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General
Equi s librium

Unit F



Completion of Reactions

* Up until now, you may have been lead to
believe that all chemical reactions go to
completion, until one reactant or the other runs
out.

* While this is true for your favorite reaction type,
combustion, it is NOT true for many, many other
reactions.

* The state in which a reaction seems to stop
before one reactant runs out is called
equilibrium.



What is Equilibrium??

* The state in which the concentrations of all the
reactants and products remain constant.

* However, don't be fooled, although it may
appear as if everything has stopped, at the
molecular level there is frantic activity. It is a
dynamic equilibrium.

* This is a state in which the rate of the forward
reaction equals the rate of the reverse reaction.



The equilibrium constant, K

R —> -« The equilibrium position may not be in the
R middle (in fact it is usually NOT in the middle).

P
 Remember that equilibrium occurs when the
R = P forward and reverse rates are equal = not

necessarily when there are equal quantities of
reactants and products

[P]
R (a ratio) will tell us the “equilibrium R]
position” or extent of the reaction.

« The equilibrium position can be reached from
either direction starting with any quantities.

But K (the ratio) will be constant. K= [[;]

» The equilibrium constant, K, K= [

6
—>



2Hl = Hog + l2g

Consider the decomposition reaction above in which
concentrations were monitored over time.

1.Exp 1: 1 M of HI, none of H2 and |

3.0—

Experiment 1

51

o ro
— '
S—

Concentration. M

|HI| =0.786 M

- [H,] =[I,] =0.107 M

[

L\



2Hlg = Hag + l2g

Consider a second trial with different starting quantities
1.Exp 1: 1 M of HI, none of H2 and |2
2.Exp 2: 1 M each of H2 and |2 , none of HI

Experiment 2

[HI] = 1.573

[H,]=[1,]=0.213 M

| r‘"]'If*T X "r'!'*"—Tf'*'*“T?TﬁfTT L Ll

L.
C



2Hlg = Hag + l2g

Consider three separate trials with different starting quantities
1.Exp 1: 1 M of HI, none of H2 and |2

2.Exp 2: 1 M each of H2 and |2, none of HI

3.Exp 3: 1 M of all three, H2, |2 and HI

Experiment 3

[HI] = 2.360

=3 [H,] = [1,] = 0.320

.
¢



After Reaching Equilibrium...

» All three trials will have different quantities when the
system reaches equilibrium.

* On first inspection, there appears to be no relationship
between these equilibrium concentrations, however....

3.0 — Experiment | [ Experiment 2 s Experiment 3
291 | [HI] = 2.360
2 2.0— - -
= E [HI] = 1.573 n
5 1.51— — « [
S 1.0! -
= | [HI] =0.786 M
0.5 [H,]=[,]=0213M [ B =1l =0a70
[H,] =[1,] =0.107 M { : |
,c [C ,C



Let's calculate the Equilibrium Konstant
* Write an Equilibrium Expression

2HI =2 Ho + o

» Calculate Keq for each Experiment.

Ex

[HI]

[H2]

[12]

Keq

WLAA

[HI]

1

0.786

0.107

0.107

0.0°

35

0.0146

«—(——|H,][1,]
<K‘ [Hz];

2

1.573

0.213

0.213

0.0°

33

0.0714

Experiment 2

3

2.36

0.320

0.320

0.0°

34

0.271

Concentration. M

— Y
Y :J'. . . : v
E |

J—
.
—
-

v oy ; Y

0.5—

|[HI] =0.786 M

[H,] = [I,] = 0.107 M

L.

[HI] = 1.573

[H,]=[I,]=0.213M [

_ [H2] [l2]
[HI]°

€q

Experiment 3

| [HI] = 2.360

[H,] = [I,] = 0.320

[ .
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Mass Action Expression, Q

For any reaction:
v aA+DbB 5 cC + dD
A mass action expression can be written:

. - _ [CI¢ D)@
v The reaction quotient, Q =
1 [AFP [B]°

If the reaction is at equilibrium, Q is equal to K

[C]° [D] s .
v and K (aka Keg) = /A [B]P the equilibrium expression

Unlike rate laws, the equilibrium expression
depends only on the stoichiometry not on the
mechanism.



Practice Writing Equilibrium

EXpressions

» Let's stop and do problem # 1
1. Write an expression (yes, I know, it’s actually an equation,

but AP will request an expression and expect an equation) for
the equilibrium constant for each of the following
chemical equations.

SbClse) = SbClz) + Clay

b. 2BrNOw = 2 NO() + Bray)



Practice Writing Equilibrium Expressions

* problem # 1
a. SbClsi) = SbCls) + Clag

c | SbClL|[cL, ]
“ [sbCL ]

b. 2BrNOw = 2 NO() + Bray)

B [NO]Z[Bl’z]

- [BI’NO]Z




VWhat does the
Subscript on Kb tell us?

[square brackets] or (parentheses)?

...and what are the units on the K value?

What does the magnitude of K tell us?

Just how constant is K?



Keq VS Kp and KC

K or Keq IS @ generic term that can symbolize any
equilibrium constant.

It's helpful if you distinguish which Keq you are referring to.
v K, If calculated with gases measured in atmospheres (atm)
v K. If calculated for substance measured in molarity [M]

However, some books (like ours) do not always
differentiate for K, and use Keq almost exclusively to mean
Kp or Kc. You will know by the context of the problem
which K (Kp or K¢) you are calculating.

v If the substances are gases, assume when they say
Keq, they mean K,

Later in this unit we will study Ksp
In the next unit we will learn about Ka, Kb, Kw



Square Brackets [ |
or parentheses ( )7

AP can be a bit particular on this one.
* |f you are asked to write the

S _ | SbCL || Br, |
equilibrium expression for Kc K. = [ShCl ]
you must use square brackets 5

* If you are asked to write the (Poe, )(Py.)
equilibrium expression for K, K, = (P | 2

you must use parentheses.



Practice Writing Equilibrium Expressions

* problem # 1
a. SbClsi) = SbCls) + Clag
K :[SbCls][Clz] K :(PSbCls)(PClz)
- [seci) " (Poa)

b. 2BrNOw = 2 NO() + Bray)

[NO]Z[BrZ] K — (PNO)z(PBrz)
[BI”NO]2 ’ (PBrNO )2

K, =



Units on Keq 7

e None

* They would vary from constant to constant.

[NO]2 [Brz]
[BrNO]2

=M

* They wouldn't have any meaning or purpose,
so we leave them off.

There is a formal reason that allows us to leave them off, we don’t really care.

« One of the few naked numbers!
(Along with Absorbance and pH)



The Equilibrium Konstant

The magnitude of K is an indication of how far a
reaction proceeds toward product at a given
temperature.

Some reactions so favor the products that the
reaction appears to have “gone to completion™ —
Equilibrium lies far to the right.

v K will be large, perhaps 1 x 10%°

A system that appears that there is "no reaction”
may actually be at equilibrium far to the left.

v K will be small, perhaps as small as 5 x 10730

When significant quantities of both reactant and
product are present, K will have an intermediate
value. 2



Just How Constant is the
Equilibrium Konstant?

The constant is unique to each reaction.
The constant does vary with temperature.

It does not depend on the initial amounts of reactants
or products.

with catalyst arrive
at equilibrium faster

It is not affected by the o
presence of any other
materials, not even a catalyst.

but arrive at the
same K value

Equilibrium can be reached from either the forward or
reverse directions.



Distinguish Equilibrium Konstant
from Equilibrium Position

* For a particular temperature, there is only
one equilibrium constant.

» But there are an infinite number of sets of
various equilibrium concentrations, resulting in
many equilibrium positions.



The Relationship
Between the Equilibrium
Constant and the
Balanced Chemical
Equation

Stoichiometry of Reactions
Reversing Reactions
Hess Law - Adding Reactions



Keq and Direction of Reaction
* For the forward Rx: 2A+B S 3C

_ [cT
V Keg fwd = [2‘

[A]'[B]
e Forthereverse Rx: 3CsS2A + B

[A]'[B]

v Keq rvs — T

 Thus Keqrvs — Kl

eq fwd

 When a reaction is reversed,
take the inverse of the Keq value.



Keqg and Stoichiometry
Forthe Rx;: 2A+B S 3C

13

c
A

" Rea = [ap (3]

* For Rxdoubled: 4A + 2B 5 6C

6

4 Keq doubled = [A[]f[]B]z which =[[i]€3])

e« Thus Keq doubled = (Keq )2

* When the coefficients are changed by some factor,
n, the Keq is raised to that same n'" factor.

* Don’t forget your exponent rules "2 =Jx



Hess Law of Adding Reactions

« Chemists have learned that reactions can “add”
together to produce other reactions.

¢« 2S +\32\02 — 2503

¢+ 25603 —»2S02 + Og

* These two reactions add to produce a third reaction.
e 2SS + 202 —» 2507

* which of course can be reduced to: S + 02 —> SOZ

 This is called Hess’ Law



Keg @nd Hess' Law

» Suppose you knew K for these two reactions:
2 Wit o
v Rx1: 4B + C S 2A Keq1 =05 Kew:%ﬂj rite the equilibrium

expressions for
v RXZ: ZB + C : D Kqu — 3 Keﬂ:[B[]?[]c]:3 Rx1 and Rx>
* and suppose you wanted to know K for this reaction
v Rxnet' 2 A + C 4: 2D  _ [D] Write the equilibrium

(A [C] expression for this RXnet

« Let's manipulate Rx1 & Rx2 to produce the Rxnet above
v Rxireverse: 2A S 4B + C «. - Kegrs = —— =2

¢ Rxx2:4B + 20520, B] [c] [ ]?[]cJ Keq Rx x2 = (Keq2)2 =9

 Add Rx1 and Rx2 = RXnet

[]'[c], [P} [Df 8]'[c], [P} _, __[D]
AT e apla but Foo
v Thus Keq net — (Keq rvs, 2)(Keq X2, 9) =18
* When using Hess’ Law, the reactions are added,
but the Keq values are multiplied.




