS 1361 .1 x 10-3.  s&
1 55Y) 2ie Br2 s Bros JS _pS 5 cuan i [Br,] = 0.063 M and [Br] = 0.012 M

Jall

Let x be the change in concentration of Br2
X s Br2 38,8 Aol of i

Br, (9) — 2Br (9)
(itial (M) 0.063 0.012

I 06 ©1ange (M) -X +2X

(Bjuilibrium (M)  0.063-x  0.012 + 2x

_ [B® _0.012+2x)7 3 Solve for x
°~TBr) <= o0063-x _T1*10

16



_ (0.012 + 2x)2
¢ 0.063-x
4Ax2 + 0.048x + 0.000144 = 0.0000693 — 0.0011x

4x2 + 0.0491x + 0.0000747 =0

=1.1x103

- 2 _
ax? + bx + ¢ =0 % = bJ_r\/Io2a 4ac

(= -0.0108 G = -0.00178

Br, (9) <—— 2Br (9)
Initial (M) 0.063 0.012
Change (M) -X +2X
Equilibrium (M) 0.063 - x 0.012 + 2x

At equilibrium, [Br] = 0.012 + 2x = -0.609 M or 0.00844 M
At equilibrium, [Br,] = 0.062 — x = 0.0648 M

KC ol S 5 s Lgiad il o) gall 38 53 e ol jall da o pla )l ili L .
-4yl ke laill

(@) CaO(s) +H,0 () <= Ca(OH),(aq) AH®=-82kJ
(b) CaCO4(s) <~— CaO(s)+ CO, (g) AH’ = 178kJ

(€) SO, (g) <~— S(s)+ O, (g) AH® = 297kJ
N

(a) CaO(s) + H,0 (I) ~— Ca(OH),(aq) +heat

o2id 5 [Ca(OH),] S i paday Qlual () delaill olad) g Cogu o)) jall 4 3 g S )
. Kc

17



(b) CaCO3(s) + heat <~— CaO(s) + CO, (9)
Ko B glisdl 5 [CO2] A g,V da el I andy b g Je il
(c) SO, (g) + heat ~— S5(s)+0,(9)
CKe Gl ¥ 5 [SO2] b g il dag ) (A dady o g Jolill
2 sl J semna (e 33 (Sl el (e S anall 8 Gy @3 el ale e
¢
(a) CaCO3(s) -— CaO(s) + CO, (9)
(b) S(5) +3F. (@) <=—  SFs(9)
() Cla(@)+12(9) =— 2,Cl (9)
Jall
adddy Ledic dale ddiay b3S 5 e i Cogw Lgaaa (8 ) 08 S ) ) 5 Laie
oSl s J81 Y ge a0 L il dgall ) 4y Co g Jelaill lac (Jasaall oo ) aaal)
vice versa zusa

(@) CaCO3(s) ~— CaO(s) + CO, (9)

(biall (=8di ) anall & 35 g ¢ A gana 33 g 292 gall a6l S 8 CO,

18



(b) S(s) +3F2(9) <—  SFs(9)

il (i sa Sl ¢ gl gill 4y Sl Y sall dae (e ST Do Litall 4y 3Ll Y sall 2ae () aa
- Ol Je @l olad) ity (S (aiall 3y 3) ansll

(©) Cb(@+1:(9) <=  2ICI(g)

Y oaaall A el ol N ¢ adalaal)l ails Ao 5l Y se 20 (g sbady Adalaall o2a 8

Y

S5 andll ey I AN ) Wle iy ¢ ke e e Jgeanlly o el due 58 puani] @
b LS (S Adad 0 268 510 & ghal) 5 el iy S Alalaa Ba e (roalal
- Al Jela
H2S(g) + 0, () <~—  2S(s) + 2H,0 (g)

- g ik
0, <=l 1Y [H,0]
O, il 1M[H,S]
H,S Wi 13 [O,]
S <l 13} [H,S]

Jadl

Jelitl) st ool ) Cajeil K o Lyl g Q dnaladl dlabaall Y f (5 53 alaill i3 Laie

Q = [HZO] ?
[H.S] “[O.]
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: O, ciwal 1)) [H,0] o
adin AN ¢ K A as o S ) daals Jelail) aady g (addil Q 4ad (18 <02 4dla) dic
. H08 5

: Oy cizd) 13 [H,S]  »
oatdh e K Jas p (Sl 4als Jelal) 4ady g (ddsl Q 4ad (8 <02 4dla) die
. HpSo8 5

: H,S Wi [O,] o
oasdiy N Kl aa S olad) Aals Jell) aaty g a8 i Q 4 (8 «H,S 4l ) e
cOpS 5

: S ciual 1) [H2S] e

Ol 253 5a Sl Giany Lallls Al a3y Q (K)o Aslas (e e 33 sl <y 51
Sy H2s ¢y Jeay

2NOCI(g) <= 2NO(g) + CI2(g)

Ne g, 1.00 L 4% 3u52 42 NOCI o< 2.00 mol g o3 bl Jeliill & o

. K 4 caunle NO ¢ 0.66 mol/L 25 o)) 33!

