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Equilibrium
DYNAMIC state of balance between the
rates of the forward and reverse reactions

» Not a static state, but
DYNAMIC... things are changing
but They are ina balanced statel The rate of the forward reaction s equal {0

* Opposing processes (forward
and reverse) are occurring af the The rate of the reverse reaction!
SAME RATE

1

« Concentrations of the reactants
and products do nhot change

IDEA THAT ALL REACTIONS GO TO
COMPLETION IS FALSE!

Equilibrium

STATIC EQUILIBRIUM Yy 1ocs noT 0CCURI
* No reaction taking place

+ All product molecules remain
product and all unused reactant

stay unreacted

Py

DYNAMIC EQUILIBRIUM
* Reaction continues to occur

* Forward and reverse reactions
take place at same rate

Equilibrium

reactants

equilibrium equilibrium

Concentration
Concentration

products products

Time Time
* At the beginning of a reaction, only REACTANT
molecules exist so only they can collide

* As product concentration increases, collisions can
take place that lead o the REVERSE reaction

* At equilibrium, the concentrations of the
reactants and products are NO LONGER changing

Equilibrium

Forward Rate

Rates of forward

Equal Rates
and reverse are

Rate

EQUAL... Reverse Rate
time
Reactants
Amounts do NOT = Equilibrium:
change but are H No change in
NOT equal! 5 amounts.
Products

time

*Note the difference in the graphs!

Equilibrium
* Whether a reaction lies far to the right (FAVORS
PRODUCTS) or to the left (FAVORS REACTANTS)
depends on:

1) Initial concentrations... more collisions = faster

2) of the reactants and products... hature
goes to minimum energy

3) Degree of organization of reactants and
products... nature goes to maximum disorder

Reactants

Products




Equilibrium Constant

*LAW OF MASS ACTION: relationship between
the [ ]of the reactants and the products in a
reaction at equilibrium remains CONSTANT

aA +bB=cC+dD
_ [C]( [D]d Equilibrium

Constant

c [A]° [B]b Expression

K¢ = molar concentrations K, = acid dissociation (weak acids)
K, = partial pressures K, = base dissociation (weak bases)
Ksp = solubility product Kw = ionization of water

Equilibrium Constant
aA+bB=cC+dD
d
[C]C[D] Equilibrium
c = ﬁ Constant
[A] [B] Expression
General Rules:
1) [ ]are molar concentrations or partial pressures

2) Products are in humerator (TOP) and reactants in
the denominator (BOTTOM)

3) Coefficients in the balanced equations become
exponents in the expression

Equilibrium Constant
aA+bB=cC+dD
_ [C]C [D]d Equilibrium
¢ T[A]'[B]?  Exeression
General Rules:

4) Solids and pure liquids are NOT included because
they cannot change their [ ].. ONLY AQUEOUS
AND GASEOUS SPECIES ARE INCLUDED!

5) Units are NOT given

Equilibrium Constant
* EXAMPLE:

Werite the equilibrium constant expression
for the following reaction.

2 H25(g) + 3 02(g) = 2 H20(g) + 2 SOx(g)

“Homogeneous Equilibrium”

[H:0F [SO.J?

Keq = K. =
[H-S]? [0:]*

Take note of how this is different from the
RATE expression!

Equilibrium Constant
« EXAMPLE:

Write the equilibrium constant expression
for the following reaction.

CaFa(s) = Ca?*(aq) + 2 F(aq)

“Heterogeneous Equilibrium”

Keq = Ksp = [Ca?] [FJ?

No denominator because the reactant
is a SOLIDI!

Equilibrium Constant
* EXAMPLE:

Werite the equilibrium constant expression for
the following reaction in terms of pressure.

N2(g) + 3 Ha(g) = 2 NHs(9)




Equilibrium Constant

*+ EXAMPLES:

Werite the equilibrium constant expression
for the following reaction.

4 NHs(g) + 7 O2(g) = 4 NOz(g) + 6 H0(q)

Werite the equilibrium constant expression
for the following reaction.

NH;(aq) + H20(l) = NHs*(aq) + OH-(aq)

Equilibrium Constant

* Keq can be determined for ELTHER direction of the
reaction... still favors the SAME substances regardless
of whether you use the forward or reverse

* [ 1of reactants and products at equilibrium vary
depending on the initial [ ], but Keq is always the SAME
as long as the TEMPERATURE is the samel!

* Keq does NOT depend on the reaction mechanism, only

stoichiometry and temperature
Changing

® 322 8
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RATE OF FORWARD REACTION EQUALS RATE OF REVERSE REACTION

Ideal Gas Law and K.,
* Keq does not always equal K,
K, = K(RT)2n

R =0.082L-atm/ mol-K
T = temperature in Kelvin

An = mole gas products - mole gas reactants

* Only if an = 0 will Keg = Kp

Ideal Gas Law and K.,

* EXAMPLE:

For the Haber process given below, K. = 9.60 at
300.0° C. Calculate K, for this reaction at this
temperature.

