Equilibria
Law of Chemical Equilibrium (Law of Mass Action)

At a given temperature, a chemical system reaches
a state in which a particular ratio of reactant and
product concentrations has a constant value

For a particular system and temperature, the same
equilibrium state is attained regardless of how the
reaction is run — any combination of reactants &
products & catalysts will result in the same
equilibrium mixture of reactants & products

m As the reaction proceeds toward equilibrium, there
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is a continually smooth change in the concentrations
of reactants and products

The ratio of reactants and products is continually
changing until equilibrium is reached
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Equilibria

The ratio of concentration terms for a given reaction at a
given time during the reaction is called the “"Reaction

Quotient (Q)”

The expression for this is referred to as a:
Mass-Action Expression

The reaction quotient is written directly from the balanced
equation and is made up of product concentration terms
multiplied together and divided by the reactant
concentration terms multiplied together

Each concentration term is raised to the power of the
stoichiometric coefficient

For reactions involving gaseous reactants & products, the
concentration units are expressed as pressure units

[CF DT
aA + bB =cC + dD =
- S AT[BT"




Equilibria
m All chemical systems (reactions) reach a point where the
concentrations of the reactants & products
“no longer change”
= All chemical reactions are reversible and reach a state of
“Equilibrium”
» Reactant & Product concentrations stop changing

> The forward and reverse reaction rates have become
equal

» The rate of reactant decomposition or combination to
form one or more products is balanced by the rate of
product decomposition or combination to form the
original reactants

> At equilibrium:

I'd te(fwd) — I‘ate(rev)
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Equilibria
= Example:
N,0,(1) P89 N

> N,O,(l) vaporizes at 21°C
> N,0O,(g) begins to turn brown decomposing to (NO,)
» Initially the color darkens (forward reaction)

» After a few moments, the color stops changing as
the reaction reaches equilibrium

> The rate of N,O, decomposition decreases with time
> The rate of NO, formation increases with time
» NO, molecules also begin to collide and reform N,O,

> Eventually, N,O, decomposes into NO, molecules as
fast as NO, molecules combine into N,O, molecules,
l.e., the reaction reaches equilibrium

,04(g, colorless) 2 2NO, (brown gas)
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Equilibrium Constant

rate( fwd) — rate(rev) Kiwg & K, — rate constants

N 2 Note: Both the forward and
K fwd [N2O4]eq = krev [Noz]eq reverse reactions are
“elementary” steps (no

2
Kwa _ INO, ], intermediate products); thus, the
K., [|\|2()4]eq rate law can be_wrlttep directly
from the stoichiometric balanced
2 equation, i.e.
_kiwa _ [INOzly quation, 1.¢., :
K = = reaction orders not involved

krev [N204]eq

K = Equilibrium Constant

= The Equilibrium Constant, K, is @a number equal to a particular
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ratio of product concentration terms and reactant
concentration terms at a particular temperature when the
reaction has reached equilibrium, i.e., the forward reaction
rate equals the reverse reaction rate




Equilibria
m Reaction Coefficient & Equilibrium Constant

» The Reaction Coefficient, Q, is defined at any time
during the reaction, i.e., not at equilibrium

» The Equilibrium Constant, K, is defined at the point in
the reaction when the rate of the forward reaction
equals the rate of the reverse reaction and there is no
net change in the product and reactant concentrations

» At equilibrium: Q becomes K

aA + bB [J cC + dD

: . _[CFIDI* _ : o
Q (reactionatany time) = AT[ET = K (reactionatequilibrium)
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Practice Problem

Write the Equilibrium Constant for the combustion of
Propane gas

CsHg(g) + 0Ox(g) S COx(g) + H,O(g)
Balance the Equation

CHg(g) + 50,(g) = 3C0O,(9) + 4H,0(9g)

_ [CO,P’[H,07"
[C:HI'[O, P

C

The subscript "c” in K. indicates the equilibrium constant
is based on reactant and product concentrations

The value of “K" is usually shown as a unitless number,
BUT IT ACTUALLY DOES HAVE A UNIT EXPRESSION
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Equilibria
= The magnitude of the Equilibrium Constant, K, is an

indication of how far the reaction proceeds toward a
product at a given temperature

Note: the reaction rates are equal at equilibrium, not
necessarily the concentrations

» Small K (< 0.001) — The reaction forms very little
Product

» Large K (> 1000) — Reaction has gone to completion,
with very little reactant remaining

» Intermediate K — Significant amounts of reactant
remain and significant amounts of product have
formed

4/28/2019
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Equilibria
Form of the Equilibrium Constant

> A reaction can be an individual reaction step
or a multistep reaction

» If the overall reaction is the sum of two or
more reactions, the overall reaction
Equilibrium Constant (or Reaction Quotient), is
the product of the Equilibrium Constants
(Reaction Coefficients) for the steps