20



Jall

[NOCI] [NO] [CI2]

Before 2.00 0 0
Change
Equilibrium 0.66

[NOCI] [NO] [CI2]
Before 2.00 0 0
Change -0.66 +0.66 +0.33
Equilibrium 1.34 0.66 0.33

:dc\éﬂ\‘_g: °
Ha (@) +1:(@) <~— 2HI(g), Kc=55.3

@:f:‘b
@ N

e S €5 ual 1,00 L ians 3599 8 Hoand I, (e JS 5 1.00 mol s
O xieH,

21



Jall

2
- T = 55.3
[H21[l2]
[H2] [12] [HI]
Initial 1.00 1.00 0
Change
Equilib
[H2] [12] [HI]
Initial 1.00 1.00 0
Change -X -X +2X

Equilib 1.00-x 1.00-x 2X
Where x is defined as am’t of H2 and 12 consumed on approaching

equilibrium

[HI]1°

€T IHulil | T

_ [2x]° _
Ke = [1.00- x][1.00 -x] 223

22



2X
1.00 - x

7.44 =

x = 0.79

Therefore, at equilibrium

[H)] = [l,] = 1.00-x = 0.21 M
[H] = 2x = 1.58M

2d-°1§35\ @ °

No@u(@) = 2NOy@)

¢ oY) die S s Lé e 0.50 M sa N204 J Y1 3l <1l

Jad)

[N204] [NO2]
Initial 0.50 0
Change
Equilib

[N204] [NOZ]
Initial 0.50 0
Change  -Xx +2X
Equilib 0.50 - x 2X

23



_ [NOoP

c = = 0.0059 at 298 K
[N2O4]

Rearrange: 0.0059 (0.50 - x) = 4x,
0.0029 - 0.0059x = 4x2
4x, +0.0059x - 0.0029 =0

This isa QUADRATIC EQUATION
ax2 + bx + ¢c=0
a=4 b=0.0059 c=-0.0029

-b + \/b2 - 4ac
2a

_ -0.0059 + J(0.0059)2 - 4(4)(-0.0029)
2(4)
x = -0.00074 + 1/8(0.046)¥2 = -0.00074 +0.027

x = 0.026 or -0.028
But a negative value is not reasonable.

Conclusion
[N,O,] = 0.050-x = 0.47 M
[NO,] = 2x = 0.052 M

24



Basy e ZlY 5l i ae Gaasoaedl Jle deldil () 3V Qi el sl @
T HI = JUlS Gl 53 sie o gall 38 53 o Cade 13 4y g da )3 €90 die G g ygl)
. o¥51.02 , H, =0.0862 , I, = 0.263

Sl Jelal) 8 o) 33V sie el Jaral) o Caale 1)) o
PCls = pcl; + Cl,
die Jeldll Kp 4wl ualé : PCI5 = 0.875 atm , PCI3 = 0.463 atm 2
Ayseda )y Yoo
& 2lhall NHAHS (e 4e Cma gt NH4HS = NH3 + HoS Sl delatl) 8 o
baall cual s o) 1Y) aie e I 5 el larall sl (5 s da ;0 YO die ¢le

LS da Yo die Kp = 0.108 of caale 131l jlall IS

s A Jelall o V) el of cadle 131 o
Mox ¥ gske N, + 3H, = 2NH;
¢ Lt 3 ) all Ax o 2ie NH3 = 1/2 N2 + 3/2 H2 Jelall ol 3y culh dagh Lad

£0.+ aie KC oY) el (b Wle N + 3H, = 2NH; Jeliill KP dad sl o
) Ao Ve X YT sl s s dn )

T HI = Hy + Ul Jelall o) 590 culi ded culS Taa Alle 55 i p2ic o
oBi iy ded 1y e JY 5 V8 5 Hy (e JY 50 2.8 ¢ HI e ¥ 50 +,0 Lals 31304
el Guasy oladl (6 3¢ (Y Ala ) deléil) deay Ja ) 2 sall 380 53 &
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:SO3 = 2802 + Og ‘;Jtﬂ\ Jelal) ‘_é
OF O35V die 2 55 SO5 e Jse ¥.0 ) jaie 4paS i1 ) 0 s o) A auia s 13)
Kc .01 3 Culfdad sl % YA 58 SO3 (e lSaiall duus

:803 = 2802 + 02 ‘_“J\ﬂ\ d“—uﬂ‘@
u\)ﬁ‘)}\mhjjsoswdﬁ A LAJ\JSA:\:\ASﬂ\OYﬁM;M\@@aJ\J;\
3._;‘)3‘\~~ m&pr}ch%\dﬁ'.'\iw L.SJMSOQ,U*Z\:—.’S-‘L‘:‘:““S
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