The relationship between K and the

equilibrium equation it represents
» Let's stop and do problem # 2

2. 28024 + Oz = 2803 K=261 at727°C

Using the information above, calculate the equilibrium
constant for the following reactions at 727°C.

) = 2 +
a. 2 SO3) SO2(g) + O2(g) :L:0.00383

This 1s the reverse of the reaction, thus 201

b. SOz + 72 02g = SO3(g)
o | K,,=(261)"=v261=162
This 1s Y2 the reaction, thus



The relationship between K and the
equilibrium equation it represents

3. Consider the reactions and their respective equilibrium constants:
NOw) + 72 Brye = NOBry K,=4
2 NO@g = N + Oz K,=2X 1039

Use the reactions above and their equilibrium constants to predict the
equilibrium constant, K, for the following reaction:
* Ny + Ozg + Bryeg = 2 NOBry

Work it without a calculator.

Rx 1 X2 2NO() + Brye = 2NOBr (g (KP)Z:(4)2




Equilibrium EXxpression

Which substances are in the
Equilibrium Expression?

not (L) or (s
only (9) and (aq)

Why?

31



Calculate the concentration of
1000 ml of water.



Calculate the concentration of
1000 ml of water.

. 1000 ml = 1000g Molarity =

moles

liters

1mol
1000g X —2° = 55 6mol

18¢

Molarity = 22205 _ 55 61

1liters




Calculate the concentration of
18 ml of water.



Calculate the concentration of

18 ml of water. Molarity = nffoles
+ 18 ml = 18g liters
1mol . Imoles
— Molarity = =556M
188 18¢ Lmol Y 0.018liters

» The concentration of any pure liquid or pure
solid is always constant.

 Pure solids and pure liquids, (s) and (L), do
not end up In the equilibrium expression.

« Adding more or less of them does NOT
change the equilibrium position.



For Reaction Ags) + Bg) — Cyg)

 Write the equilibrium expression for the reaction
above.

K —

CIN L, (C) _ K
[A] [B] ~ (B)
» WWhat would be the effect on the quantity of C

present at equilibrium if a small amount of A
(assume negligible effect on volume) were increased?

« NO EFFECT. Equilibrium expressions do nof
iInclude pure liquids or solids, since solid and
liguid concentrations are always constant.



Heterogeneous Reactions
and not so heterogeneous equilibria

» Let's stop and do problem # 4

4. Write an equilibrium expression for each of the following

chemical reactions. (Assume gases are measured 1n atm.)
a. CO32_(aq) + HZO(L) — HCO3_(aq) + OH_(aq)

_[on™ ]| HCO] |

R | CO; |

3
b. 2KClO35 = 2KCl) + 3029 K = (P 0 )
2



Heterogeneous Reactions

and a truly heterogeneous equilibria,
I'll bet you will NOT see this on the AP exam.

» continue with problem # 4

4. Write an equilibrium expression for each of the following
chemical reaction. (Assume gases are measured 1n atm.)
c. Zns) + 2Haq) = Zn* g + Ha(g)

[z
AL




Keq and Condensed Phases

Reactions that involve more than one phase are called
heterogeneous equilibrium.

But remember that if a pure solid or a pure liquid is In an
equilibrium reaction, they do not show up in the
equilibrium expression.

S0 a heterogeneous equilibrium expression would only
include gases and agqueous solutions end up in the
same equation, and odds are you will not likely see this
on the AP exam.

Not that these reactions are unusual, it's just that we
don’t generally study them in an equilibrium context.
2Als) + 6H @aq) — 2AP*@aq) + 3 Hag



Calculating
Equilibrium
Constants



Calculate K, for the following reaction
given the equilibrium quantities:

2S02(g) + O2(g) & 2503(g) No calculator

SO2=2 atm, O2 = 3 atm, SO3 = 12 atm



Calculate K for the following reaction
given the equilibrium quantities

2S02(g) + O2(g) = 2503(g) No calculator

SO2=2 atm, O2 = 3 atm, SO3 = 12 atm

(Pyo,) o 12y
" (P, Y (B,) " (27 (3)

K =12




What if you are asked to calculate K, but you
are NOT given the equilibrium concentrations?

NH; is placed in a flask with a partial pressure

of 3 atm, and is allowed to decompose Iinto its
elemental gases. At equilibrium, the partial
pressure of nitrogen is 0.25 atm. Calculate
the K, at this temp for the equation below.

2NH3q S N2(g) T 3 Hz(g)

» Write the Equilibrium Expression.



What if you are asked to calculate K, but you
are NOT given the equilibrium concentrations?

NH; is placed in a flask with a partial pressure

of 3 atm, and is allowed to decompose Iinto its
elemental gases. At equilibrium, the partial
pressure of nitrogen is 0.25 atm. Calculate
the K, at this temp for the equation below.

2NH3q S N2(g) T 3 Hz(g)

(P, (P, ) We need to organize the the
K,= ( b )22 information, and calculate the
M equilibrium concentrations.

5 44



NH; is placed in an empty flask with a partial pressure of 3 atm,

and is allowed to decompose Iinto its elemental gases. At
equilibrium, the partial pressure of nitrogen is 0.25 atm. Calculate

the K, at this temp.
_ By, )’ (Py,)
(Pyy,)’

» 2NHsg S Nzg + 3Hz K,

» Use the Grid below to organize the information

R 2NH3g S Nzg + 3 Hazg

45



NH; is placed in an empty flask with a partial pressure of 3 atm,

and is allowed to decompose into its elemental gases. At
equilibrium, the partial pressure of nitrogen is 0.25 atm. Calculate

the K, at this temp.
(P,.)'(Py,)
» 2NH3q S Nogq) + 3 Hag) K, = . Y

» Use the Grid below to organize the information

R 2NH3q S N2(q) + 3 Ha(g)
| 3 atm 0 atm 0 atm
C -0.5 atm +0.25 atm +0.75 atm
E 2.5 atm 0.25 atm 0.75 atm
3
K = (0.75) ((1.25) 0017
(2.5)

46



Percent remaining, Percent reacted
Don’t get tripped up by the language!

* The concentration of some molecule is 0.50 M initially
and after equilibrium is reached, 30% of the molecule
remains in the flask. What is the concentration of this
molecule at equilibrium?

part
% = 050M x030=0.15M
total

* There is 0.080 mol of some molecule B in a 200 ml flask

initially, 40% of the molecule has . What is the
concentration of this molecule at equilibrium?
0.080mol x0.60
=0.24M
0.2L



4 moles of gaseous NO: are placedina 1.0 L
container and maintained at a constant temperature.
After equilibrium was established, it was found that
after dissociating into NO
and Oz gases. Calculate the equilibrium constant, K.

...or the same problem could read like this....

48



4 moles of gaseous NO2 are placedina 1.0 L
container and maintained at a constant temperature.
After equilibrium was established, it was found that

into NO and O
gases. Calculate the equilibrium constant, K.

Write a balanced equation, then write an
equilibrium expression, then set up a grid
(a RICE Box) to organize the information.

ONOz - 2NO + 0, g _[NOT[0,]
(NO, |

C

49



4 moles of NO2 are placed in a 1.0 L container
and maintained at a constant temperature.
After equilibrium was established, it was found

that

into NO

and O2. Calculate the equilibrium constant, K.

What does 75% dissociation tell us?

2NO2 —» 2NO O

4 0 0

m|O|— |

[NOT[0, ]

(NO, |

50



4 moles of NO2 are placed in a 1.0 L container
and maintained at a constant temperature.
After equilibrium was established, it was found

that into NO
and O2. Calculate the equilibrium constant, K.

Now what can we deduce?

R 2NO2 » 2NO O2 )
C +3 | +15 | NO, |
E 1 3 1.5

51



4 moles of NO2 are placed in a 1.0 L container
and maintained at a constant temperature.
After equilibrium was established, it was found

that

into NO

and O2. Calculate the equilibrium constant, K.

Now fill in the equilibrium expression

R| 2NO2 » 2NO O2
| 4 0 0

C +3 +1.5
E 1 3 1.5

_[31[1.5)

K, :
[

=13.5

52



Lab Review
Color and Concentration

Fe3* + SCN- — FeSCN¢24t



Which copper(ll) sulfate
solution Is most concentrated?

o R
/ N\
N

N, Py ( ’
\_——/ \

Q - — @
N ~

@Z&W\ENITA
P @TQGRA |-

hitpe/vawwafphot

RLEL

<y



Concentration

—
add more

copper sulphate copper sulphate

Dilute Concentrated
copper copper
sulphate solution sulphate solution

add more

Saturated

copper
sulphate solution



Which solution would have the
highest absorbance, (A) using a
visible spectrophotometer?