K yerat = Ky XK, XKy X ..

overall



Practice Problem

Determine the overall equilibrium constant for the reaction
between Nitrogen & Oxygen to form the toxic gas Nitrogen
Dioxide — a component of atmospheric smog

N,(@) + O,g) S 2NO(g) K, =4.3x102
2NO(g) + 0,(9) S 2NOy(g) K, =6.4x 10

N@) + O,(g) S 2NS()
2NQ(g) + 0,3 S 2NO(g)

Overall: N,(g) + 20,(g) PAN[OX(s))
_ INor _ INO,T
Kcl _ c2 — 2
[N,1[O,] [NOJ"][O,]
. _ NS¢ [NO,P  _ [NO,JP
KCoverall Kcl c2 )
" N,JI0,1 INSP0,]  [N,][O,]
KCoveral = Ko X Kg = (4.3%107%°)(6.4x10%) = 2.4x10™

4/28/2019
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Equilibrium

m Equilibrium Constant — Forward & Reverse reactions

» The Equilibrium Constant (Reaction Quotient) for a
forward reaction is the Reciprocal of the reverse
reaction

Forward 250,(g) + O,(g) S 2S0;(g)
Reverse  2S05(g) S 2SO,(g) + 0O,(g)

_ [SO;F . _I[SO,J0]_ 1

Kc = = =
forward [802 ]2 [02] reverse [803 ]2 KCforward

1 1
chorward = Kc =

reverse
KCreverse KCfo rward

4/28/2019
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aA + bB [

- ([C]: bl
AT [B]

Equilibrium

m Equilibrium Constant - Multiplication Factor

» If all the coefficients of the balanced equation are
multiplied by some factor (n), that factor becomes the
exponent for relating the equilibrium constants
(reaction coefficients)

cC + dD

J

n(Aa+Bb[ Cc+Dd)

K'=K"

o ([C]“[D]”"J _ ([C]C[D]d
[AT°[B") \[AF[BP

Jn

(Math Review)

Letx=2 a=2 n=2
X =2°=4
Xna :XZXZ :24 :16

Yl :(xz)2 :(22)2 = 4% =16
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Equilibrium

m Reactions involving Pure Liquids and Solids

4/28/2019

» If the components of the reactions involve different
phases (solids, liquids, gases), the system reaches
heterogeneous equilibrium

CaCO;5(s) & CaO(s) + COy(g)
» Reaction Quotient
o = [Ca0IICO;,]
C [CaCO,]

> Pure solids, such as CaCO;(s) & CaO(s), always have
the same concentration at a given temperature

» Thus, Concentration terms for solid reactants in an
Equilibrium expression are “Eliminated”

_ [CROIICO,] _ gy 1 -
cxgo,] | oA T

Q.
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Equilibrium

= Summary of ways of Expressing Equilibrium Expressions

Form of Chemical Equation Form of Q Value of K

[Bleq
[Aleq
: [A] I
Reverse reaction: B —= A Q= = K =
Q(rcf} IBI K(rci‘}
Reaction as sum of two steps: [C] [B]

1) A C = —
(1) Q) A ; Or = IC]

2)C ——=B Ooverall = Q| X 02 = 0Oxery Koveral =
_fc) 1Bl _[B]
[A] & [A]
Coefficients multiplied by n O = Qfrety

Reaction with pure solid or liquid 0 = OQuenlAl = [B] K = Kuen)lA]l = [B]
component, such as A(s)

Reference reaction: A —— B Qtrer) = —— Krery =

4/28/2019
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Equilibrium

Expressing Equilibria with Pressure Terms

Recall Combined Gas Law:
PV=nRT or =M=
Vv RT
“P"” is the pressure of the gas (atmospheres, pascals,
or torr), "n/V" is its molar concentration - Molarity

(moles per liter, M), R =0.0821 L * atm / (mol ¢ K)
When Temperature is kept constant,
pressure is directly proportional to the concentration

When all reactants and products are gases, the reaction
coefficient (and equilibrium constant) can be expressed
in terms of “Partial Pressures” instead of concentrations

2NO(g) + O,(g) O  2NO,(9)

pﬁo Pnop — Partial Press Product NO,

Qp — 2 = Kp (at equilibrium) Pyo — Partial Press Reactant NO

B Po, — Partial Press Reactant O,
2 15




Equilibrium
m In many cases Q. and Q, (K. &K;,) do not have the
same value

m The Gas Law can be rearranged as concentration terms
and converted to partial pressures