N2(g) + 3 Hz(g) = 2 NHs(g)

An=2-4=-2
Ko = K(RT)An = (9.60)(0.082 x 573)2 =
4.35 x 103

Significance of K.,

* Maghitude of K., gives info about the relative
[ 1of reactants and products in equilibrium:

K > 1 = LARGE K = Greater [ ] of products...
reaction favors the PRODUCTS (equilibrium
lies to the RIGHT)

K < 1 = SMALL K = Greater [ ] of reactants...
reaction favors the REACTANTS (equilibrium
lies to the LEFT)

On the right ~ high yield of product | On the left ~low yield of product

Significance of K.,

Magnitude of K increasing —

Small Intermediate Large
(k<1073 (1073 =K=103 (K> 103
sssass
000000 3 0000 0664 o
o000 0000
000000 69
Reactants Products Reactants Products Reactants Products
Mostly reactants Significant amounts Mostly products

of reactants and products

Composition of equilibrium mixture

Remember how you thought most
reactions always went to completion?
They just have VERY LARGE K valuesl!




Keq and Changing Direction

+ Equilibrium can be approached from either side
of the reaction...

* Keq for the reaction written in one direction is
the RECIPROCAL of K., in the reverse direction

« EXAMPLE:
Nz(g) + Oz(g) = 2NO(g) K = 1.0 x 103 at 25°C
[NOJ? [N2][O:] 1
K. = - = =
[N:] [O:] [NOJ2 1.0 x 10-30

REVERSE?

Still favors the N, and O; side! 1 'o x1 030

K.y and Changing Coefficients

+ Just like Keq changes with temperature, it also
changes when stoichiometric coefficients are
multiplied by some factor...

* Keq is raised to the POWER of the
multiplication factor (Kn)

« EXAMPLE:
Na(g) + Oz(g) = 2NO(g) K. = 1.0 x 10-%0 at 25°C

What is the K. for 3 Nz(g) + 3 O2(g) = 6 NO(g)?

K3=(10x10%)3= 1 0 x 10-9

Keq and Multistep Reactions

* Multistep reactions have many K., values... just
as you combine reactions to give overall
equation you must combine Keq values too

* Keq for the reaction is obtained by
MULTIPLYING all of the K., values together

« EXAMPLE:
2 NO(g) = N(g) + O2(g) K = 1.0 x 10%
N2(g) + Bra(g) + O2(g) = 2 NOBr(g) Kz = 2.0 x 1027
2 NO(g) + Bry(g) = 2 NOBr(g) K=27?

(1.0 x 1030) (2.0 x 10-27) = 2.0 x 103

Summary

1) Keq of the reverse reaction is the
RECIPROCAL of the K4 in the

forward direction

2) K,q of a reaction that has been
multiplied by a humber must the
raised to the POWER equal to that
number

3) Keq of @ net reaction of 2 or

more steps is the PRODUCT of the
individual Keq values

Practice
« EXAMPLE:
HF(aq) = H'(aq) + F(aq) K. = 6.8 x 10
HzC204(aq) = 2 H(aq) + C.042-(aq) K. = 3.8 x 106

Find K. for the reaction:
2 HF(aq) + C2042-(aq) = 2 F-(aq) + H2C,04(aq)

What do you need to do to the reactions to
make them add up to that equation? Then,
what do you do to the K. for those reactions?

Calculating K.

*If ALL[ ]or pressures at EQUILIBRIUM are known,
just plug the values info the K., expression and solve...

+ EXAMPLE:

The reaction below takes place in a sealed flask.
Determine the value of the equilibrium constant with
the following concentrations at equilibrium: [CH,] =
0.0032 M, [CzH.] = 0.025 M, and [H.] 0.040 M.

2 CHa(g) = C2H(g) + 3 Ha(g)

[C:H:1 [H:F  [0.025] [0.04]°
[CH.]? [0.0032]2

16




Reaction Quotient, Q

Tells you about the system when it is NOT
at equilibrium

*Plugin[ ]or pressure values at ANY point during a
reaction into the K., expression to get Q

+ Useful for predicting what will happen to the system
at ANY time... TELLS YOU WHICH WAY THE RXN
WILL 60 TO ESTABLISH EQUILIBRIUMI

aA +bB = cC + dD
[c]'[D]f

Q.= [A]a [B]h

Reaction Quotient, Q

Tells you about the system when it is NOT
at equilibrium

* To determine the direction the reaction will shift
to achieve EQUILIBRIUM... compare Q to K

Q = K System is at EQUILIBRIUM

Products are greater... need to
Qa>K shift to the LEFT (reverse)

Q<K Reactants are greater... need to
shift to the RIGHT (forward)

Reaction Quotient, Q

Tells you about the system when it is NOT
at equilibrium

* To determine the direction the reaction will shift
to achieve EQUILIBRIUM... compare Q to Keq

Trick: Follow the Direction
of the Alligator

Reaction proceeds to the left!
OR...
QK

Reaction proceeds to the right!