/—x /—\
\ b ( \
\_—/ \

O — =

\ \
N

¥ “a» bw = S
- TRl TOGE ANE

'/\f\fxfﬁho [10). =200

1 ‘2 - 13;
¥ Abs=abc 3




What does this graph tell us about the
relationship between absorbance and
concentration?

LAD B.1, Absorption vs. Concentration (M)

0.108 v

0.096 /{/
S -
§ 006 //
®
S
3 0.048
o=
O
8 /

0.036 /

0.024 /

s
0.012 .
0 /(
0 0.3 0.6 0.9 2

Absorption



What does this graph tell us about the
relationship between absorbance and

concentration?
A solution of 0.750 M has an absorbance of 0.793

 Calculate the concentration of the solution that
has an absorbance of 0.550

LAD B.1, Absorption vs. Concentration (M)

0.108 . v 1 y
/

0.098 ,/
0.084 } s /
0.072
s
§ 006 } ! ! 4
i
0.048 !
g
3
0.036 /
0.024 /
0.012
O /’
0

oooooooooo



Lab F1
Calculating the
Equilibrium Constant

Fe3* + SCN- — FeSCN¢24t



Iron(lll) nitrate nonahydrate
reacted with potassium thiocyanate

 Fe(NO3)3* 9H,O + KSCN
e produces FeSCNZ2*

 The NET Ionic equation Is:

Fes* + SCN- — FeSCN?4*

* Write the Equilibrium Expression



We can use color to help us determine
the concentration of a solution

Fes* + SCN- — FeSCN2+

pale
purple

* What can you tell me about the concentration of
the following solutions containing the same red-
colored compound?

:/ Y /S (V 7
“1TINISS
' . p O J |\ s

colorless




Absorbance of color and
concentration are linearly related

[FeSCN] vs. Absorbance Reference

O y = 2.373E-4 * x - 7.509E-6
0.00016

0.00012 o

S 0.00008 o

a of FeSCN

Q
S 0.00004 o
O

e



Absorbance of color and
concentration are linearly related

[FeSCN] vs. Absorbance Reference

O y = 2.373E-4 * x - 7.509E-6
0.00016

0.00012 o

S 0.00008 o

a of FeSCN

Q
S 0.00004 o
O




Absorbance of color and
concentration are linearly related

e | et's measure the absorbance of our known
standard:

Absorbance = ?
?M




MV — MV Any time we pour

together two solutions,

M CVC M dVd there is a dilution.

stock sol'n stock sol'n
0.00200 M 0.00200 M

R Fes* SCN- - FeSCN24*

C

E measure

» Calculate the initial, poured together
concentration, before any reaction occurs.



MV — MV Any time we pour

together two solutions,

MCVC MdVd there is a dilution.

3+ ~

R o.olf)goo M o.?oczzcl)\cl) M FeOSOCMN2+
5.0 ml 5.0 ml — '

| 0.001 0.001 0

C

E

» Calculate the initial, poured together
concentration, before any reaction occurs.



MV — MV Any time we pour

together two solutions,

MCVC MdVd there is a dilution.

3+ -
. Fe SCN FeSCN2+
0.00200 M 0.00200 M 00 M
4.0 mi 6.0 ml — '
I 0.0008 M 0.0012 0
C
E measure

» Calculate the initial, poured together
concentration, before any reaction occurs.



React and measure the absorbance

For 0.00016 M the
Absorbance = 0.512

3+ -
R o.olf)goo M o.?oczzcl)\(l) M FeOSOCMN2+
4.0 ml 6.0m —p '
| 0.0008 M 0.0012 0
C
E measure

» Calculate the equilibrium concentration of the
solution just measured.



Make stoichiometric calculations

Fed+ SCN- 2+
R | 0.00200M | 0.00200M - FeOSOCMN
4.0 mi 6.0 ml '
| | 0.0008 M 0.0012 0
C
E measure

» Calculate the change row for all three
substances.



Equilibrium Concentrations

Fes* SCN- F N2+
R | 0.00200M | 0.00200 M eSC
0.0 M
? ml ? ml —
| 0
C
E measured

» Compute the equilibrium concentrations
* Voila, calculate the equilibrium constant.

- Standard
K = [ifSCNz ]_ Absorbance = 0.585
| Fe™ || SCN™ | 0.00016 M



Let's test more combinations

Fe3* | SCN-

aroup 0.00200 M| 0.00200 M ADS Ke

Kate+Elijah 9 1 0.163
Harper+Sierra 0 4 0.424 160
Jason+Ezra 14 3 0.370 160
Aviya+Stella 3 14 0.440 195
Brigitte+Natalie 2 8 0.395 255
Benjamin+Bobby 3 2 0.278 157
Rosie+Esther 4 6 0.460 188
Jonah+Duggie 5 5 0.455 167

» Each group will pick a different combination



Let's test more combinations

Fe3* | SCN-

aroup 0.00200 M| 0.00200 M ADS Ke

Kate+Elijah 9 1 0.163
Harper+Sierra 0 4 0.424 160
Jason+Ezra 14 3 0.370 160
Aviya+Stella 3 14 0.440 195
Brigitte+Natalie 2 8 0.395 255
Benjamin+Bobby 3 2 0.278 157
Rosie+Esther 4 6 0.460 188
Jonah+Duggie 5 5 0.455 167

» Each group will pick a different combination



Using Q to indicate
the direction the
reaction will proceed
to reach equilibrium.

Practice F1
Pop Bead Model



Looking at your 3 Q values, compared
to K =9, and considering each
corresponding shift direction, what can
you conclude?

1.

a &~ Db

When K is > than Q, the reaction shifts left
When Kis > than Q, the reaction shifts right
When K is < than Q, the reaction shifts left
When Kis < than Q, the reaction shifts right

When K is = to Q, the reaction can shift in either
direction.

When K is = to Q, the reaction wouldn’t shift at all.



Looking at your 3 Q values, compared
to K =9, and considering each
corresponding shift direction, what can
you conclude?

1.

SLERE A

When K is > than Q, the reaction shifts left
When K'is > than Q, the reaction shifts right
When K is < than Q, the reaction shifts left
When Kis < than Q, the reaction shifts right

When K is = to Q, the reaction can shift in either
direction.

When K is = to Q, the reaction wouldn’t shift at all.

b



Reaction Quotient, Q

* When given values that may NOT be at
equilibrium, you can substitute them into the
equilibrium expression to solve for Q

» If Koq = Q then you know those values are
actually at equilibrium.

» If Koo > Q the right side is too large and the
system will shift to the right to reach equilibrium.

» If Kog < Q the right side is too small and the
system will shift to the left to reach equilibrium.



N2Ogsq) 2 2NO2q Kc=0.21 at 100.°C

At some point during the reaction at
100°C,

[N20O4] = 0.12 M and [NO2] = 0.55 M.
Is the reaction at equilibrium?
If not, in which direction is it progressing?

1. At equilibrium
2. Not at equilibrium, shift to the right.
3. Not at equilibrium, shift to the left.




N2O4g) & 2NO2g Kc=0.21 at 100°C

At some point during the reaction,
IN20O4] = 0.12 M and [NO2] = 0.55 M.
Is the reaction at equilibrium? No

If not, in which direction is it progressing?

[NO,]  [055]

Vo] 7 [oa] 7

0=

1. At equilibrium
2. Not at equilibrium, shift to the right. 0-2K1<< ()2-5
3. Not at equilibrium, shift to the left.

e K <Q,thus the reaction will proceed to the left.

78
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Using Equilibrium
Constants to
Calculate
Equilibrium
Concentrations



For the reaction shown below, the

Keg = 1.45 x 10,

In an equilibrium mixture of the three gases
at 500°C, the partial pressure of

Ho = 0.928 atm, and N2 = 0.432 atm.
Calculate the equilibrium pressure of NHs.

2NH3q 5 N2(g) + 3 Hz(q)



For the reaction shown below, the

Keq = 1.45 x 10-°.

In an equilibrium mixture of the three gases
at 500°C, the partial pressure of

Ho = 0.928 atm, and N2 = 0.432 atm.
Calculate the equilibrium pressure of NHs.

2NH3q 5 N2(g) + 3 Hz(q)

* Not all problems require that you use a RICE box.
» Write the equilibrium expression. PERGRAGS
p (PNH3 )2
* Plug in the known equilibrium values and solve for the
NH; pressure.
145107 =

(0.928)°(0.432)
(P, )’

Py, = 154atm



» Consider the hypothetical reaction:
* Aig) + B(g) = 2Cg) for which Ky = 4

* Suppose 2 atm of each substance was placed
iIn a 1 L container, is the system at equilibrium?

* [f not, what is the pressure of each substance
at equilibrium



» Consider the hypothetical reaction:

* A + B = 2C(q) for which Kp = 4

» Suppose 2 atm of each substance was placed in a 1 L container,
IS the system at equilibrium? No

* What is the pressure of each substance at equilibrium (P.)

* Write the equilibrium expression. ~(P)(P,)
* Put in initial values and solve for Q, compare Q to Keq to
determine the direction of the shift. K,>Q thus shift right

* Use x to name the changes (2 +2x) _ 4 égl(\)/l;fcgsgfeeﬁ)?; both
» Put in equilibrium values using x (2—x)? S’des(2+ 24
. Solve. o) 2
R A + B = 2 C 2+2x)=2(2—x)
| 2 2 2 x=0.5
—x —x + 2% Be sure and answer the question:
E| 2-x 2 - X 2 + 2x A=B=1.5
C=3
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Equil S librium

‘eChatelier’s
Principle

When a chemical system at equilibrium is
disturbed, the system shifts in a direction to
counteract that disturbance.