5. = [NO, T o - Pro, n_ P
[NOJ’[O,] " ProX Po, \% RT
Nof = . o, Nop =" = Pio, gy
V2 (RT) Ve (RT) > Vv (RT)
2 P2
Mno, N022 o2 1 .
Q= vz _  (RT) _ N, (RT)
MNo o "o, Pio , 0,  Pao*Po - S % :
V2"V (RT) (RT) (RT)" (RT)
Plo o
Q, = 2 x RT = Q,(RT) Atequilibrium K =K (RT)

) PIiO X Pq

4/28/2019 e
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Equilibrium

m The actual form of the equilibrium expression developed
on the previous slide takes the following rearranged form:

K, =K, (RT)™

= The exponent of the “RT” term (An_,.) equals the change
in the amount (moles) of gas from the “balanced”
equation

Angs = moles gaseous product - moles gaseous reactant
Note: Ang, can be positive (+) or negative (-)
m From previous example:
2NO(g) + O,(9) U 2NO,(9)
An, =(@2) - @+1) =2-3=-1
m Thus, for the above reaction:

K, =K (RT)" K, = —¢  K,=K_ (RT)

4/28/2019 17



Practice Problem

A chemical engineer injects limestone (CaCO;) into the hot flu
gas of a coal-burning power plant to form Lime (CaO), which
scrubs SO, from the gas. Find K_ for the reaction at 1000°K, if
CO, is in atmospheres

CaCO,(s) S CaO(s) + CO,(g) K, =2.1x10™
Ange: (0+1)-0 = 1

_ -An_ Rearranged from
KC - Kp (RT) previous slide

-1
K, =2.1x10" (0.0821 atm ° L X(lOOOOK)j
mol e K

K, =2.6x107°

4/28/2019 18
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Practice Problem

At 100°C, Kp = 60.6 atm for the reaction
2NOBr(g) S 2NO(g) + Bry,(g)

In a given experiment, 0.10 atm of each component is
placed in a container

Is the system at equilibrium?
If not, in which direction will the reaction proceed?

o - ProPer _ (0.10)*(0.10) _
= . (0.10)?

= 0.10 < K, = 60.6

Q, < K, Thus, the reaction is not at equilibrium

The products, relative to the reactants,
must increase until Q, = K,

Thus, the reaction will proceed to the right
(towards the formation of products)

19
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Equilibrium — Reaction Direction

as the Reaction Reached Equilibrium?
Compare the value of “Q" at a particular time with the value

of Q at equilibrium (Q = K)

c d
Q = reactionatany time = Ei}aE[B)}b = K =reaction atequilibrium

e Q<K - The Q" product term (numerator) is smaller
than the reactant term (denominator)

The net formation of product will continue
until the numerator and denominator are
equal and equilibrium has been reached,
l.e., reaction moves to the “right”

® Q> K - The “Q” product term (numerator) is larger than
the reactant term (denominator)

Product formation will decrease and the

reactant formation will increase until
equilibrium is reached — reaction moves "“left”

e Q =K - Equilibrium, product term equals reactant term

20



Practice Problem

The reaction of A(g) 2 B(g) at 175°C is composed of

[A] =2.8x10*M and [B] = 1.2 x 10* M at equilibrium
Which direction does the reaction shift in each of these molecular
scenes (A is red; B is blue)?

Calculate K. from the actual reaction data. Use number of spheres
from depiction to calculate Q. and compare to K. to determine
direction.

4
Qe =Bl - 12X10 545 - ke
[Al  2.8x10°
1.Q,=8/2=40 2. Q,=3/7=0.43 3.Q,=4/6=0.67 4. Q,=2/8=0.25

1.Q.>K, Left 2.Q.=K, Equilibrium 3. Q. > K_; Left 4. Q. <K, Right

4/28/2019
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Practice Problem

For the reaction N,O,(g) 2 2NO,(g), K = 0.21 at 100°C
At a point during the reaction, the concentrations were:

[N.O,] = 0.12M and [NO,] = 0.55 M
Is the reaction at equilibrium?
If not, in which direction is it progressing?

Write an expression for Q., substitute with the values given,
and compare the Q. with the given K.
2 [055]°
QC — [NOZ] — [ ] =
[N,O,] 0.12

Q > K (2.5 > 0.21) Reaction is not at equilibrium

Product formation (numerator) must decrease reforming
reactants until equilibrium is reestablished (Q. = K)
Thus, reaction moves to the left

4/28/2019
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Equilibrium
Summary - Changes in concentration and Reaction Rate

CO(g) + 3 H,(g) & CH,(g) + H,O(g)

Forward rate

Equilibrium amounts

Equilibrium:
Forward rate Reverse rate

byl
o
s
=]
—
72
e
=
b
R
<
7]
L
—_—
=
—
-,

Reverse rate

Time ——»

