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CHAPTER 13
CHEMICAL EQUILIBRIA

Introduction [13.1]

Basic idea of this chapter is to set up equations which all one to calculate the concentrations of
reactants and products after a reaction has “run it’s course” (after the rate is no longer changing)

One-way versus Equilibrium Reactions

+ For some reactions virually all reactants are converted to product (“one way”)

* For other reactions, only part of the reactants are converted to products (“equilibrium”)

One-way A— B

Dynamic Equilibrium A=B

e.g., PHASE CHANGES are often in equilibrium

Bra() = Bra(9)

Cone




Reaction Quotients & Equilibrium Constants [13.2]

A\ Ma\w
aA+bB = cC+dD comesil o
' tient — O, — [C)¢[D)¢ 0. — [PRODUCTS]?
reaction quotient — c = [A]Q[B]b c = [REACTANTS]T
... for example...

4 HNs(g) + 7 05(g) = 4 NO,(g) + 6 H,0(g)

[NO,|*[H,0l°
[NH;3]*[0:]

Qc:



Reaction Quotient vs. Equilibrium Constant

« At equilibrium, the ‘REACTION QUOTIENT’ is referred to as the EQUILIBRIUM
CONSTANT, which is assigned the variable “Kc” (rather than Qc)

W ey 46"‘.‘"&% Con5lanl = Kc

Caveat!!!

Kc changes with temperature



Shifting toward Equilibrium: Kc vs. Qc

+ One way to know if a reaction is at equilibrium is to compare its calculated Qc value to the reactions known Kc value
(this assumes Kc is known)

Ls if Kc > Qc, then the reaction will shift to the right (the measured situation does not have enough product)

Ls if Kc < Qc, then the reaction will shift to the left (the measured situation has too much product)
+ Remember, Qc will change until it equals Kc; that is, the reaction will keep working toward equilibrium

o, estd

K.{q,

memory device

K>% K=Q K LR
SHET KT 7 SA(FT LFT




Visual aid: Relative Sizes of “K” =
L If K= 1, then [PRODUCTS] p is equal to [REACTANTS]Ar _ et
Ls If K< 1, then [PRODUCTS]”p is less than [REACTANTS]Ar Y B

Ls If K > 1, then [PRODUCTS]”p is more than [REACTANTS]Ar L/’/A—/_“

L%ﬁmﬂ A&quo

K« K “K'»m
2w, [peop CPeoDT Yoy
Yorge.  Cesaed Ceagetl swelll

+ In industry, companies tend to want to make product, and so desire reactions for which K is as large as possible,
which means little reactant is left over (unreacted). This translates to more product to sell and less waste.

(EX) K vs. Q — Reaction Shift
¢If Ke for a reaction is 65.0, but the current concentrations of reactant and products give Q = 38.1, what
will happen to the reaction mixture: it will shift to the right; it will shift to the left; or it will remain as it is?

K. S & 2 Shifd vvin right
éSLD 38.(



— Need to know next three sections to be able to write expressions for “K” —

Activity vs. Concentration

+ Activity and Concentration are related, but they are not exactly the same...

+ ACTIVITY is the “effective concentration” at specified conditions
Ls activities are dimensidnless '
Ls for DILUTE SOLUTIONS, activity ~ [conc]
Ls for PURE SOLIDS AND LIQUIDS (consensed phases), activity = 1
Ls for BULK SOLVENTS, assume activity = 1

NOTE:

recognizing the above unity activity situations can greatly simply some of the
calculations to come... factors of “1” can oft be ignored, simplying many
equations which would otherwise be more complicated



Homogeneous Equilibria

* All reactants and products are present in the same phase
» Two types

Ls all liquid solution

Ls all gas solution
* Review

Ls (s) = solid, activity = 1

Ls () = liquid, activity = 1
L> (9) = gas
L (

aq) = aqueous, activity = [conc] if dilute



Partial Pressure vs. Concentration

+ Because Partial Pressure is proportional to [CONC], equilibrium constants for solutions containing gases
can be derived using pressure

PV=nRT 25 p—-"RT 2+ PV -MRT => P M

Generic expressions: Can write GAS solutions in terms of Partial Pressure or Concentration

aA(@) = bB(g) + cC(q)

(Pp)*(Pc)° K — [B]*[C]°

Kp = (PA)a [A]a

Caveat!!!