Reaction Quotient, Q
Tells you about the system when it is NOT
at equilibrium
- EXAMPLE:

For the reaction below, Keq = 50.0. Predict which
way the reaction will shift fo achieve equilibrium if
the current [ ]are as follows: [HI]=0.020 M,
[Hz2]=0.010 M, and [Iz] = 0.030 M.

Ha(g) + Io(g) = 2 HI(g)

Calculating K,
* What if the [ ] of the species at EQUILIBRIUM are
not all known?

* If we know at least one [ ] and the balanced equation,
we can use stoich and mole ratios to determine the
equilibrium [ ] by making an ICE table...

* STEPS:
1) Write down all givens and balanced equation
2) Determine the changes in [ ] using mole ratio

3) Set up the ICE table (Initial, Change,
Equilibrium)... SIGN of the change does matter!

4) Plug in [Equilibrium] into K.q and solve

ICE Tables

Write the balanced equation here lining up each species
with a column

Initial

Change

Equilibrium

« INITIAL = initial [ ]of each species
* CHANGE = change taking place in terms of x
* EQUILIBRIUM = [ ]at equilibrium in terms of x

YF

o'




Calculating K,
+ EXAMPLE:

A closed system containing 0.0010 M H; and
0.0020 M I; is allowed to reach equilibrium. The
[HI] at equilibrium is 0.00187 M. Calculate K., for
the reaction below.

Calculating K.
+ EXAMPLE:

A closed system containing 0.0010 M H; and
0.0020 M I; is allowed to reach equilibrium. The
[HI] at equilibrium is 0.00187 M. Calculate K., for
the reaction below.

Hz(9) + Tz(g) = 2 HI(g)
H, 1, 2 HI
Initial 0.0010 M 0.0020 M
Change
Equilibrium 0.00187 M

Fill in the rest using LOGIC and MATH

Ha(g) + Iz(g) = 2 HI(g)
H, 1, 2HI
Initial
Change
Equilibrium
Fill in what we are given
Calculating K,
- EXAMPLE:

A closed system containing 0.0010 M H; and
0.0020 M I; is allowed to reach equilibrium. The
[HI] at equilibrium is 0.00187 M. Calculate K., for
the reaction below.

Ha(q) + Io(g) = 2 HI(9)

Calculating K
* EXAMPLE:

A closed system containing 0.0010 M H; and
0.0020 M T; is allowed to reach equilibrium. The

[HI] at equilibrium is 0.00187 M. Calculate K., for
the reaction below.

Ha(g) + Io(g) = 2 HI(g)

H, 1, 2HI
Initial 0.0010 M 0.0020 M oM
Change +0.00187 M

Equilibrium 0.00187 M

“ g

+” sign because product is forming

H, 1, 2HI
Initial 0.0010 M 0.0020 M oM
Change
Equilibrium 0.00187 M
Calculating K,
+ EXAMPLE:

A closed system containing 0.0010 M H; and
0.0020 M I; is allowed to reach equilibrium. The
[HI] at equilibrium is 0.00187 M. Calculate K., for
the reaction below.

Ha(g) + T2(g) = 2 HI(g)
H, 1, 2 HI
Initial 0.0010 M 0.0020 M oM
Change -0.00187/2 M | -0.00187/2M | +0.00187 M
Equilibrium 0.00187 M

“

-" sign because reactants are
consumed

Calculating K.
+ EXAMPLE:

A closed system containing 0.0010 M H; and
0.0020 M I; is allowed to reach equilibrium. The
[HI] at equilibrium is 0.00187 M. Calculate K., for
the reaction below.

Hz(9) + Ta(g) = 2 HI(g)
H, 1, 2 HI
Initial 0.0010 M 0.0020 M om
Change -0.00187/2 M | -0.00187/2 M +0.00187 M
Equilibrium 0.00187 M

Divided by 2 because there’s TWICE as
much HI according to mole ratio!




Calculating K,

+ EXAMPLE:

A closed system containing 0.0010 M H; and
0.0020 M I; is allowed to reach equilibrium. The
[HI] at equilibrium is 0.00187 M. Calculate K., for
the reaction below.

Hz(g) + Iz(9) = 2 HI(g)
H, 1, 2 HI
Initial 0.0010 M 0.0020 M om
Change -0.000935 M -0.000935 M +0.00187 M
Equilibrium 0.00187 M

Do the math (initial - change) toget [ ]
of each at equilibrium!

Calculating K.
+ EXAMPLE:

A closed system containing 0.0010 M H; and
0.0020 M I; is allowed to reach equilibrium. The
[HI] at equilibrium is 0.00187 M. Calculate K., for

the reaction below.

Hz(9) + T2(9) = 2 HI(g)
H, 1, 2 HI
Initial 0.0010 M 0.0020 M oM
Change -0.000935 M -0.000935 M +0.00187 M
Equilibrium 0.000065 M 0.001065 M 0.00187 M

Now we can set up and solve K.,!