B
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Heterogeneous Equilibria

Equilibrium constants for heterogeneous equilibria
2 Fe(s) + 3 H,O(l) & Fe,O4(s) + 3 H,(0)

Reaction includes multiple phases

Equilibrium expression, K., does not include
concentration terms for pure liquids or solids

Pure Liquids: H,0
Solids: Fe,05

K¢ = [HZ]3

Concentrations of pure liquids and solids remain
constant throughout a reaction

The concentrations of the liquids and solids are
actually incorporated into the constant K. or K,

24



Equilibrium Problems

m The Reaction Table

4/28/2019

>

Equilibrium problems can be stated with insufficient
information to set up the computational form of the
equilibrium expression

Missing concentration terms can be determined by first
solving a "stoichiometric” problem and then
substituting the values into the equilibrium expression

> A reaction table has the general form:

A\

odancedequaion | oA | be || co |
e [ w [ w | [ @
I I I
—fao Jweamen] e
The initial values of [A] & [B] may or may not be zero
The initial value of [C] may or may not be zero

Calculation of “X" allows for the computation of the
equilibrium values of A, B, C; then solve for Kc or Kp

25



Equilibrium Problems

® The Quadratic Equation

» The computation of the “X” term often results in a quadratic
equation: ax2 + bX + ¢ = 0

» The formula for the solution of a quadratic equation is:
X_-bi\/b2-4ac
2a
» The + sign means that there are two possible values for x

> EX. 0.56x2 - 468 + 3.12 = 0

-(-4.68) + ./(-4.68)° - 4(0.56) (3.12)
2(0.56)
Xx=76M and x = 0.73M

The correct answer is x = 0.73 M; the larger value (x = 7.6M)

would produce “negative” concentrations, which have no meaning
4/28/2019 26
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Equilibrium Problems

= Avoiding the Quadratic Equation Using Simplifying
Assumption

= Assumption: If a reaction has a relatively small K and a
relatively large initial reactant concentration, the change
in concentration (x) can often be neglected without
introducing significant error

[reactant],; - x = [reactant],, ~ [reactant];.
m Assumption Criteria:

If the assumption results in a change that is less than
5% of the initial concentration, the error is not
significant and the assumption is justified

4/28/2019
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Practice Problem

Decomposition of Phosgene (warfare agent)
COCl,(g) s CO(g) + Clyxg)
Kc = 8.3x10% (at 360°C)

Calculate [CO], [Cl,], and [COCI,] when 5.00 mol of COCI,
decomposes and reaches equilibrium in a 10.0 L flask
_ [CO][CL,]
Qc =
[COCI,]

Calculating initial [COCI,]

5.00 mol
10.0L

 |coc@ || cow | ek
os00 | | o000 | o000

Equilibrium )
I

4/28/2019 28

[COCL,] = = 0.500 M

Con't on next Slide



Practice Problem (con't)

Substitute Values into Qc

oc = [CONCLT _ xoxx X ke = 8310
[COCI,] ~ 0500-x  0.500-x '

Because Kc is small, the reaction does not proceed very far to
the right (few products formed). i.e., the amount of COCI,
reacting is very small

Thus, the equilibrium concentration of COCI, is nearly equal to
the initial concentration, and the (0.500 —x) term can be reduced
to 0.500 M

Substituting and solving for x

X2

0.500

Kc = 8.3x10% ~ x* =~ (8.3x10™)(0.500) X ~ 2.0%x107

Check Assumption

[Change] _ 2.0x107
[Initial] 0.500

x100 = 4% (lessthan 5% - assumption is justified)

4/28/2019
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Le Chatelier’s Principle

When a chemical system at equilibrium is disturbed, it
reattains equilibrium by undergoing a net reaction that
reduces the effect of the disturbance

Disturbing a System

» When a disturbance occurs, the equilibrium position
shifts

» Concentrations (or pressures) change in a way that
reduces the disturbance

» The system attains a new equilibrium position where
againQ = K

» 3 Kinds of Disturbance
e Changes in Concentration
e Changes in Pressure (Volume)
e Changes in Temperature

30



Le Chatelier’s Principle

m The Effect of a Change in Concentration

» When a system at Equilibrium is disturbed by a
change in concentration of one of the components,
the system reacts in the “direction” that reduces the
change.

e If the component concentration increases, the
system reacts to consume some of it

e reactant side: Equilibrium shifts to the right as
reactants combine to form more
product

e product side: Equilibrium shifts to the left as
products are decomposed to reform
reactants

4/28/2019 31



Practice Problem

Given initial conditions of the following reaction at equilibrium :

PCl3(g) + Cl(g) s PCls(9)
[PCI.] = 0.200M, [CLJ = 0.125M, [PCL] = 0.600 M

o, = [PCl]  _ 0600  _ ., 0
[PCL,][CI,] ~ (0.200)(0.125)