K, # K.



(EX) Expressions for K
¢ Write expressions for Kc and/or Kp for the following reactions?

1 H30(;§ = Zuﬁa) "'02 cb)

20, () + By So () = (wH,), 50, Gs)

t

= [u“‘}.y.

Lang)

n

[

»n

K-t = (2
r (FM(Q (""‘}3

Kg = Eozj Kf s



(EX) Expressions for K
¢ Write expressions for Kc and/or Kp for the following reactions?

Tn Openshax ...
ofban, 9 = Plap+20mn K= La™1la]”

[
°© GO () + Cou¢py = Cal04(5) K= /[CQZ]

C 2
o Coy + 25 = CS, @ v E= s
o R, ) = B, () K= [en]
0 CaOcs) + 0, P= Cal03 () KP-’ l/?co,_

o Co) «+ 2SS = C_S,,~ C3) Kf’ - Pa%‘)s):_



Converting Kp-to-Kc, and vice versa

Kc(forward) vs. Kc(reverse)

£ _C8 fup ST S
A B K=zmg —— K ta 1,

1
Kc,rcverse = K

¢, forward

Kc vs. Kp
BCE coefficients
Pl giffe —  N44er Side
K r :&IK c (rCT)

K, = K.(RT)?"



(EX) Calculateﬁ Kp Xrom Kc \
¢ The equilibrium constant for the Haber Process at 500 °C is 0.286. What is Kp??

N»(g) + 3Hz(g) = 2NH;(g) K.~ 0. LG

— —_— \/ \,\,
4 ek 2 nale : KC(@’TN/\

(2-4)
Kp =K, (RT)An = (0.23L) (o.o?g_()(qq_}):l S R




How Kc changes with a Coefficient Change

Kp,m:i-gma%- - K]T)l,new’ "= MW{_-I'}JLW/ fﬁac—n/

N v Oy %W = e

eq. 2A = 2B ~+~cC K(_._Qt"l— - 9
"

conetions  drd K. chawges
C‘aawg( ble cheist so (eome]) can

U5 Ax’E(e:m;U Caz-Q(_ 5‘\1;(‘]"\2 Sama



(EX) cont’'d
In a previous example, K was determined to be 24.5,

2N20 — 2N2 + 02 KCV 24“'5—

¢What is Kc for the reaction...

NQO = N2 + 1/2 02

The mul Vplicalion Galo s Y. Dyat stk ser-
and po-Gua RICE. Ritha . .-
SN

- -,@4% )”"Q“ - @as) %
K. = 4as

new




(EX) Calculate Kc from RICE
¢,10.0 moles of N20 are placed into a 2.00 L container, where it decomposes. At equilibrium, 2.20 moles
of N20 remain. What is Kc?



(EX) Calculate Kc from RICE

Ll

¢,10.0 moles of N20 e placed into a 2.00 L container, where it decomposes. At equilibrium, 2.20 moles
of N20 remai

200 L § /\g (
(00 pels | ——= (220 w5 @ 2pi T
Ml_.mw/% ~ 00 - 5.0° 220 KR
L 2.00 2. 00
L2 Vo == 2N, + 0,
R e TS
¢ -3.70 +37  L(9) =<
¢ (.10 3.90 95 & EQ P }L
. 2N
TAREN G.an™ | a5 0
e T ————— = | 24.5 |l ‘
S Sk (10)> ‘L“ s A




S~ L

if one started with 0.400 mol of A& B ina2.00 L

EX) Calc EQ concentration from Kc
PWhat are the equilibrium concentrations for A,B,C,D
ainer, and knowing Kc =