Calculating K,

- EXAMPLE:
Ha(q) + Io(g) = 2 HI(g)
H; I, 2HI
Initial 0.0010 M 0.0020 M oM
Change -0.000935 M -0.000935 M +0.00187 M
Equilibrium 0.000065 M 0.001065 M 0.00187 M
[HI]2 [0.00187]2
: [H[]  [0.000065] [0.001065]

50.

Calculating K

* EXAMPLE:

Initially, a vessel with SOs(g) has a partial
pressure of 0.500 atm. At equilibrium, the partial
pressure of SOs is 0.200 atm. Calculate K,.

2 S0s(g) = 2 SO2(g) + O2(9)

Calculating [Equilibrium]

* What if NONE of the [ ] of the species at
EQUILIBRIUM are known?

* Must determine [ ] using ICE tables and x
* Might need the QUADRATIC EQUATION to solve...

2 Get it in this
ax” +bx+c=0 - form and

B —bt+b*—4ac

x_
2a

Calculating [Equilibrium]
+ EXAMPLE:
The value of K, for the reaction below is 50.0.
What is the [equilibrium] for all species if the
[initial] are: [Hz] = 1.00 M and [I.] = 2.00 M?

Hz(9) + Tz(g) = 2 HI(g)
H, 1, 2 HI
Initial
Change
Equilibrium

Set up the ICE table for the reaction!




Calculating [Equilibrium]
+ EXAMPLE:

The value of Keq for the reaction below is 50.0.

What is the [equilibrium] for all species if the
[initial] are: [Hz2] = 1.00 M and [I.] = 2.00 M?

Hz(g) + Iz(9) = 2 HI(g)
H, I, 2HI
Initial
Change
Equilibrium

Fill in what we know

Calculating [Equilibrium]
+ EXAMPLE:

The value of K, for the reaction below is 50.0.
What is the [equilibrium] for all species if the
[initial] are: [Hz] = 1.00 M and [I.] = 2.00 M?

Hz(9) + Tz(g) = 2 HI(g)
H, 1, 2 HI
Initial 1.00M 2.00M om
Change
Equilibrium

Figure out the change for each

Calculating [Equilibrium]
« EXAMPLE:

The value of K. for the reaction below is 50.0.
What is the [equilibrium] for all species if the
[initial] are: [Hz] = 1.00 M and [I.] = 2.00 M?

Ha(q) + Io(g) = 2 HI(g)

H, 1, 2 HI
Initial 1.00M 2.00M oM
Change -X -X

Equilibrium

Use x since we don’ t know the change,

and “-" because it is consumed

Calculating [Equilibrium]
* EXAMPLE:

The value of K., for the reaction below is 50.0.
What is the [equilibrium] for all species if the
[initial] are: [Hz2] = 1.00 M and [I.] = 2.00 M?

Ha(g) + Io(g) = 2 HI(g)

H, I, 2 HI
Initial 1.00M 2.00M oM
Change -X -X +2x

Equilibrium

Use 2x because of the mole ratio and

+” because it is formed

Calculating [Equilibrium]
« EXAMPLE:

The value of K, for the reaction below is 50.0.
What is the [equilibrium] for all species if the
[initial] are: [Hz2] = 1.00 M and [I.] = 2.00 M?

Ha(9) + T2(9) = 2 HI(q)
H, I, 2HI
Initial 1.00 M 2.00M oM
Change -X -X +2X

Equilibrium

Fill in the equilibrium values by adding
or subtracting change from initial

Calculating [Equilibrium]
+ EXAMPLE:

The value of K, for the reaction below is 50.0.
What is the [equilibrium] for all species if the
[initial] are: [Hz] = 1.00 M and [I.] = 2.00 M?

Hz(g) + I2(g) = 2 HI(g)
H, 1, 2 HI
Initial 1.00 M 2.00M oM
Change -X -X +2X
Equilibrium (1.00-x) M (2.00-x) M 2xM

Plug values into K., for the reaction




Calculating [Equilibrium]
+ EXAMPLE:

Ha(g) + T2(g) = 2 HI(9)
H, I, 2HI
Initial 1.00M 2.00M oM
Change X -X +2X
Equilibrium (1.00-x)M  (2.00-x)M 2XM
[HI]2 [2x]?
N CET ~ " 11.00] [2.00-x]

Simplify and then rearrange

*()40)('&%,$5./0&)&12&036

o 'HS%&!
Hz(9) + T2(9) ! 2 HI(g)

1. # Sl

#%&'&()$ 1"H4#$% &"##$% #3%

*+(%,- ( ( )&(

J0&)&12&03  *I"## (,$% = *&"#HS(,$% &($%

9 < =+>?@?+AB C@??79+D+<E
9 < =+>?@79 BF>?@79+D+F??
:G9 < BF>?@79+D+F??
%()*+,-./+0)1231.,4+50)1.,/-+1-2+6/(75+8/3+9:+

Calculating [Equilibrium]
« EXAMPLE:

Hz(g) + Ta(g) = 2 HI(g)
H, I, 2HI
Initial 1.00M 2.00M oM
Change -X -X +2X
Equilibrium (1.00-x) M (2.00-x) M 2x M

x =2.33 OR_

One answer is always not chemically
meaningful so it gets rejected!.. When x = 2.33

is plugged in for [ ], we get "~ values which
can’ t happen!