Disturb the system by increasing the Cl, concentration by 0.075 M

Cc

Experiment shows the new [PCl;] at equilibriumis 0.637 M

I I T 1Y
[PCl,], =0.200 | [Cl,], =0.125 . [PCI], = 0.600

oo | [ wos | [
v | om0 | om | | omo
T I R I
oo vaes | 0m0x | oz x| | osmrx o

Con’t on next Slide
4/28/2019 32




Practice Problem (Con't)

Compute X, original Kc and new Kc

[PC.] = 0.600M +X = 0.637 M

X = 0.637 - 0.600 = 0.037 M
[PCL,] = [Cl,] = 0.200M - X = 0.200M - 0.037 = 0.163 M

Ko - 0600
©rig) (0.200)(0.125)
0.637
Kc = = 24.0
(new) — (0.163)(0.163)

[PCI:] (0.637 M) is higher than its original conc (0.600 M)

[Cl,] (0.163 M) is higher than its original equilibrium concentration
(0.125 M), but lower than its new initial conc (0.200 M)

[PCl5] (0.163 M) is lower than its original concentration (0.200 M)
because some reacted with the added Cl,

Equilibrium has shifted to the right, but Kc remains the same
4/28/2019 33



Le Chatelier’s Principle

m Effect of Pressure Change

4/28/2019

>

Changes is pressure have significant effects only on
equilibrium systems with gaseous components

Pressure changes occur in 3 ways:

e Adding an inert gas

e Changing the volume of the reaction vessel

e Changing concentration of gaseous component
Inert Gas

e Inert gas does not change volume; thus, the
reactant & product concentrations (and their partial
pressures) do not change

e Inert gas does not appear in the Q (K) term

34



Le Chatelier’s Principle

m Effect of Pressure Change

» Changing the Volume
e Consider the reaction:

PCl;(g) + Cly(g) s PCl(9)
2 mol gas < 1 mol gas

e If the volume is halved, doubling the pressure, the
system reacts to reduce this increase in pressure by
moving the equilibrium to the side of the reaction
with fewer moles of gas, in this case toward the
product side, PCl;

e At equilibrium, the 1 mol of PClg, in half the
volume, exerts the same pressure as the two moles
of combined PCl; & Cl, in the original volume

4/28/2019 35
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Le Chatelier’s Principle

Effect of Pressure Change (con't)

» A change in volume results in a change in concentration
e Decrease Volume - Increase Concentration
e Increase Volume - Decrease Concentration

» The value of Q. will be changed according to the new
values of the numerator and denominator in the Q_
expression

_ [CT[Dr°

[AF'[BT°

» The equilibrium position will move to the left or right
until Q. = K_ Note: K. does not change

» If there is no change in the number of moles between
reactants and products, i.e., Ang,; =0, a change in
pressure (volume) has no effect on Q. or the equilibrium
position )

Qc

36



Le Chatelier’s Principle

m Effect of Pressure Change (con't)

> Example #1

_ [PCI]
PCl, + Cl, 0 PCI, Q= e, cl,]

e When the volume is halved, the concentrations double,
but the denominator of Q. ([PCl5][Cl,] is the product of
two concentrations, so the value of the product
quadruples, while the numerator value just doubles

e Thus, Q. becomes less than K_, forcing the reaction to
move to the right, establishing a new equilibrium
position, forming more product until Q. again equals K.

e If there is no change in An,, An,,; = 0, a change in
pressure (volume) has no effect on Q. or the
equilibrium position

4/28/2019 &7



Le Chatelier’s Principle

m Effect of Pressure Change (con't)
Example #2

CO(g) + 3Hy(g) S CHu(g) + H,O(g)

When the reaction goes forward (formation of CH,), four

moles of reactant gas (1 + 3 = 4) becomes 2 moles of
product (1+1=2); thusAn=2-4 = -2

When the volume of gas is, for example, halved, the
partial pressures and concentrations are doubled,
changing the values of the numerator to a lesser degree
than the value of the denominator term in the Q. term

_[CH,][H,0]
[CO][H, T

(ICH,D@MH0] _ 2x2 _ 4 . _1
([COD@[H,])°  2x2° ~ ¢ 2x8 ¢ 4"

Q. =

4/28/2019 38



Le Chatelier’s Principle

m Change in Temperature
» Unlike changes in Concentration and Pressure,

Only Changes in Temperature Affect the Value of K

» Changes in temperature require that the Heat of
Reaction (A°H,,,,) be considered

» Increase Temperature: The addition of heat shifts
the reaction in a direction in which the heat is
absorbed

Endothermic reaction, A°H.. > 0

» Decrease Temperature: Removing heat shifts the
reaction in a direction in which heat is released