A system will always act to oppose changes
In equilibrium
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LeChatelier’'s Principle

A general rule that will help us predict the
direction in which an equilibrium reaction will
move when the equilibrium is disturbed.

If an external “stress” is applied to a
system at equilibrium, the system
adjusts in such a way that the
"stress’ is partially offset as the
system reaches a new equilibrium
position.

85



Consider the gas phase reaction
A= 2B endothermic K =0.2

o~ 0bh -~

Suppose we are at equilibrium with A=5 M
and B=1M

If 5 M of A were added, how would the
system respond?

Shift right, no change K

Shift left, no change in K

No shift, no change in K

Shift right, K becomes a larger value

Shift left, K becomes a smaller value y



Consider the gas phase reaction
A= 2B endothermic K =0.2

e If5 M of Awere added, how
would the system respond?

1. Shift right, no change K
A= 2B

WAAAGH .

Extra A comes in, the system will
respond by reacting in the
forward direction, using up some
of the A and producing more B
until an new equilibrium position
IS reached.

Shift to the right, same K value.




Consider the gas phase reaction
A= 2B endothermic K =0.2

o Suppose we are at equilibrium with A = K = [1] -0
5MandB=1M [5]

o If 5 M of A were added, how would the 1
system respond? 0 = [1] - 0.1

o The reaction would no longer be at [10] K>Q
equilibrium and would proceed to e B G
‘relieve” the stress, and get back to
equilibrium.

[1+2x]

. The forward reaction would occur T =02 x=02
— X

enough to make the amount of B larger
Whlle the amount OfA Sma”er untll Note tha{élgtvfngéis:(aqguét§o,n reB;ui:reslt.hécla- quadratic

equation. AP will never put you in a situation in which

eq u | | | br' um was reStO red . you must use the quadratic to get an answer.

e We would call this a “shift in the (147

K=

equilibrium position” to the right. 98] =0.2
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Consider the gas phase reaction
A= 2B endothermic K¢=0.2

e Suppose we are at equilibrium withA=5 M
and B=1M

 |f the container were compressed, (and
remains at a constant temperature), from 2
L to 1 L, how would the system respond?

Shift right, no change K

Shift left, no change in K

No shift, no change in K

Shift right, K becomes a larger value
Shift left, K becomes a smaller value

o K b=

89



Consider the gas phase reaction
A= 2B endothermic K:=0.2

e |f the container were compressed
from 2 Lto 1L, how would the

system respond?
2. Shift left, no change in K

Container is squashed, partial
pressure of each gas increases, the
A= 2B system will respond by reacting in

WAAAGH %Ry the reverse direction, using up
(A2l some of the B and producing A until

a new equilibrium position is
reached.
Shift to the left, same K value. 5




Consider the gas phase reaction
A= 2B endothermic K =0.2

1 2
e Suppose we are at equilibrium withA=5M K = Q =0.2
andB=1M [3]
e |f the container were compressed from 2 L to 5
1 L, how would the system respond? 0= [2] 04
e The decrease in volume would double the [10] '
molarity of each substance and the reaction K<Q

would no longer be at equilibrium and would Thus, a shift to the left.

proceed to “relieve” the stress, and get back 12— 2x]
to equilibrium. 0+ x] =02 x=0.283

* The reverse reaction would occur to reduce 4,5 A=10283, B=1.434
the quantity Of B and increase the quantity Of Note that solving this equation requires

the quadratic equation. AP will never put

A Until eqUilibrium iS reStored. you in a situation in which you must use
the quadratic to get an answer.
 We would call this a “shift” to the left.
« Note that the new equilibrium position does K [1434] _ 09

not “get back to” A=1 nor B = 5. - [10.283]
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Consider the gas phase reaction
A= 2B endothermic K =0.2

a s wbh-=

Suppose we are at equilibrium with A=5 M
and B=1M

If half of the amount of B were removed,
how would the system respond?

Shift right, no change K

Shift left, no change in K

No shift, no change in K

Shift right, K becomes a larger value

Shift left, K becomes a smaller value o



Consider the gas phase reaction
A= 2B endothermic K =0.2

e |f half of the amount of B were removed,
how would the system respond?

1. Shift right, no change K

A= 2B B is removed, the system will
WAAAGH | respond by reacting in the
7 forward direction, using up some
of the A and producing more B
until an new equilibrium position
IS reached.
Shift to the right, same K value. 03




Consider the gas phase reaction
A= 2B endothermic K =0.2

2
Suppose we are at equilibrium with A = K:[l_]:().z
5MandB=1M [5]
If half of the amount of B were removed, ,
how would the system respond? 0 = [0.5] — 005

The decrease in B would cause the [5]
reaction to no longer be at equilibrium

and would proceed to “relieve” the

stress, and get back to equilibrium by

shifting to try to restore some of that B. g 5.2,

K >0

Thus, a shift to the right.

=0.2 x=0.238

The forward reaction would occur to [5—x]
increase the quantity of B and decrease thus A=4.762, B=0.976

Note that solving this equation requires the quadratic

the q uantlty Of A u nt” eq U|I|br| um |S equation. AP will never put you in a situation in which
you must use the quadratic to get an answer.
restored.

0.976]
We would call this a “shift” to the right. K=" I 0.2
4.762
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Consider the gas phase reaction
A= 2B endothermic K =0.2

asr0bh-~

Suppose we are at equilibrium withA=5M
and B=1M

If the reaction vessel in the room was placed
In an ice water bath, how would the system
respond?

Shift right, no change K

Shift left, no change in K

No shift, no change in K

Shift right, K becomes a larger value

Shift left, K becomes a smaller value o5



Consider the gas phase reaction
A= 2B endothermic K =0.2

 |f the reaction vessel were placed in an ice
water bath, how would the system respond?

5. Shift left, K becomes a smaller value

A “— ZB Heat is removed, since the
reaction Is endothermlc the
system will respond by reacting

In the reverse direction, to
produce more heat, using up
some of the B and producing
more A until an new equilibrium

IS reached.

Shift to the left, smaller K value.




Consider the gas phase reaction
Energy + A= 2B endothermic K =0.2

Suppose we are at equilibrium withA=5MandB=1M

If the reaction vessel were placed in an ice water bath, how
would the system respond?

We can “cheat” by considering the heat as a component of
the reaction on the left due to the + sign of AH.

The ice bath will reduce the temperature of the system, so
the reaction will shift to reduce the effect of this temp change.

A shift to the left will cause the production of heat which will
reduce the disturbance of the equilibrium temperature.

In this case, since there is a temp change, a new equlibrium,

smaller K value will be reestablished at the new temperature.
You will not be asked to solve for the new K value, it is not an easy conversion.

K is only constant for a particular temperature. 97



Consider the gas phase reaction in a rigid container
A= 2B endothermic K =0.2

asr0bh-~

Suppose we are at equilibrium withA=5M
and B=1M

An inert gas such as He has been added
holding temperature constant so the total
pressure increases.

Shift right, no change K

Shift left, no change in K

No shift, no change in K

Shift right, K becomes a larger value

Shift left, K becomes a smaller value o8



Consider the gas phase reaction
A= 2B endothermic K =0.2

e Suppose we are at equilibrium withA=5 M
and B=1M

* An inert gas such as N2 has been added.
3. No shift, no change in K

Inert gas is added, the total pressure
iIncreases, however the partial pressure
of each gas remains the same, the
system does not need to respond.
Thus there is NO shift, and same K

value.

1] . 1]
—=0.2 gndstill K=—7=02
_5] _5] 99

A= 2B

Arrrgh
Watch out
for the tric

K =




Consider the gas phase reaction
R=P endothermic K=35

e Suppose we are at equilibrium with R =1 M
and P=5M

e |f the container were increased in size from

1 Lto 2L, how would the system respond?
(and remains at a constant temperature)

Shift right, no change K

Shift left, no change in K

No shift, no change in K

Shift right, K becomes a larger value

Shift left, K becomes a smaller value

a s wbh-=



Consider the gas phase reaction
R=P endothermic K =25

e Suppose we are at equilibriumwithM =1 M
and P=5M

e |f the container were increased In size from

1 Lto 2L, how would the system respond?
(and remains at a constant temperature)

3. No shift, no change in K

OOOOH?

M= P

The partial pressure of each gas
decreases, but no shift of the system
produces any relief in the number of

molecules.
Thus there is NO shift, and same K

value.
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Consider the gas phase reaction
R=P endothermic K=5

e Suppose we are at equilibrium with ol
R=1MandP=5M [
e |f the container were increased in

size from 1 Lto 2 L, how would the
system respond?

e The concentrations would be cut in
half, but since there is not

stoichiometry to produce any 0 = [25] — 5
exponents, the change in [0.5]
concentration occurs
proportionately and Q = K 0=K

¢ ThUS the SyStem |S Stl” at Thus, still at equilibrium.

equilibrium, and there is no shift.
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LeChatelier’s Principle

* If stress is added to a system at equilibrium, the
system will shift to relieve that stress.

» Types of stress:
+ Temperature (will also result in a different Keg).