Calculating [Equilibrium]
* EXAMPLE:

Hz(9) + Ta(g) = 2 HI(g)
H, I, 2 HI
Initial 1.00M 2.00M oM
Change -X -X +2x
Equilibrium (1.00 - x) M (2.00-x) M 2x M

1.00-0.934 =0.07 M [H:]
2.00-0.934 =1.06 M [I;]
2(0.934) = 1.87 M [HI]

Check these numbers by placing into Ke!

Calculating [Equilibrium]
« EXAMPLE:

Ha(g) + T2(g) = 2 HI(9)

H, I, 2 HI

Initial 1.00M 2.00M oM

Change -X -X +2x

Equilibrium 0.0660 M 1.06 M 1.87M
[HI]2 [1.87]2
Keq = = = 47.1
[H2] [12] [0.07] [1.06]

CORRECT!... Sig Figs make it a little lower!

Summary

 If ALL [EQU] known...
Plug [ ] into Keq and solve

« If ONE [EQU] known...
Use ICE table with math / logic

« If NO [EQU] known...
Use ICE table with "x"
« If NO [EQU] known and NO [Initial] are zero...

Q must be found first to find which way the
rxn shifts... Tells what sign fo put for
reactants / products for the “change” part of
the table! Then ICE table with "x"




Watch Out!

+ Always set up the ICE fable with the BALANCED
equation... pay attention to the sign of the change

* Write the equilibrium expression... NO SOLIDS!

« [Equilibrium] NEEDS to be in mol/L

» When solving for x: if problem is a perfect

square you can take the square root... if not, you u
must use quadratic equation

* Check your workl!

Practice

« EXAMPLE:
For the reaction below, the K.q at 200°C is 4.2.
What is the [equilibrium] for all species if initially
there are 0.25 moles of H, and CO, ina 5.0 L
closed container?

Hz(g) + COz(g) = HzO(g) + CO(g)

Practice
« EXAMPLE:

For the reaction below, the K. is 1.15 x 102 at a
certain temperature. If 2.50 M Hz, 2.50 M F,
and 0.500 M HF are present in a flask, determine
the [equilibrium] for all.

Ha(g) + F2(g) = 2 HF(9g)

Calculating [Equilibrium]

* Sometimes reactions have very SMALL
Keq values... Keq < 105

* According to the ratio for Keq
(products to reactants), small K., means
MUCH MORE reactants than products

are present

* Therefore, any change from the initial
[ ]of the reactants is NEGLIGIBLE and
can be ignored (only if being added or

subtracted)
* Must CHECK this assumption at the

end of a problem to ensure that it is Yawy Maybe ',',‘
valid (must be less than 5%) college?

Calculating [Equilibrium]
« EXAMPLE:

Determine the [equilibrium] for all species in the
reaction below (K. = 1.60 x 10-5) with an initial
[NOCI] = 0.50 M.

2 NOCI(g) = 2 NO(g) + Cla(g)

2 NOCI 2NO cl,
Initial 0.50 M
Change
Equilibrium

Calculating [Equilibrium]
+ EXAMPLE:

Determine the [equilibrium] for all species in the
reaction below (K. = 1.60 x 10-5) with an initial
[NOCI] = 0.50 M.

2 NOCl(g) = 2 NO(g) + Clx(g)

2 NOCI 2NO Cly
Initial 0.50 M oM om
Change
Equilibrium

10



"#$%# &' ()*+,-%'#'./'%01

o I"H$%&!
Determine the [equilibrium] for all species in the
reaction below (K = 1.60 x 10-5) with an initial

[NOCI] = 0.50 M.
2NOCI(g) ! 2 NO(g) + Cl»(9)
2344 2*34 #
5('&"#* 0.50 M oM oM
16"()7 2x +2x +x
,-%'#'./'%0

Calculating [Equilibrium]

+ EXAMPLE:

Determine the [equilibrium] for all species in the
reaction below (K. = 1.60 x 10-5) with an initial
[NOCI] = 0.50 M.

2 NOCl(g) = 2 NO(g) + Cla(g)

2 NOCI 2NO Cl,
Initial 0.50 M oM om
Change -2x +2x +X
Equilibrium (0.50-2x) M 2x X
[NOJz [CI:] [2x]2 [x]
q = ————— 1.60 x 105 = —m78MmMmMm —
[NociI}2 [0.50 - 2x]2

Calculating [Equilibrium]

| I"H$%&!
2 NOCI 2NO Cl,
Initial 1"#1$% 1$% 1$%
Change & )( X
Equilibrium *HISH(,$% ‘( (
0*+ ) (+
1-2,/41, = 4/

(~d 0P

Since K. is really SMALL, we can assume that x
is negligible and doesn " t contribute to the [ ]
at equilibrium for NOCI!!