R A o+ B — a+ 0O 040244
| 0.200 D.200 O o & T— el
o2y . (5 o (FS O
< e — 1 K+ X ”
“ ~ Y _ a8l
U 00— 0200 < | x K. = 49 =
6- 025 005" 0125 o.F¥ E/‘\J [n\
Do  0.aw—F
K, = 4= K-
(ow‘?c) (O \ov <) Lo Loo —7<>7]L
X = 7‘(0-100—><> Y _ 7
X~ | qo> — 4 X 0.20 =X
¥x = (.40

i\( z o0.URS |



(EX) Calc EQ concentration from Kc

container, and knowing Kc = 497

Ll

¢ What are the equilibrium concentrations for A,B,C,D if one started with 0.400 mol of A& B ina2.00 L

/VlA = M g = 0.400 w\l/z.ooL = 0.200
(& A + B — < + D
! 0.100 d.200 ¥ -3
c  -x% ~ + X X
£ 62X 0.2 —x X <
1l
KC: 4.9 - (X)) (D

(0.2-x)C0.2-%)

m ~ ’)(7" FWM
B (0.2 ~>)*

%

s%m B 0.2 ~¥K
A= 0200~ 0175 = d.0z5M 7 (0~ =%
Lo . ~ 0.005M L4 -3x =X
= X= 6125 <— ¢ = 8%
D=z X = OdFS O\Fs =X




The Quadratic Equation

for ax” +bx +c =o0

< = —b J b* - 4ac

Za




Shifting Equilibria [13.3]

_ [PRODUCTSP <
© = [REACTANTS| . — "® % oie chamos , anchec wasfies

B T Resroee, K

Rock-the-Boat: LeChatlier’s Principle

K% D
Pacv lnev lncy DA:V
REACT ‘ REACT EC"” <l PROD | | PROD i j

I_l T I_l A—p «AY A“:(—B
CheecT T A [ frooTy

@Tuwa @00

@ Trev Lkt
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Shier 2T



P = (VI /é) T CCahc’]
U
\lf A ks betw Sikas l
Cheac7 I A L eeopy

o 5Y3 wadks Jo keep Jque auswit st I,CQGCJDED/UD'SH

@ TP,V = wae avardsl — SHFT 4o sk Had
U Suhise, 2 P Geles

® &P,Tl/ = less &MM —> SHFT o sk fd
9w | ARLsn. = P Gcles

Catalyst
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(EX) Predict Shift
¢In a closed container at 500 °C, predict the effect if . . .

N.>(g) + 3 Hy(g) — WAH AH = -92 kJ/mol rxn

A — N
@ Forw mar MH, Sy Sys SHET @T — Q{M
® Rewaa, ¥ UH, SHFT AT —s
® Rorwpre, J No SWPT LFT =—
® *Poue b & s SHET 2T —= (e 4 cruidin)
® 1\7.0_1410 SHPT LFT &— Gwn is $x0)
® odh Gl Vo SFF<eT



The Haber Process Dilemma
(a case study of when equilibrium and kinetics work against each other)

Ny(g) + 3 Hx@) — 2 NH;(g) AH = -92 kd/mol rxn

"= AdL heek  sWfls R LEFT, Lk ..
L= fowora ‘\n.ik' ey LxU mcomwicﬂ-% Sl (a(bu@ <4‘5'D°C>
N%

K-ew-nJB O Remeve pProhuzl o dvive RxW KT
© Mgk Temp veplaces Froo\ud‘ vapidlv

|

JHIFT KT



Equilibrium Calculations [13.4]

Determining Relative Changes — The “I” in “RICE”

o R‘-‘—l"b pa- CoTFrp . Bcq
O Sig pa whalloe o 03l mdheid s s ) o 5qnnJ @)

L Caly oy +50,¢) = 3C0,¢) + ¢H,0 &)
I +x +5x -3x - 4

Three Basic Types of Equilibrium Problems

[ " T52)
o Cale K¢ fnc [ eua, opIR Lé/( Ltz(r

o Cule [tsacr Po3Y Lo Uo ; M Ceonc] kuoon Lid ona.

o Qle [esaer Pwo3® Lo Ko, Reg (£ RicEle)



(EX) Calc [conc] for 1 Unknown from Kc [ex 13.7]
¢ NOg@ is produced by reaction of N2 and O2 at high temperature. At 2000 K, Kc = 4.1E-4. Find the [NO] in
the equilibrium mixture with air at 1 atm, at this temperature, knowing that in air, [N2] = 0.036 M and [O2] =