+ Adding or removing reactants or products.
v' Formation of precipitate removes reacting ions

+Volume changes (affects only gases)

» Addition of a catalyst will change the rate at which
equilibrium is achieved, but will not affect the
equilibrium position.

» Addition of a gas (inert, non-reacting) will not affect the
equilibrium position.



Just How Constant is the Equilibrium Konstant?
* The constant does vary with temperature.

* |t does not depend on the initial amounts of reactants
or products.

* Itis not affected by the presence of any other materials,
not even a catalyst.

» Equilibrium can be reached from either the forward or
reverse directions.

Distinguish Equilibrium Konstant from Equilibrium Position

* For a particular temperature, there is only
one equilibrium constant.

 But there are an infinite number of sets of various
equilibrium concentrations, resulting in many equilibrium
positions. o
_)



PC|5(g) S PC|3(9) + CIZ(g) AH = +87.9 kJ

* For the reaction above, in which direction will the
reaction shift when Cl,, is removed

1. shift left (reactants favored)
2. shift right (the forward reaction is preferred)
3. no change

105



PC|5(9) S PC|3(9) + CIZ(g) AH = +87.9 kJ

* For the reaction above, in which direction will the
reaction shift when Cl,, is removed

1. shift left
2. shift right
3. no change
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PC|5(g) S PC|3(9) + CIZ(g) AH = +87.9 kJ

* For the reaction above at equilibrium, in which
direction will the reaction shift when the volume
of the system is increased?

1. shift left
2. shift right
3. Nno change
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PC|5(g) S PC|3(g) + CIZ(g) AH = +87.9 kJ

For the reaction above, in which direction will
the reaction shift when the volume of the
system is increased?

1. shift left
2. shift right

» The volume increase will cause an
Immediate decrease In pressure and the
attempt to make up this pressure change
will cause a shift toward more molecules =
right

3. Nno change
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Consider this reaction at equilibrium:
Ag@ = B * C(g * energy

In a 1 L container at equilibrium, the partial
pressure of Bis 2 atm, C is 2 atm and Ais 2 atm.

- _(B0)_0@)_,

o4 (2)

e |f the container were expanded to 2 L the partial pressure
of each gas would decrease to 1 atm (using PV = PV)

(H(1)
(1)

O = =1< K thus shift right
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Consider this reaction at equilibrium:
Ag@ = B * C(g * energy

In a 1 L container at equilibrium, the partial
pressure of Bis 2 atm, C is 2 atm and Ais 2 atm.

e What would the partial pressures be when the equilibrium
position shifts to return the system back to equilibrium?

R| Aw = Be t Cg (1+x)(1+ x)
I 1 1 1 K,=2= (1-x)
C| —x + X + X
Using the quadratic — which you will NOT have to do for AP
E|l 1—x 1 +x 1 +x

x=0236 or —4.24

0.764 1.236 | 1.236

K :(1.236)(1.236):1.9996!
! (0.764)
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PC|5(g) S PC|3(9) + CIZ(g) AH = +87.9 kJ

* For the reaction above, in which direction will the
reaction shift when PCl; ) is added in a sealed

rigid container.
1. shift left

2. shift right
3. No change
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PC|5(9) S PC|3(9) + CIZ(g) AH = +87.9 kJ

* For the reaction above, in which direction will the
reaction shift when PCl; ) Is added

1. shift left
2. shift right
3. no change
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Consider this reaction at equilibrium;
Ag = B *+ Cg *energy

In a 1 L container at equilibrium, the partial pressure
of Bis2 atm, Cis 2 atm and Ais 2 atm.
B was added to the container making B = 4 atm

« _BIC)_(2)2)_,

o4 (2)

e |f more B were added to bring the total B pressure up to 4
atm,

O = (4)(2) =4 > Kp thus shift left

(2)
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Consider this reaction at equilibrium;
Ag = B *+ Cg *energy

In a 1 L container at equilibrium, the partial pressure
of Bis2 atm, Cis 2 atm and Ais 2 atm.
B was added to the container making B = 4 atm

e What would the partial pressures be when the equilibrium
position shifts to return the system back to equilibrium?

4—x)2—x
R| Ag = Be * Cg K, :2:( (21()6) )
| 2 4 2
C| +x — X — X x=0.536 or 7.46
E| 2+x 4 —x 2 —X
2536 | 3464 [1do4] o _ (3464)(1464) 0o,
(2.536)
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PClsq) S PClyg + Clyg AH = +87.9 kJ

* For the reaction above, in which direction will the
reaction shift when the total pressure is
increased by adding an inert gas, such as neon,
into the reaction vessel?

1. shift left
2. shift right
3. no change
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PC|5(9) S PC|3(9) + CIZ(g) AH = +87.9 kJ

* For the reaction above, in which direction will the
reaction shift when the total pressure is

iIncreased by adding an inert gas such neon into
the reaction vessel?

1. shift left

* the total pressure changes, but the individual
partial pressures of the gases do not change,
so there is no shift in the equilibrium position.
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Consider this reaction at equilibrium:
Ag@ = B * C(g * energy

In a 1 L container at equilibrium, the partial
pressure of Bis 2 atm, C is 2 atm and Ais 2 atm.

- _(B0)_0@)_,

o4 (2)

e |faninert gas is added, the total pressure increased, but
no gas’ partial pressure changed

(2)2)
°= )

=2 =K thus no change
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PC|5(g) S PC|3(9) + CIZ(g) AH = +87.9 kJ

* For the reaction above at equilibrium, in which
direction will the reaction shift when the
temperature is decreased

1. shift left
2. shift right
3. Nno change
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PC|5(9) S PC|3(9) + CIZ(g) AH = +87.9 kJ

* For the reaction above, in which direction will the
reaction shift when the temperature is
decreased?

1. shift left

* You can assume that the thermodynamics
play a larger role than the pressure effects,
however | don't think AP will put you in this

situation.
2. shift right
3. no change
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Ag) + 2B S 3C

* Which direction will the reaction shift when the
pressure Is increased by reducing the volume?

1. shift left
2. shift right
3. Nno change
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Ai) + 2B 5 3C,

* \Which direction will the reaction shift when the
pressure Is increased?

1. shift left
2. shift right
3. no change

You might think it would stay the same
because the amounts of moles are the same
on both sides, but only gases respond to
pressure changes, and thus the reaction will
shift left.
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Ai) + 2B 5 3C,

o If Keg is 3.9 at 600°C and K, is 45 at 100°C, is
this reaction exothermic or endothermic?

1. exothermic
2. endothermic
3. No way to determine, since AH is not given.
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Ai) + 2B 5 3C,

o If Keg Is 3.5 at 600°C and 45 at 100°C, is this
reaction exothermic or endothermic?

1. exothermic
2. endothermic
3. No way to determine, since AH is not given.
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Ai) + 2B 5 3C,

* When at equilibrium, which direction will the
reaction shift if a bit more A Is added to the
reaction vessel?

1. shift left
2. shift right
3. no change
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Ai) + 2B 5 3C,

* \Which direction will the reaction shift if a small
amount of A Is added?

1. shift left

- |f there is no change in volume of the space
available to the gases due to the increase
In A added, there will be no effect on
equilibrium. AP will expect you to ignore
any volume change, unless they make it
clear.
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Ai) + 2B 5 3C,

* If the system is at equilibrium, what will happen
to the mass of A if more B is added to the
reaction vessel?

. Increase A and K stays constant
. Increase A and K increases

. Increase A and K decreases

. decrease A and K stays constant
. decrease A and K increases

. decrease A and K decreases

. A stays the same as does K

~N O O & WO DN -
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Ai) + 2B 5 3C,

* \What will happen to the mass of Aif more B is
added to the reaction vessel?

1. Increase A and K stays constant
2. Increase A and K increases

3. Increase A and K decreases

4. decrease A and K stays constant
5. decrease A and K increases

6. decrease A and K decreases

/. A stays the same as does K
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Consider this reaction at equilibrium:
Ag = 2B *+ C( +energy

Which of the following changes to the
system would cause the concentration

of B to increase?

1. decrease the volume of the system while
maintaining constant temp

2. Increase the temperature of the system while
maintaining constant volume

3. removing A
. removing C
. adding a homogeneous catalyst

O B~
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Consider this reaction at equilibrium:
Ag = 2B + C(g *+ energy

Which of the following changes to the
system would cause the concentration of
B to increase?

1. decrease the volume of the system while maintaining constant
temp

- This decrease of volume will cause a shift left, but the decrease In
volume also causes and increase in concentration... let’s take a closer
look at an example.

2. Increase the temperature of the system while maintaining
constant volume

.removing A
.removing C
5. adding a catalyst 129
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Consider this reaction at equilibrium:
Ag = 2B t+ Cq +energy

In a 5 L container that contains 15 moles
of B, 5 moles of C and 5 moles of A.

e (Calculate K.

No Calculator



Consider this reaction at equilibrium:

Ag) = 2B + C( +energy

In a 5 L container that contains 15 moles
of B, 5 moles of C and 5 moles of A.

0 [3]°[1]
Ke=9 o
If the volume of the system was
decreased to 1L, calculate Q

Then set up an equation that would
allow you to solve for the new
equilibrium position concentrations.