Calculating [Equilibrium]
* EXAMPLE:

2 NOCl 2NO cl,
Initial 0.50 M om oM
Change -2x +2X +X
Equilibrium (0.50-2x) M 2x X
4x3

1.60 x 105 =
[0.50]2

x=1.0 x 102

Now, check the assumption!

"#$%# &' ()*+,-%'#'./'%01
o 'H3%&!

2*34# 2*34 #,
5('&"#* 0.50 M om oM
16"()7 -2x +2% x
-%'#./'%0 (0.50-2x) M 2x X
( )**+
2*344
-/ 017+

To check, use this formula

Calculating [Equilibrium]
+ EXAMPLE:

2 NOCI 2NO Cl,
Initial 0.50 M oM om
Change -2x +2x +X
Equilibrium (0.50-2x) M 2x X
2(1.0 x 102)

x100= ——— x100= 4%

0.50 0.50

< 5% so it’s VALID!

11



Calculating [Equilibrium]
+ EXAMPLE:

Calculating [Equilibrium]
+ EXAMPLE:

Suppose at a temperature of 5540 K, K, = 3.30 x 10-¢.
If you begin the reaction below with hydrogen and
iodine gases at 1.23 atm and 0.798 atm respectively,
what will the final pressures of the three gases be at
equilibrium?

Hz(9) + T2(9) = 2 HI(g)

2 NOCI 2NO Cly
Initial 0.50 M om oM
Change -2x +2x +X
Equilibrium (0.50-2x) M 2x X
[NOCI]=0.48 M
[NO]=0.020 M
[Cl2]=0.010 M
Ksp

* Indicates how soluble a solid is in water

« Since solids do NOT change [ ], they do NOT
participate in the equilibrium expression (no
denominator)

+ Example:
Ca3(PO4)2(s) = 3 Ca?*(aq) + 2 PO4+3-(aq)

Ksp = [Ca?*]? [PO,> ]2

We have done these problems without ICE
tables, but they can be done with the tables!

Loy

! EXAMPLES:

Calculate the Ky, for Mgs(POs): given that its
molar solubility is 3.57 x 10-¢ M.

Calculate the solubility of CaF, and the
concentration of each ion (Ks = 4.9 x 10-11),

I"#$%&$'

! EXAMPLE:

The Ky, value for Cu(I0s): is 1.4 x 107 at 25!C.
Calculate its solubility at this temperature.

Ksp

WHAT DOES IT ALL MEAN?

* According to Ks,, everything
is at least very, very, very
SLIGHTLY soluble

* Looking at the K, can help
you figure out which .,
compounds are more soluble... -

NaNO,(aq’

AgNO(aq) [

Nacllaq)




Ksp

* Salts that produce the SAME # of ions when
dissolved can be compared to see which is more/less
soluble (if different #, then must be calculated
using Ks, expression)

+ Example:
AgBr Agl AgCl
Ksp= 5.0x10" 1.5x10" 1.6 x 1010

SMALLER the Ksp = LESS solublel

Will It PPT?... Q and K,

* By comparing Q and Ks;, it can be determined if
a precipitate will form AND what [ ] of ions are
needed to begin the precipitation process...

Q < K,,... System is NOT at
equilibrium (unsaturated)

Q = K,,...- System is at
equilibrium (saturated)

Q > K;,... System is not at
equilibrium (supersaturated)**

PRECIPITATES FORM WHEN SUPERSATURATEDI!

Will It PPT?... Q and K,,,

Steps to Follow for Problems:
1) Determine which ions form the PPT

2) Find the # of moles of each ION... ***pay
attention to overall # in the compound

3) Calculate the TOTAL volume after mixing
4) Calculate the [ ] of each ion

5) SUBSTITUTE [ ]of ions into Ksp
expression and solve for Q

6) Compare Q and Ky,

Practice

| 'H$%&!
A solution is prepared when 750.0 mL of 4.00x 10 -3 M
Ce(NOg3); is added to 300.0 mL of 2.00x 10 -2 M
Mg(IO 3)2. Will Ce(IO 3)3 (Ksp=1.9 x 10:1) precipitate
from this solution? Show all work.

Practice

+ EXAMPLE:

Fe(OH)s has a K, = 4.87 x 1077, If 500.0 mL of
4.0 x 104 M Fe(NOs); are mixed with 250.0 mL of
3.0 x 10-* M NaOH, will a precipitate form? Show

calculations to justify your answer.

Common lon Effect
REDUCTION in the solubility of an ionic precipitate

when a soluble compound containing one of the SAME

fons of the precipitate is added at equilibrium

* More of the ion means more of the
solid will precipitate out (so compound is
LESS soluble)

+ Ignore the ion that is NOT common "l E j:
1

- 0.10MNaCl
and focus on the common one

1 (cri=010M

[ from NaCibetore

Lo AgCldissolves

* Example: Adding 0.10 M NaCl to a [N R
solution of AgCl... Na* ions have no g ot
effect, but additional Cl- ions cause

MORE solid AgCl to form

13



Common lon Effect

* EXAMPLE:
A 0.100 mol sample of solid AgNO: is added to a
1.00 L saturated solution of Ag2CrOs. Assuming
no volume change, does [CrO42-] increase,
decrease, or remain the same? Justify your
answer. No calculations are needed.