T= 200 &

v n
Ko = hje-+ = Gao}
Cul\Co

e




LECTURE STOP




Ll

(EX) Calc [conc] for 1 Unknown from Kc [ex 13.7]
¢{NOx is produced by reaction of N2 and O2 at high temperature. At 2000 K, Kc = 4.1E-4. n
thebith air at 1 atm, at this temperature, knowing that in air, [N2] = 0.036 M and [O2] =

0.0089 M?

K Na(g) + Ou(g) = NO(g)

|
C —

{_ o0l o.wﬁ Kc =4.1E-4
K = Q = _L 031

- [Nll Co\

[Nel = K Cwp3Lo

(wo] = ¥ chpz‘ltﬁz—,&
=/ (41 x5~ (0.03¢)(2- 0087 )

Chod = [ 3. x|




(EX) EQ Shift Calculation: Quantitative

¢If a system at equilibrium has the following concentrations, what is the affect of halving the volume?

eex s UM - (eogaun ; [0, 3= 0770 m

(O.bLeo,ug)
new [wit) v - Lo3™ | hiles
R Nzoar & — 2 N0, ¢y © w043 " (rov4u)
|

2 (0.970) 2 (2.0¢00)
<t + X —2.x halving Vo 4 Syee LT
Z | 154 4% 0.120 —2X (b § cnvdug ; § 4 rw!-)
R mpx  yaloa 35 D.0L6o
haluing L, dole £ !

(cm‘\-—\- lose. W< foon Slak ud&}

Kz 4ile-s = (owo-2x)"

.54 4= D Quedva 1z
T~ D.2DX & [P L3 =Y

R D4— K= 0.0F D

’

Lro, 1 = (o.(20-2x)
= .20 ~2(o.07)

A =
0-0l00

(0,23~ (154 4%

= [.54 4 2.1
= 0.120 — 0.024 = 0.15( m
= 0.6
7% " Reall /E‘wcﬂ 1'54—/“
e H /7 I
Recall i nar [wiid= 0. 120

i doc iV E o5 L7l = o--mozl
v Emﬁgl:wn]—, 0.606 :| e, GRI =

N (a3 = o.08k "5

wna-  less dhen. DBL ey mawe g DBRL

problem which ilustrates a
number of the equilibrium
concepts



Approximate Solutions: when K is very small
(makes problem much easier)

o |4 K :s vavd Swuml &Q\gdmc i‘ can a-@(- hzawrl_g(
°© 5% wvug s thublesA

(EX) The 5% Rule lllustrated
¢What are the equilibrium concentratons in a 0.15 M HCN solution?

£ HCN(ag) = H*(aq) + CN(aq) Kc = 4.9E-10
\ outs F 4
C - X< + X 4
£ 0I5 K X X
~10 2
Ke = 4.9x0 :C(@T s 4_‘51)“0_10: :fg_
0.8 ~X .
Will discuss next section, how you know X = ‘/Q .,»5>(4_ Q<0 lo)
when you can and can’t ignore a value
Clhsck sB wuLs | X= 3uUx=107¢

(see next page)



The 5% Rule — How does it work?

* The basics idea is that the calculated concentration is acceptable IF that calculated value varies less
than 5% of the starting amount.

* Depending on the situation, your employer might accept a 10% variance, or maybe want no more than
a 1% variance... but for this class, we’ll go with 5%

How to calculate %Variance

QUESTION: Is the variance less than 5%7?
ANSWER: Calculate variance, then compare it to 5%.

leulated t
% variance = cacuiared amoun x 100

initial amount

(example next page)



(EX) ...continuing from the previous example problem...
¢ Having calculated equilibrium concentratoins in a 0.15 M HCN solution using the 5% rule, is the final
values acceptable?

lculated ' - ©
% variance = —culatedamount o0 o X gy = 3EXIE T o 0,006 %
tnitial amount (or C,) o.15 d.ls

ok: 0000757

Alternate mathematical version (easier math)

Is C, greater than 20 z?