Consider this reaction at equilibrium:
Ag = 2B *+ C +energy

In a 5 L container that contains 15 moles
of B, 5 moles of C and 5 moles of A.

e |f the volume of the system was
decreased to 1L, set up an RICE
box that would allow you to solve
for the new equilibrium position
concentrations. [ BI[C]

K, =
[A]

9



Consider this reaction at equilibrium:

Ag — 2B + C +energy
In a 5 L container that contains 15 moles of B, 5 moles of C and 5 moles of
A. If the volume of the system was decreased to 1L, set up an equation that
would allow you to solve for the new equilibrium position concentrations.

Rl Ag = 2B + Cg T

AE I3 s | g2z b 5
C| +x — 2X — X [5+x]

E

5+x I5—2x | 5—x
8.67 7.66 1.33

* Which results in [B] = 7.66, [C] = 1.33, and [A] = 8.67

* You see, while the concentrations increase dramatically upon the
initial volume change, the shift will be to the left, but the
concentrations of B and C will never get lower than the original 5
and 1 before the volume change.
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NoO4 = ZNO>

Equilibrium



NoOg =

1. AH of this reaction, is +
2. AH of this reaction, Is —

3. AH of this reaction, can not be determined
from the demonstration



+ N2O4 = NO>

. AH of this reaction, as written, Is +

As heat is added from the outside, the
reaction shifts to the right to remove that
stress. Thus the reaction must be
endothermic.

. AH of this reaction, as written, Is —

. AH of this reaction, as written, can not be
determined from the demonstration



+ N2O4 = NO>

. AH of this reaction, as written, Is +

As heat is added from the outside, the
reaction shifts to the right to remove that
stress. Thus the reaction must be
endothermic.

. AH of this reaction, as written, Is —

. AH of this reaction, as written, can not be
determined from the demonstration



What speeds up when heat is added?

* N204+ Energy = 2NO>

* When plunged into hot water, both the forward and
reverse reactions will speed up because heat makes
molecules move faster.

* Upon moving from cold to hot, initially, the forward
reaction will speed up more than the reverse because
the system is moving in a direction to use up the the
external energy being applied, LeChatelier’s Principle.

* As more NO2 builds up, the reverse reaction speeds up
more while the loss of N2O4 causes the forward reaction
to slow down until the forward and reverse reactions are
at the same rate (albeit a faster rate than the previous equilibrium state)
and a new equilibrium position is established with a
different, lower K value.
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Equilibrium Situations

that you already know and love

* Vapor above a liquid in a
closed container will reach
equilibrium.

* The rate of the condensation
and rate of evaporation will be
equal.

* The amount of gas that can be
evaporated at a particular temp
IS known as equilibrium vapor
pressure.
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Random Clicker
Questions



For the reaction A)+ Bg) = C(q) + D(g)
K was determined to be 0.5 at 500°C
In an equilibrium mixture of these four
gases at 500°C, which one of the
following is true”?

1. [D] will always be greater than [B]

2. [D] will always be less than [B]
3. [D] will always be equal to [B]
4. [D] will never be equal to [B]}
5. none of the above are true



For the reaction A)+ Bg) = C(q) + D(g)
K was determined to be 0.5 at 500°C
In an equilibrium mixture of these four
gases at 500°C, which one of the
following is true”?

1. [D] will always be greater than [B]

2. [D] will always be less than [B]
3. [D] will always be equal to [B]
4. [D] will never be equal to [B]}
5. none of the above are true



Consider the reaction with K¢ = 2 at 35°C
3A(g) + 2Bs) = 2Cq) AH = +50 kJ
1.0 mole of each substance is putintoa 2.0 L

container. Select the true statement(s) - No Calculators

1. The total pressure at equilibrium will be the same as the
Initial pressure.

2. The mass of B will be less at equilibrium than it was
initially.

3. The temperature of the system will increase as it comes to
equilibrium.

4. Addition of a catalyst will cause the partial pressure of C to
INncrease.

5. Increasing the size of the container will cause the mass of
A to increase.

6. None of the statements above are true. 143



Consider the reaction with K¢ = 2 at 35°C
3A(@g) + 2B(s) = 2Cg) AH = +50 kJ
1.0 mole of each substance is put intoa 2.0 L

container. Select the true statement(s) - No Calculators

1. The total pressure at equilibrium will be the same as the
initial pressure.

2. The mass of B will be less at equilibrium than it was
initially.

3. The temperature of the system will increase as it comes to
equilibrium.

4. Addition of a catalyst will cause the partial pressure of C to
INncrease.

5. Increasing the size of the container will cause the mass of
A to increase.

6. None of the statements above are true. 144



Consider the reaction with K¢ = 2 at 35°C

3A(g) + 2B(s) = 2Cg) AH = +50 kJ

1.0 mole of each substance is putintoa 1.0 L
container. Select the true statement(s) - No Calculators

1.

2.
3.

The total pressure at equilibrium will be the same as the
initial pressure.

The mass of B will be less at equilibrium than it was initially.

The temperature of the system will increase as it comes to
equilibrium.

. Addition of a catalyst at equilibrium will cause the partial

pressure of C to increase compared to the equilibrium
pressure of C.

The rate of the forward reaction is initially greater than the
rate of the reverse reaction.

None of the statements above are true.

145



Consider the reaction with K¢ = 2 at 35°C
3A(g) + 2Bs) = 2C(g) AH = +50 kJ

1.0 mole of each substance is putintoa 1.0 L
container. Select the true statement(s) - No Calculators

1.

The total pressure at equilibrium will be the same as the
initial pressure.

. The mass of B will be less at equilibrium than it was

initially.

. The temperature of the system will increase as it comes to

equilibrium.

. Addition of a catalyst will cause the partial pressure of C to

Increase.

The rate of the forward reaction is initially greater than the
rate of the reverse reaction.

None of the statements above are true. 146



Consider the reaction at some temperature.
3A(g) + 2Bs) = 2Cq) AH = +50 kJ

Only C is put into a 1.0 L container.
Select the true statement(s).

1.
2.
3.

At equilibrium the moles of C will equal the moles of B
At equilibrium, the moles of A > moles of B

The temperature of the system will increase as it comes to
equilibrium.

. At equilibrium, the total moles of A and B combined will be

more than the moles of C.

Increasing the size of the container will cause K. to
decrease.

None of the statements above are true.
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Consider the reaction at some temperature.
3A(g) + 2Bs) = 2Cg) AH = +50 kJ

Only C is put into a 1.0 L container.
Select the true statement(s).

1.
2.
S

At equilibrium the moles of C will equal the moles of B
At equilibrium, the moles of A > moles of B

The temperature of the system will increase as it comes to
equilibrium.

. At equilibrium, the total moles of A and B combined will be

more than the moles of C.

Increasing the size of the container will cause K. to
decrease.

None of the statements above are true.
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For: COg) + Clg) = COClIzg) + heat

A system in a sealed rigid container maintained at constant
temperature is established in which the original concentration of
CO is 10.0 M and that of Cl2 is 8.0 M.

Which is the best comparison of Q, the reaction

qguotient, to K¢, the equilibrium constant, at time 1.5
minutes? 0

1. Q>1and Q > Kc
Q>1and Q= Kc
Q>1and Q < K¢
Q<1and Q> K
Q<1and Q= Kc
Q<1and Q<K

o0
|

Concentration (molarity)
@)
I

oo B WD

10 15

Time (minutes) 49



For: CO(g) + C|2(g) — COC'Z(g) + heat

A system in a sealed rigid container maintained at constant temperature is established
In which the original concentration of CO is 10.0 M and that of Cl, is 8.0 M.

Which is the best comparison of Q, the reaction quotient,
to Kc, the equilibrium constant, at time 1.5 minutes?

Q>1and Q> K¢
Q>1and Q =K
Q>1and Q<K
Q<1and Q > Kc
Q<1and Q=K
Q<1and Q < Kc

Q is always positive, and we can see
there are more reactants than
products, and we know the reaction is
moving forward since two chemicals
are decreasing (must be the two
reactants) and one chemical is
iIncreasing it must be the one product.

SO O1 s ORI

p—
T

Concentration (molarity)

\®)

oo

(@)

M~

|
5 10 15
Time (minutes)
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For: CO(q) + Clyg) = COClzg) + heat

A system in a sealed rigid container maintained at constant temperature is established
iIn which the original concentration of CO is 10.0 M and that of Cl, is 8.0 M.

Which is the best description of the rate of the

forward reaction (rateforward = Rrwa) between time O
and time 4 minutes?

. Rmwd > Rnvs and Riwg decreasing
. Rmwd > Rrvs and Rrwd increasing
Riwd = Rvs and Rmwa constant
Riwd < Rrvs and Rmwd decreasing
Riwd < Rrnvs and Rswd INCreasing

O R WN

Concentration (molarity)

1

5 10 15
Time (minutes)
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For: CO(g) + C|2(g) — COCIZ(Q) + heat

A system in a sealed rigid container maintained at constant temperature is established
iIn which the original concentration of CO is 10.0 M and that of Cl, is 8.0 M.

Which is the best description of the rate of the

forward reaction (raterorward) between time 0 and
time 4 minutes?

p—
N

Rfwd > Rrvs and Rswg decreasing
Rfwd > Rrvs and Rswd increasing
Rrvs and Rrwg constant
Rfwd < Rrvs and Rrwg decreasing
Rfwd < Rrvs and Rswd Increasing

o0
|

O & Wi =
20
=4
o
[

Concentration (molarity)
@)
I
I

- I8

5 10 15
Time (minutes)
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For: CO(q) + Clyg) = COClzg) + heat

A system in a sealed rigid container maintained at constant temperature is established
iIn which the original concentration of CO is 10.0 M and that of Cl, is 8.0 M.