Common lon Effect

I I"H$%&!
Calculate the equilibrium concentration of Mg?* in
1.000 liter of saturated MgF2 (Ks, = 7.09 x 109)
solution at 18°C to which 0.100 mole of solid KF has
been added. The KF dissolves completely. Assume the
volume change is negligible.

0*+ ! .JO1*+/23+4+/5567489/.872+.7+
)71:*+<=1+872+>/)+/2+828.8/1+?+@+82+
>¥)*+ A5%)+7B+56701*9)C

Common lon Effect

* EXAMPLE:

Calculate the equilibrium concentration of Mg?* in
1.000 liter of saturated MgF: (Ks, = 7.09 x 10-9)
solution at 18°C to which 0.100 mole of solid KF has
been added. The KF dissolves completely. Assume the
volume change is negligible.

Which Precipitates First?

* Sometimes you might be asked to determine which
compound will precipitate from a solution FIRST
when a substance is added

* Write the K, expressions for BOTH possible PPT

* Substitute in all known values and [ ] and solve for
the [ ] of the ion that is being added (unknown)

*LOWER [ ]reached first, so precipitates FIRST

In GENERAL (if no calculations required AND
form same # of ions), when two salt solutions
that share a common ion are mixed, the salt with
the LOWER value for K, will precipitate FIRST!

Practice

+ EXAMPLE:

A solution contains 1.0 x 10-4 M Cur and 0.0020 M
Pb2:. If asource of I-is added gradually to this
solution, will PbI; (Ks, = 1.4 x 10-8) or CuI
(Ksp = 5.3 x 10-12) precipitate first? Specify the
concentration of I- necessary to begin
precipitation of each salt.

Summary
1) Find K, or Molar Solubility:

Werite expression (no solids) and solve...
x is the value of molar solubility!

2) Will It PPT?:
Find moles of each, [ ] of each, plug into

expression, and compare Q with Kgp... If Q
is GREATER, then PPT forms!

3) Common Ion Impacts:

Use ICE table with "x" approx... One ion will
have an initial value! Solubility always LOWER!

4) Which PPTs First?:

Write Ksp for both, plug in known [ ], and solve
for unknown [ ]... LOWER [ ] PPTs first!

14



More Practice

+ EXAMPLE:

The Ksp value for Cu(OH): is 1.6 x 10-9. Determine its
molar solubility and the concentration of each ion.

More Practice

+ EXAMPLE:
What compound, if any, will precipitate when
80.0 mL of 1.0 x 10-5 M Ba(OH); is added to a
solution of 20.0 mL of 1.0 x 10-5 M Fe,(SO.)s?
(Ksp BaSO,4 = 1.1 x 1010, K, Fe(OH); = 2.6 x 10-39)

More Practice

* EXAMPLE:

Calculate the solubility of CaCOs (K, = 3.4 x 10-9)
in... a) pure water and b) 0.45 M CaCl..

More Practice

* EXAMPLE:
Which salt precipitates first and what is the
minimum concentration of Ag* necessary to cause
this precipitation in a solution containing 7.5 mL of
0.025 M NaCl and 7.5 mL of 0.035 M NasPO,?
(Ksp AgCl = 1.8 x 1019, K, AgsPOs = 1.3 x 10-20)

More Practice

« EXAMPLES:

A solution contains 2.0 x 104 M Ca?+. If 40.0 mL of this

solution is added to 25.0 mL of 5.0 x 10-3 M NazPOy4, will
a precipitate form? (Ks, Ca3(POs): = 2.0 x 10-29)

A solution of 0.40 M SrSO; is added to a solution of
SrCOs. What is the molar solubility of SrCOs after
this addition? (Ks, SrCO; = 1.1 x 10-10)

Le Chatelier’s Principle

If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

* THREE STRESSORS:
1) Change the [ ] by adding or
removing reactant or product

2) Change the PRESSURE by
changing the volume

3) Change the TEMPERATURE
of the system

RATE of the forward or reverse
reaction changes in response!




Le Chatelier’s Principle
If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

CONCENTRATION
* Increasing the [ ]of i, ol
a reactant will shift 5 Ha !
the reaction to the Ha
RIGHT to use up the NH NH;

added reactants, while

N2

Concentration (M)
~

increasing the [ Jof a

[ N3 added at
his time

product will shift the

reaction to the LEFT

Nyg) + 3Haq) S5 2NH3q)  Time —b

NO CHANGE when more solid or liquid added!!

Le Chatelier’s Principle
If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

CONCENTRATION
* Decreasing the [ ]of i ! ol
a reactant or product 5 Hz 1
will shift the reaction
in the direction to
create MORE of the
substance removed iy

Ha
NH3 NH3

N2

Concentration (M)
»

N> N added at
this time

Notice the reaction is
in a NEW equilibrium
position!