C, > 20z

D45 > 20(BL<-c)
0.1§> 0.0002. . 28 asSUHtTon

-~



“BEFORE-the-calculation” best guess as to whether or not the 5% rule will work
(from source other than the textbook)

Is C, greater than 100 K,?

C, > 100 K,

0.15% 1o ( 4.9 ¢ -10d
0.157 494 -3

qn \C!

’ Qod ASSt‘LWF7lB"\

Before-the-fact: compare Ca to Ka. C, > 100 K,
After-the-fact: compare Ca to x Co > 20z



Select Review Questions

(EX) Calc % Decomposition of Product <hard>
¢ For the following reaction and associated data, what % of HBr is decomposed at equilibrium, at 1297
K, starting with pure HBr?

Fro He uxn: M20Q) + Brag) = 2HBr(g) \Le

aau
Ve valug ave: Ke 23500 @ 495k \[/ T gols W)(

Ke = (60,000 @ (247K

_ Co_
%2 Ho(g) + %Brog) = HBr@) K, crowd ~



(EX) Calc % Decomposition of Product <hard>
¢ For the following reaction and associated data, what % of HBr is decomposed at equilibrium, at 1297 K,
starting with pure HBr?

Frv Me vems [DHi0) + Brl@ = 2HBrG  }ell g o,

Y. viluss  ave ¢ Ko = 3500 @ 495K % Aar= onbradbh (las K)
K, = (0,000 @ 247K 5ot g TXOAbainic g\

e Ha(g) + Y2 Bra(g) = HBr(g)

\ & i1 1

C Pad Pa - ﬁ J(‘L
7 X R {~x KC = @4,,,;5>

2-\/[—6;;0’0'6 = 4‘90

Ko e =~ =4 &~
G

| - K= 400 % Z"— Ccl_‘l:fxmo
| = 401 x 0'2014&
= T e
: and Aissec

= |25 %




(EX) Addn of material to system at Equilibrium e
¢H2 arid 12-are mixed at 229 °C in a sealed 1.00 L container. Equilibrium is established at [H2] = (’fﬁM, [12]

=0.0 HI]l = 0.490 M. If 0.390/mol of Hl is ttpwaﬁjed, w re present when
problem which ilustrates a

quiliorium IS re-establisned
number of the equilibrium

¥ Hfg + @ = 2HIg concepts
@Q(C) 'l 0-0%0 0.0KC) 0-490 (source: W9, Ex17-11)

C, P/ g L0.300
QO_O_EQ LA pott] oot | 0. +10

C
< O T .- ART
N

)lo‘fL
H, * (:L /w(f




(EX) Addn of material to system at Equilibrium
¢H2 and 12 are mixed at 229 °C in a sealed 1.00 L container. Equilibrium is established at [H2] = 0.080 M, [I2]

=0.060 M, and [HI] = 0.490 M. If 0.300 mol of Hl is then added, what concentrations are present when
equilibrium is re-established?
otey Tlhe ‘Ruow\g s e sl«.:.,\e O\Mj (O ((uy’w“s

mann ot 24w 1 boieen, conenyeks,
Csowan LA, Qx -1 , PEI2)

Hx(9) +  1x(9) = 2HIQg) <

mol > 2.090 2.060 0.440 . (o.04a)*

:60

g 7 4 0, 20D (o0- 030) (0-b60)
0.030 o .0LD 0.%40
* X * X ~x AfyF+ 102X~ 0.3 = O
(oo +x) (oobo +x) (0790 -2« I auww
X canugt be

K = (o.390- ~2.x)

Co. 6304 %) (0. o(oo+x) lss oo £
— —
”\ 1oy /2 unks thus, must calc K from
other data /

[H,3=0.lzm (e than ovig ark 0.080)
LI,_] = p.092 M (more than oviq ark O.Dfoo)
LHI] = 0.72bm (o Ahan ”aviﬂ +Sl‘ve&s' ak 0"‘1-%)



K r= Ke (KT)AN

Cheat Sheet Notes

Kclw: Kch
Ke,rer = I/Kg
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