Which iIs the best explanation of the cause of the
changes in concentration that occur after 15
minutes?

1. Increase In temperature
2. decrease in temperature:

3. addition of a suitable
catalyst

addition of COCI>
removal of COCl>

p—
N

88—

Concentration (molarity)

B

1

5 10 15
Time (minutes)

o
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For: CO(q) + Clyg) = COClIzg) + heat

A system in a sealed rigid container maintained at constant temperature is established
in which the original concentration of CO is 10.0 M and that of Cl2 is 8.0 M.

Which iIs the best explanation of the cause of the
changes in concentration that occur after 15
minutes?

p—
N

1. Increase In temperature
2. decrease in temperature : s-

3. addition of a suitable
catalyst

addition of COCI>
removal of COCI»

Concentration (molarity)

B

1

5 10 15
Time (minutes)

O
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Which is the best comparison of the

* rate of the forward reaction at 10 min (rateforward, 10 min)
and the

 concentration of CO at 10 min ( [CO]10 min), the first equilibrium
fo the

* corresponding characteristics at 20 minutes, when the second
equilibrium is established

10—
1. Rfwd, 10 min = Rfwd,20 min; —

with [CO]1O min = [CO]ZO min
2. Rfwd, 10 min < Rfwd,20 min;

with [CO]1O min = [CO]2O min
3. Rwd,10 min > Rfwd,20 min;

with [CO]10 min = [CO]20 min
4. Rifwd,10 min < Rfwd,20 min;

with [CO]1O min = [CO]ZO min
9. Rfwd,10 min > Rfwd,20 min; P -

with [COJ10 min > [COJ20 min ——

CO¢g) *+ Clzg) = COClyg)

Concentration (molarity)

|55



Which is the best comparison of the
« rate of the forward reaction at 10 min (ratesorward, 10 min)
and the

» concentration of CO at 10 min ( [CQO]J10 min), the first equilibrium
fo the

* corresponding characteristics at 20 minutes, when the second
equilibrium is established

1. rateforward,10 min = rateforward,20 min; U=

with [CO]1O min = [CO]ZO min B

2. rateforward, 10 min < rateforward,20 min;
with [CO]1O min = [CO]2O min

3. rateforward,10 min > rateforward,20 min;
with [CO]1O min = [CO]2O min

4. rateforward,10 min < rateforward,20 min;
with [CO]1O min = [CO]ZO min

5. rateéforward, 10 min > rat€forward,20 min;

with [CO]1O min = [CO]ZO min

Concentration (molarity)

10 15
Time (minutes)
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For the reaction: CaCO3i) = CaO¢s) + CO2(q)

Which of the following initial situations are
capable of reaching eqUIllbrlum’7 Select as many as apply

1. pure CaCOs3

2. some CaO and a pressure of CO2 greater than the
equilibrium (Kp) value

3. some CaO and a pressure of CO2 less than the
equilibrium (Kp) value

4. some CaCOs and a pressure of CO2 greater than
the equilibrium (Kp) value

5. some CaCOs3 and a pressure of CO:2 less than the
equilibrium (Kp) value

6. CaCOs and CaO
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For the reaction: CaCQO3zi) = CaOs) + CO2(g)

Which of the following initial situations are
Capable of reaching eqU|I|brlum’7 Select as many as apply

1. pure CaCOs3

2. some CaO and a pressure of CO2 greater than the
equilibrium (Kp) value

3. some CaO and a pressure of CO2 less than the
equilibrium (Kp) value

4. some CaCOs and a pressure of CO2 greater than
the equilibrium (Kp) value

5. some CaCOs3 and a pressure of CO:2 less than the
equilibrium (Kp) value

6. CaCO3 and CaO

158



Consider the following reaction.

H2g) *+ l2(g) = 2 Hlg)
AH =+ 25 kJ



It there are equal quantities (moles) of the two
gases, at the same temperature, before the

stopcock is opened, what would you observe?
Select all that apply.

1. The color of the two gas bulbs are the same.

The manometers will be at the same height.

The kinetic energy of the two gases are the same.
The "average” speed of the two gases is the same.
None of the above are true.

S S

Ha@) + l2(g) = 2 Hlg) H, I,
AH = +25 kJ
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It there are equal quantities (moles) of the two gases, at
the same temperature, before the stopcock is opened,
what would you observe (be true)? Select all that apply.

1. The color of the two gas bulbs are the same.

2 IS purple, Hz is colorless

2. The manometers will be at the same height.

With equal quantites that are at the same temp, they will exert equal
pressure.

3. The kinetic energy of the two gases are the same.

Since the gases are at the same temp, they must have the same KE
since T a Y2mv?

4. The "average” speed of the two gases is the same.
H2> has a smaller MM, thus has a greater speed.

5. None of the above are true.
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It the stopcock Is opened, and equilibrium is

established, what would you observe?
Select all that apply.

1. The color of the two gas bulbs are the same as each other.

2. The two manometers will be at the same height as each
other.

3. The two manometers will be at the same height as they
were before the stopcock was opened and equilibrium
established.

4. The "average” speed of the Hz is the same as it was before
equlibrium was established.

5. None of the above are true.

Ha@g) + l2g) = 2 Hlg) H» I,
AH = +25 kJ
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It the stopcock is opened, and equilibrium is

established, what would you observe?
Select all that apply.

1.
2.

3.

The color of the two gas bulbs are the same as each other.

The two manometers will be at the same height as each
other.
The two manometers will be at the same height as they were
before the stopcock was opened and equilibrium established.
The "average” speed of the H2 is the same as it was before
equlibrium was established.
In fact it would be slower as the temperature would have decreased since
the formation of product is endothermic.
None of the above are true.
Ha@) + l29 = 2 Hlg) H> I

AH = +25 kJ
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That's all for now.



Equilibrium Situations

that you already know and love

o Saturated solution S
v A solution that contains as iy 2 2
. . > : > P
much dissolved solid as 9 |t mi
possible (at a given 4 sodium ion "ﬁ
temperature) with some C / K

undissolved solid on the 09 - /.
999 \

bottom.

2
Y O
* The rate of the dissolution (red OO‘CO‘ e
arrow) and rate of & & 0\;,“,*,“
crystallization (yellow arrow) — \_ k.

will be equal.

o Solubility is the maximum
quantity of solid that can be
dissolved and exist In
equilibrium at a particular temp. s

Take a brief look at the Phet Demo



Calculating Equilibrium

Concentrations
» Let's stop and do problem # 10

10. Consider the reaction:
2 HxSe) = 2 Ha + S2e K, =0.035 at temperature, T

A reaction mixture contains 0.112 atm of H», 0.055 atm S; and
0.445 atm of H>S. Is this reaction mixture at equilibrium? If not, in
what direction will the reaction proceed? Calculate the partial
pressure of each gas at equilibrium.

166



Calculating Equilibrium

Concentrations
» Let's stop and do problem # 10

10. Consider the reaction:
2 HxSe) = 2 Ha + S2e K, =0.035 at temperature, T

A reaction mixture contains 0.112 atm of H», 0.055 atm S; and
0.445 atm of H>S. Is this reaction mixture at equilibrium? If not, in
what direction will the reaction proceed? Calculate the partial
pressure of each gas at equilibrium.

Although AP will NEVER present a problem 1n which you would
need the quadratic to solve the problem, WE can go ahead and
solve this type of problem. Set up the RICE box and then the
equilbrium equation, then use Wolfram Alpha to solve.

ANSWER QO =0.107

x =0.047
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Calculating Equilibrium Concentrations
* Problem # 10 x \P) (P)

10. Consider the reaction: (P st)
2 H2Se) = 2 Hoe) + S2e) K, =0.035 at temperature, T

A reaction mixture contains 0.112 atm of H», 0.055 atm S, and
0.445 atm of H»S. Is this reaction mixture at equilibrium? If not, 1n
what direction will the reaction proceed? Calculate the partial
pressure of each gas at equilibrium.

(0.112)7(0.055)

Q= =0.0035 < K, thus shift right

2 2
(0.445) K - (0.112+2x) (0.0525+x) 0033
(0.445 - 2x)
R 2HS = 2 H» + S
I 0.445 0.112 0.055
C + 2X — 2X —X
E 0.445 — 2x 0.112 +2x 0.055 +x
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Calculating Equilibrium

Constants
» Let's stop and do problem # 5

5. Consider the reaction:
COp + 2 Hzg = CH30H(y

An equilibrium mixture of this reaction at a certain temperature
was found to have [CO]=0.105 M, [H2] =0.114 M,

and [CH3OH] = 0.185 M. What 1s the value of the equilibrium
constant, K. at this temperature?
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Calculating Equilibrium
Constants

5. Consider the reaction:
COp + 2 Hzg = CH30H(y

An equilibrium mixture of this reaction at a certain temperature
was found to have [CO]=0.105 M, [H2] =0.114 M,

and [CH3OH] = 0.185 M. What 1s the value of the equilibrium
constant, K. at this temperature?