Exothermic reaction, A°H., < O

4/28/2019
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Le Chatelier’s Principle

= Change in Temperature (con't) [PCI,]

Qc =
Example [PCI;][CI,]

PCl;(g) + Cly(g) s PCl(g) A°H, =-111KkJ
At standard temperature the net reaction is “Exothermic”

Since the forward reaction (— Right) is “"Exothermic” (releases

heat), the reverse reaction is “"Endothermic” (absorbs any
added heat)

If heat is added to this reaction, an Endothermic reaction
occurs and the system shifts to the left decomposing PCl; to
form PCl; & Cl,, which requires absorption of heat

The denominator of Q. (reactants) becomes larger and
the numerator (products) becomes smaller,
resulting in a smaller Q_

The system reaches a new equilibrium position at a smaller
ratio of the concentration terms, i.e., smaller K.

4/28/2019



Le Chatelier’s Principle

Example (Con't) [PCI,]

¢ = Ipcl,[cl,]

PCl;(g) + Cli(g) s PCls(g) A°H,,, =- 111 kJ

m The system would respond to a drop in temperature
(heat removal) by forming more PCl; releasing heat from
the combination of PCl; & Cl,

m= The reduced concentrations of PCl; & Cl, (reactants)
result in a smaller value of the denominator term in the
Q. expression

m The increased value of the numerator term (products)
results in a higher value of Q. as the reaction moves to
the right

m At equilibrium a new lower value of K. has been
established

4/28/2019 41



Van't Hoff Equation

m Each of the concentration-related terms below (K, k, P)
is dependent on Temperature (T) through an Energy
term (AH,,, AE,, AH,,,) divided by “R”

» Effect of Temperature on the Equilibrium Constant (k)
K AV |

In—2 = 0 ( .l ] K = ratio of rate constants (K = k,/k;)
K, R \T, T

» Effect of Temperature on the rate Constant (k)

k E(1 1 Arrhenius Equation for
Ink—2 = F\,a - T Activation Energy, E,

a(rev) rxn

» Effect of Temperature on the Equilibrium Vapor Pressure

Clausius-Clapeyron Equation
P, AHvap 1 1
—< = - - AH,,, = AH®,, where Ay S Ay,
P, R \T, T,

4/28/2019 Also: Kp = I:)A (Vapor Pressure) 42
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Van't Hoff Equation

m If AH. ., and K are known at one temperature, then the Van't
Hoff equation can be used to determine K at any other

temperature. . K, AH, (1 1
K, R (T, T,
m For a Temperature rise
e, tel [1.1)co
T2 Tl T2 Tl

m For an Endothermic reaction (AH., > 0), heat is added to
system. The solution is warmer after reaction attains equilibrium

_AH,,, < 0 The overall term is “negative”
R (neg term * pos term)
nfe - AHpo( 1 13 The overall term is “positve”

K, R \T, T, (neg term * neg term)

K .
In—2 > 0; thus, K, > K, Increasing the temperature

. increases the equilibrium constant, K
4/28/2019 43




Van't Hoff Equation

> For an Exothermic reaction (AH., < 0), The reaction
releases heat while attaining equilibrium, warming the
solution; thus same temperature conditions as in
Endothermic reaction

1 1 1 1
,>T, —< — (- --) < 0
T, T T, T
~AH,, > 0 The overall term is “positive”
R (neg term * neg term)

In

4/28/2019

K, R (T, T, (pos term * neg term)

Ky . 0; thus, K, < K, Decreasing the temperature

Ky, _ _Aern( 1 1) < o Theoverall term is “negative”

K, decreases the equilibrium constant, K
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Practice Problem

How does an increase in temperature affect the equilibrium

concentration of the underlined substance and K for each of the
following reactions?

1. CaO(s) + H,0() = Ca(OH),(aq) + heat A°H,,,=-82kJ
Adding more heat to Exothermic reaction increases temperature,
causing Ca(OH), to decompose forming CaO & H,0

System absorbs the additional heat, shifting reaction to left,
decreasing [Ca(OH),] and decreasing the value of K

2. Ca(CO;)(s) + heat = CaO(s) + CO,(q) A°H,,. =178 kJ

Since the net reaction is "Endothermic”, i.e., Ca(COs) requires
heat to decompose into CaO & CO,, any heat added to the
system forces the reaction even further to the right producing
more CO,; increasing the value of K

3. SO,(gas) + heat s S(s) + O, A°H. ., =297 kJ

Adding heat to an Endothermic reaction shifts reaction to the
right decreasing the [SO,]; increasing the value of K
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Le Chatelier’s Principle