Nag) + 3Hz(q) =5 2NH3(g)  Time —p

Le Chatelier’s Principle

If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

CONCENTRATION

Hydrogen

Nitrogen

Ammonia E

Time

Hydrogen
Ammonia
added

added

Molar concentration

Le Chatelier’s Principle

If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

CONCENTRATION

* Remember the COMMON ION EFFECT?...
Precipitate is LESS soluble when a soluble compound
containing one of the SAME ions is added

* WHY?... Reaction shifts LEFT § 5

[ ar H—otomnaci
« Example: Adding 0.10 M NaCl to a L %xz&;mﬁm

solution of AgCl L) R

AgCl (5) should be much
less soluble than in pure

AgCl(s) = Ag'(aq) + CHaq)

Le Chatelier’s Principle
If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

CONCENTRATION
+ Remember the COMMON ION EFFECT?...
Precipitate is LESS soluble when a soluble compound
containing one of the SAME ions is added

In GENERAL, when two salt solutions
that share a common ion are mixed,
the salt with the LOWER value for K,
will precipitate FIRST!
(assuming same # of ions in each)

Le Chatelier’s Principle
If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

PRESSURE

* Decreasing the volume will increase
the pressure and vice versa

* To decrease the pressure, need to
decrease the total number of gas
molecules in the system

+ At constant temp, decreasing
volume increases the pressure so
equilibrium will shift to the side with
FEWER molecules of gas
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Le Chatelier’s Principle

If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

PRESSURE
Nz(g) +3 Hz(g) =2 NHs(g)
Reactants have 4 molecules of gas
Products have 2 molecules of gas
Increasing the pressure on this reaction

shifts the equilibrium to the RIGHT which
has FEWER gas molecules

n m n n
I"#$%&™ ()" #-*)./)0(
Ifa stress /s applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

I"#$$%"#

&'()*+,*.-N)*,,0)*-12)3,-

Le Chatelier’s Principle

If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

TEMPERATURE

| Effects of temp change depend on whether the
reaction is endothermic or exothermic

! Think of each reaction with heat energy as a
reactant or product

ENDO: Reactants + HEAT ! Products

EXO: Reactants ! Products + HEAT

Le Chatelier’s Principle

If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

TEMPERATURE
ENDO: Reactants + HEAT = Products

Increase Temp = shifts RIGHT (removes heat)

Decrease Temp = shifts LEFT (adds heat)
EXO: Reactants = Products + HEAT

Increase Temp = shifts LEFT (removes heat)

Decrease Temp = shifts RIGHT (adds heat)

Le Chatelier’s Principle
If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

TEMPERATURE

€O,y + energy = 2 €O, + Oy 250, + Oy, = 250y, + energy

temperature ! temperature
decreased "/ decreased
1C0,5) :

(S0y)

(€O
| ——<
[}

Concentration (mol/L)
Concentration (mol/L)

Le Chatelier’s Principle
If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress

CATALYSTS
* Have NO effect on equilibrium

+ Speed up the forward and P e
reverse reaction the same ot - ptes

* Increase the rate at which the
equilibrium is achieved but do
NOT change the composition of
the equilibrium mixture

Reactants




Le Chatelier’s Principle
If a stress is applied to a system at
equilibrium, the position of the equilibrium will
shift in the direction which reduces the stress
How is K., affected by the stressors?
* Changes in [ ], pressure, or volume have NO effect

on the value of Keq
+ Temperature changes WILL affect the value of Keq
-Shifts to the LEFT... Decrease Keq

-Shifts to the RIGHT... Increase K.,

+ Catalysts or other compounds not present in the
reaction have NO effect on K, or equilibrium

+ EXAMPLE:

Practice

Consider the equilibrium reaction below. In which

direction will the equilibrium shift when (a) N>Oj is

added, (b) NO: is removed, (c) the fotal pressure is
increased by addition of Nz(g), (d) the volume is
increased, and (e) the temperature is decreased?

N;04(g) = 2NOx(g) AH=580kJ

Practice

« EXAMPLE:
Consider the equilibrium reaction below. In which
direction will the equilibrium shift when (a) Cl(g) is
removed, (b) the temperature is increased, (c) the
volume of the reaction system is decreased, and (d)
PCl3(g) is added?

PCls(g) = PCls(g) + Cla(g) AH=87.9kJ

Practice
« EXAMPLE:

At temperatures near 800.°C, steam passed over hot coke (form
of carbon from coal) reacts to form CO and H; as seen below. (a)
At 800.°C, the K, for this reaction is 14.1. What are the
equilibrium partial pressures of H,0, CO, and H; if we start with
solid carbon and 0.100 mol of H,O in a 1.00 L vessel? (b) What is
the minimum amount of carbon required to achieve equilibrium?
(c) What is the total pressure in the vessel at equilibrium? (d) At
25°C, the value of K, for this reaction is 1.7 x 10-2.. Is the
reaction exothermic or endothermic? (e) To produce the
maximum amount of CO and H; at equilibrium, should the
pressure of the system be increased or decreased?

C(s) + H20(g) = CO(g) + Ha(g)
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