[0.185]
[0.114]°[0.105]

|CH,OH |
1, ] [co]

K =

C

C

K. =136
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Calculating Equilibrium

Constants
» Let's stop and do problem # 6

6. Consider the reaction:
2 CHag) — C2Ha + 3 Hag

A reaction mixture at 1700°C 1nitially contains [CH4] = 0.115 M.
At equilibrium, the mixture contains [C2Hz] = 0.035 M. What is
the value of the equilibrium constant, K. at this temperature?
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Calculating Equilibrium
Constants

* problem # 6 continued

6. Consider the reaction:
2 CHag) = CaHag) + 3 Hag

A reaction mixture at 1700°C 1nitially contains [CH4] = 0.115 M.
At equilibrium, the mixture contains [C2Hz] = 0.035 M. What is

the value of the equilibrium constant, K. at this temperature?
ANSWER K. =0.020

[C.H, ][H,]
[cH, ]

[C.H, ][H,]
[cH,]

K =

C

K =

C

172



Calculating Equilibrium Constants
* problem # 6 continued

6. Consider the reaction:
2 CHag) = CaHag) + 3 Hag

A reaction mixture at 1700°C 1nitially contains [CH4] = 0.115 M.
At equilibrium, the mixture contains [C2Hz] = 0.035 M. What is

the value of the equilibrium constant, K. at this temperature?
ANSWER K. =0.020

[C.H, ][H,]
[cH,]

P GA A}
cH]

C

K =

C
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Using Q to Determine Shift

» Let's stop and do problem # 7

7. Consider the reaction:
Iy + Clyw = 2ICly K,=281.9

A reaction mixture contains 0.100 atm of I», 0.100 atm Cl; and
0.445 atm of ICI. Is this reaction mixture at equilibrium? If not, in
what direction will the reaction proceed? Calculate the partial
pressure of each gas at equilibrium.
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Using Q to Determine Shift

» problem # 7 continued.... 0~ (P)
7. Consider the reaction: (Pzz )(P czz)

Ioe) + Clhw = 2IClg K,=281.9

A reaction mixture contains 0.100 atm of I, 0.100 atm Cl, and
0.445 atm of ICl. Is this reaction mixture at equilibrium? If not, in
what direction will the reaction proceed?

0.445)’
O = ( ) =19.8 < 81.9 thus shift right

(0.1)(0.1)
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CO(g) + H20g) & CO2(g) + Hz(g)

for this reaction, Kc = 1.56 at 900 K

If 2.0 M CO and 1.0 M H20 gases were placed
iIna 1L flask at 900 K, what is the composition
of the equilibrium mixture?
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CO(g + HZO (g) <—

for this reaction, Kc = 1.56 at 900 K

If 2.0 M CO and 1.0 M H20 gases were placed
in a 125 ml flask at 900 K, what is the
composition of the equilibrium mixture?

[coH]

* [co]|H,0] (2—x)(1
R CO + HxXO = COz + H:
| 2 1 0 0
C - X - X + X + X
E 2-X 1-X X X

COZ (9) + H2

Although AP will NEVER present
a problem in which you would
need the quadratic to solve the
problem, WE can go ahead and
solve this type of problem. Use a
quatratic equation program to
solve:

x=7.060r0.73

but only one makes sense
since subtracting 7.6 would
cause a negative molarity.
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LOOkIng fOr WayS tO SOIV@ while avoiding the time drain of the quadratic.

Consider the reaction:
I + Clye = 2IClgy K,=81.9

A reaction mixture contains 0.100 atm of I, 0.100 atm Cl»
and 0.445 atm of ICIl. Since we know this reaction mixture
must proceed to the right, we can calculate the partial
pressure of each gas at equilibrium.

give ita try......set up the rice box, then the equilibrium expression....
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LOOkIng fOr WayS tO SOIV@ while avoiding the time drain of the quadratic.
» Let’s work problem # 9 a bit further [ 1cl]

9. Consider the reaction:
Iog) + Clye = 2 ICly

K,=81.9

A

A reaction mixture contains 0.100 atm of I», 0.100 atm Cl; and
0.445 atm of ICI. Since we know this reaction mixture must

proceed to the right, we can calculate the partial pressure of each
gas at equilibrium.

(0.445 + x|’ o1 o 045+ ]
81.9 = [0.1—x]
0.1 - x][0.1—x]
R I, + Cly = 2 ICI
| 0.1 0.1 0.445
C — X — X + X
E 0.1 —x 0.1 —x 0.445 + x
0.054 0.054 0.491

S5 - \/[0.445 x|

[0.1-x]’

0.445 + x|

[0.1—x]

9.05 = [

0905-9.05x=0445+x

0.46 =10.05x
x =0.0458
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During vacation, but before we

returned to school this past Monday, |

(select only 1 that most applies to you.)

1.
2
3
4.
5
6
/

did not do any chemistry.

. took a look at the text book.
. did the sample problems in the text.

worked on the MC or FR

. worked on the MC and FR
. hearly finished either the MC or FR
. nearly finished both MC and FR
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LAD F.1 Fe3* + SCN™ = [FeSCN]#*
+ 10 Test Solutions 1-5.5 :
v Assumed [SCN™], = [FESCN]?*.,
v measured Abs, constructed graph

took a look at the text book.

did the sample problems in the text.
worked on the MC or FR

worked on the MC and FR

nearly finished either the MC or FR
nearly finished both MC and FR

[FeSCNJ2*
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No Longer Part of the AP
Curriculum

The relationship between

Ke:and K

Ke [M] Kp (atm)



Relationship of K¢ to Kp
e Since PV = nRT

y P = (ﬁ)RT (ﬁ) _ (ﬁj — molarity
V V) RT V

» We can substitute e Into the K¢ equation

RT
) FOF A(g) + SB(g) S ZC(g) »
P
~[eT __Lrr
K= AT e e

o7



P 1Y
— 2
K —_ LRT_ (P.) (RT)
C - P 1 P —13 K — 3
PP (P)(P,) e
RT || RT RT \ RT
Factor out the RT's The first factor above is

Clean up the RT factors

more Algebra

KC:KP( 2 Use a little Kc ZKP(RT)Z



For Ag) + 3B(g) S 2C(g)

« So Kc = Kp(RT)? ...and lets go back to the
original reaction to notice that for

» A@g) + 3B(g) 5 2C(g)

*ZReactantcoefﬁcients = zProductcoefﬁcients =2

* So here’s the punch line:

o Kc — Kp(RT)An(react-prod)
. Kp KC(RT)An(prod react)



The relationship between

Keand Ky

Ke [M] Kp (atm)




Relationship of K¢ to Kp
» Since PV = nRT

» P= (ﬁjRT (ﬁ) = E (2) = molarity
V V) RT V

» \We can substitute e into the K¢ equation

RT
» For A + 3B(g) 5 2C(qg) B
P
[eT __Lrr
K= [alsT A
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r 1Y
RT : ( )
K =81 k = (B) RT

RT || RT
Factor out the RT’s

(P)(P) (RT)(RIJ

The first factor above is
Clean up the RT factors

Use a little
more Algebra

2
K. =K, (RT)
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FOI‘ A(g) + 3B(g) S 2C(g)

« So K¢ = Kp(RT)? ...and lets go back to the
original reaction to notice that for

» Ag) + 3B(g) 5 2C(g)

9KZReactantcoefﬁcients = ZProductcoefﬁcients =2

* So here’s the punch line:

e K = Kp(RT)An(react prod)
. Kp KC(RT)An(prod react)

» (this one used to be on your formula sheet in the Equilibrium Section)
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PC|5(9) S PC|3(9) + CIZ(g) AH = +87.9 kJ

* For the reaction above, if K, = 10 at 25°C,
calculate K¢ at the same temperature.

1. 10

2. 0.41

3. 24

4. 240

5. there is no way to calculate K¢ from Ky
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PC|5(9) S PC|3(9) + CIZ(g) AH = +87.9 kJ

* For the reaction above, if K, = 10 at 25°C,
calculate K¢ at the same temperature.

e K¢ = Kp(RT)(1 reactant - 2 products)
or (Kp = KC(RT)(Z products -1 reactant )

K. =10(0.0821x298)" 10=K_(0.0821x298)

K = 19 =041
(0.0821x 298)
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What if | am given Kc and | need K,?
» Consider the reaction: Hag) + l2(q) = 2 Hl(q)

e The Kcis 50.5 at 25°C

* \What is the value for K,?
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What if | am given Kc and | need K,?

» Consider the reaction: Hag) + l2q) = 2 Hl(g)

The K¢ is 50.5.

What is the value for K,"?

The # moles of gas is the same in both sides so
N Kp KC(RT)(Z products - 2 reactants)

Ko = K¢(RT)? and since (RT)? = 1

In this case, K¢ =

Kp
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2 NOClg) S 2NO(q) + Clz(g)
Ke = 0. 016 at 945°C
What is K, at the same temp?

Select as many as apply. You can use
1. 0.016 7 162 your calculator
2. 0.625 3. 0.00016
3. 1.24 9. Can not be
. 1.6 determined with out

4
5 043 concentration
6. 1216 values.
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2 NOClig) 5 2NO(g) + Cla)
Ko = 0,016 at 945°C

What is K, at the same temp?
Select as many as apply.

1. 0.016 6. 1216

2. 0.625 /. Can not be

3. 1.24 determined with out
4 16 concentration

5 043 values.
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COp + 2 Hag — CH3OHy
K,=3.6x 10> at450.°C

e Calculate K. for the reaction at the same
temperature.
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