Effects of Various Disturbances on a System at Equilibrium

Disturbance

Net Direction of Reaction

Effect on Value of K

Concentration
Increase [reactant]
Decrease [reactant]
Increase [product]
Decrease [product]

Pressure
Increase P

(decrease V)
Decrease P

(increase V)
Increase P

(add inert gas, no

change in V)

Temperature
Increase T

Decrease T

Catalyst added

Toward formation of product
Toward formation of reactant
Toward formation of reactant
Toward formation of product

Toward formation of fewer moles
of gas

Toward formation of more moles
of gas

None; concentrations unchanged

Toward absorption of heat
Toward release of heat
None; forward and reverse

equilibrium attained sooner;
rates increase equally

None
None
None
None

None
None

None

Increases if AHS,,, > 0
Decreases if AHS,,, < 0
Increases if AHS,,, <0
Decreases if AHS, > 0
None




Practice Problem

A 1.500 L reaction vessel was filled with 1.50 mol of PCl; at
100 °C. If, at equilibrium, the vessel contains 0.33 mol of
PCl;, what is the equilibrium constant of the following
reaction at this temperature?

PCl;(g) + Cly(g) <> PCls(g)

Initial [PCIl;] = 1.50 mol /1.500 L = 1.00 mol/L (1.00 M)
[PCI;] at Equilibrium =0.33 mol/1.500L=0.22M = 1.00 - X
X =1.00-0.22=0.78 mol /L

PO =00 | ©d-00 | om-1o0

Equilibrium Values [PCl;]=0.78 [Cl,] =0.78 [PCl5] = 0.22

_ [PCl] _ 022
= = = 0.36
[PCL][CI,] 0.78x0.78
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Practice Problem

If the initial concentrations of PCl; and Cl, in the previous
reaction are 0.10 M, what are the expected equilibrium
concentrations of all species at 100 °C?

PCl;(g) + Cly(g) <> PCls(g)
[PCs] X

e T PCILICH] ™ (01-X)x(01-X) "
X =0.36%(0.1- X)*
X =0.36%(0.01-0.2X + X?)
X =0.0036-0.072X +0.36X"
0.0 =0.0036-1.072X +0.36X* (Quadratic Equation)
X, =297744; X, =0.003362 (Eliminate X; - can'tbe>0.1)
] PCl, cl, PCl

Pon-om0 | Om-om | Pod-oc

Goni Change ()
Final Cf 010X 010-X

Equilibrium
[PCl;]= 0.097 M | [Cl,];=0.097 M | [PCI];=0.0034 M
4/28/2019
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Practice Problem

The value of K. for the following reaction at 900 °C is 0.28.
What is K, at this temperature?

CS,(g) + 4Hy(g) < CHu(g) + 2 H,S(g)
Determing An ., (1+2)-(1+4)=3-5=-2
An _

K, =K (RT) * =K (RT) 2

atme LL

mol* K

Y,
K, = O.28><(0.0821 x (900°C + 273.15)° K)

K, =0.28x(96.3156)

K, =0.28x9.8141
K, =2.75
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Practice Problem

The equilibrium constant for the following reaction at 450
°C is 0.159. If at some point in the reaction, the
concentrations of N,, H,, and NH; are found to be 0.062 M,
0.045 M and 0.011 M, respectively, in what direction is the
reaction proceeding?

N,(g) + 3 H,(g) <> 2 NH;(g)

Q- [NH, T :
[N,1[H,]
_ (0.011Mm)° . 1.21x10™
Qe = (0.062 M) % (0.045 M)®  6.2x102x9.113x10°
Q, =21

Q(21) >> K(0.159)

The numerator (products) must decrease with the subsequent reformation
of reactants, until Qc = Kc

Thus, the reaction proceeds to the left (toward the reactants)
4/28/2019
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Practice Problem

The initial concentrations of PCl; and Cl, in a 2.50 L reaction
vessel at 100 °C are 0.67 M. At equilibrium 0.900 mol of
PCl; is present. What is the equilibrium constant (K.) for
the reaction at 100 °C?

PCl5(g) + Cly(g) <> PCls(g)
0.9 mol

PCI = =0.36mol/L(M) = X
[PCls]; == 5 | (M)

_ [PCls] X ~ 0.36 _ 036
° [PCLJ[C] (0.67-X)(0.67-X) (0.67-0.36)(0.67-0.36) 0.0961

K, =375

I PCl, cl, PCl

Equilibrium
[PCl;)=0.31M | [CL];=0.31M [PCl]; = 0.36M
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Practice Problem

A 1.00 L reaction vessel at 70° C was initially filled with
0.20 M SO, and 0.010 M O,. At equilibrium, 0.0145 mol of
SO; is present. What is the equilibrium constant for the
reaction at 70° C?

2 50,(9) + 0x(g) <> 2 S05(9)

[SO,]=0.0145mol /1.0L = 0.0145M = 2X

T S I S Y S
0.0145/1.0 = 0.0145 M = 2X

Eq\l;;llsgg ™ | [50,]=0.1855M | [0,];=0.00275M [SO,]; = 0.0145 M

_ [so;F (0.0145)° _0.00021025
[SO,J°[0,] (0.1855)* x(0.00275)  (0.03441)x(0.00275)

K.=22

)

c

4/28/2019
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Practice Problem

If the initial concentration of N,O, in a reaction vessel is
0.030 M, what is the percent dissociation of N,O, at
equilibrium at 25 °C?

N,0,(g) <> 2 NO,(g), K. = 0.125 (25 °C)

INO,J* _  (2X)°

NZO5] 0030~ X | T NN

0 =005

I S
DEHRIZRD OIS0
X, =0.01875 | o0030-001875 | 2x001875

X, =-0.05 (neg; conc not valid) Eq\‘;gl'sg':m [N,O,]; = 0.01125M | [NO,], = 0.0375 M

[N,O,]; =0.030
[N,O, ] =0.01125

K. = 0125 =

0.01125
0.030

%% Dissociation = (1 - jx 100 = 62.5%

4/28/2019
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Practice Problem

For the reaction below, the initial partial pressures of H,, I,
and HI were 0.20 atm, 0.20 atm, and 0.50 atm, respectively.

If the equilibrium constant, K, for the reaction is 129 at 500
K, what are the equmbrlum partlal pressures of all chemical
species in the reaction at 500 K?

H,(g) + I,(g) <> 2 HI(g)

<p = HIT
[H,]11,]

129 = (05+2X)* _ (0.5+2X)* _ (0.5+2X)
(0.2-X)(0.2-X)  (0.2-X)*  (0.2-X)

PPN T . T . [
2se0-120x=05+2x | I S S IS

131X =25.3 Final Cf 0.20 - X 0.5 + 2X
% =0.193 | o020-0193 0.2 —0.193 05+ 2x0.193

Equilbrium | 1) 1.-0.0070 atm | [1,);= 0.0070 atm | [HI],=0.88 atm
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Practice Problem

What would Q. be if the pressure of the container
increased by a factor of 1.791 for the following reaction?

CO(g) + 3 Hy(g) <> CH,(g) + 2 H,S(g), K. = 13.298
« _[H:SL[CH.].

Cc

- (Equilibrium) The equilibrium state is disturbed by
[CO]e [H 5 ]e the pressure increase, which decreases
volume and increases the
concentration of reactants

2
Cc= (1'791X[H28]e) (1'791X[CH4]6) Each equilibrium concentration is

(1,791[CO] )(1_791[ H 2] )3 ?lltered b}{ t_he “1.791 fac_tor” resulting
€ € in new initial concentrations used to

define Qc
3
o
1
= 13.2
QC= (1701) 19

Qc=7.420 (More Product must be formed until Qc = Kc)

4/28/2019
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Equation Summary
“Reaction Quotient”
aA + bB =cC + dD
_[CF[Dr"
[AT[B]
At equilibrium: rateg,y = rate,,

[CT'[DF*
— ti t ti -
Q = reactionat any time AT [BP

= K = reactionat equilibrium

Multi-Step Reaction K ..., = K XK, xXK;x....

K, = K. (RT)*"

An_.. = moles gaseous product - moles gaseous reactant

gas

|:>2 P. — Partial Press Product C
x RT = Q, (RT) P, — Partial Press Reactant A

Qc = 2
P X P Pg — Partial Press Reactant B
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Summary Equations

Small K (< 0.001) — The reaction forms very little Product

Large K (> 1000) — Reaction has gone to completion, with very
little reactant remaining

Intermediate K (~ 0) — Significant amounts of reactant remain and
significant amounts of product have formed

Q < K — The denominator (reactants) is larger than the
numerator (products)

The reaction will continue to the product side until the
numerator and denominator are equal (equilibrium has
be reached) and Q = K

Q > K — The products will decrease and the reactants will
increase until equilibrium is reached

Q = K- The reactant and product concentrations have reached
equilibrium values. The forward and reverse reactions will

continue, but at the same rate
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Summary Equations

» Effect of Temperature on the Equilibrium Constant (k)

InKZZ_Aern[l _ 1)
K, R \T, T,

» Effect of Temperature on the rate Constant (k)

k, E. (1 1
- T2 -Tl AEa(fwd) AEa(rev) AI_Iorxn

k, R

» Effect of Temperature on the Equilibrium Vapor Pressure

&__AHVap 1 1
P, R \T, T,

In } AH,p = AHO,  where A, S Ay,
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