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Reversibility of Chemical Reactions

Chemical reactions can either be reversible or not reversible:
o Examples of irreversible chemical reactions:

o Examples of reversible chemical reactions:

(blue) (white)

The double arrow =" indicates that a chemical reaction is

Equilibrium Q

In areversible reaction, when the forward step proceeds at the so% as the reverse
step, the reaction has reached

Most physical changes are reversible, so many can exist at e

Example: Water in a closed beaker can represent a sv?&equilibrium:

a. Whatis the forward ‘reaction’ that is occurring?

b. Whatis the reverse ‘reaction’ that is oc \A
c. Whatis the overall reaction Th%@ming?

d. If the beaker was unco@qmlibrium would not exist. Why?2

L e e e e e e e e e e MY NP — — = — e e o — — — — — — — — — — —  — — —  — —  — — — — — — — ——————— ————————
o r| concentrations of all reactants and products remain
with time as a result of the forward and reverse reactions
occurring equol rates.
e Asreactants are consumed, the rate of the reaction decreases;
as products are formed, the rate of the reaction increases.

Equilibrium is where the reaction appears to have stopped
because as products are made by reactants, reactants are being made by the products.

A steady state system is where reactants are being added and products are being removed
at the same rate. This may appear to be at equilibrium but it is not the same thing.

See Equilibrium Analogy Lab



Equilibrium Reaction Example:

As an example of dynamic equilibrium, think of bailing out a leaking rowboat. Water !
leaking into the boat is analogous to a forward reaction, and our pouring buckets of water !
overboard are analogous to the reverse reaction. As we bail water out, we reach a point !
of equilibrium at which the water is bailed out just as fast as it leaks in. The level of water in !
the boat remains constant, analogous to the constant concentration of reactants and !
products at equilibrium. !

1

Change in the concentrations of N2Os and NO2 with fime in two experiments at 25°C: 2NO2 = N2Og4

(a) Only N2Og is present initially. (b) only NOz2 is present initially.
In experiment (a), [NO2] In experiment (b), [N20O4]

as s [NO2]
[N2O4]

In both experiments, a state of chemical equilibrium is reached when ﬂ@&ncen’rroﬂons level off
at constant values: [N2O4] = 0.0337 M; [NO2] =0.0125 M.

0.08 i 0.08 Q
! Chemical Chemical
: Equilibrium v Equilibrium
|
0.06 : 0.0
: | :
£ . X
£ 00 ! 0,04
g2 " ¥ | N,0, E N,0,
()
é ot
“°’ <
0.02 , 0.02 e
5 NO,
0.00 0.00 :
Time =~
(b)
How to Ide eh Equilibrium Exists
There are two rtant characteristics of a system at equilibbrium
1. The equilibrium can be approached from side of the

reaction equation.

2. At equilibrium the concentration of the reactants and products do not

Signs that a system is at equilibrium:

It must be a system at a
temperature
Constant indicated by constant color, pressure, volume, and

electrical conductivity.



The Equilibrium Constant Expression

¢ When equilibrium is established in a closed system there is a relationship between the
concentrations of the reactants and the concentration of the products. This relationship is
a constant ratio called the equilibrium and represented by the
symbol Keq.

e For the general reaction represented by the equation:
aA+bB——>cC+dD

e The concentrations of reactants and products at equilibrium must conform to the
equilibrium constant expression:

Where A, B, C, D are the (M) of the reactarpagand products
and the exponents (a, b, ¢, d) are the in bd¥lanced
equation. \

o Keqis and its value changes with thg £ of
the system. \‘}

Example: Determine the value for Keq for the reaction: Hag) + Iz@Q R(g) using the three trials

shown below. v\

1

1

1

1

1

: ‘
' Five trials involving the reaction Hzg) + l2g) ——> |
: (equilibrium concentrations)

V| Trial [HI] [H2] [12] dn o
i 1 0.156 | 0.0220 yz@./

2 0.750 0.106 0

3 1.00 0.82Q ’@).0242

1

| N\

e Equilibrium constant
present as pure or pure
because TheirQ trations do not change in a reaction.

Example: Write the equilibrium expressions for each of the following:
a) FesOus) + Haig) = 3 FeOys) + H2O(g)

b) AQ2S(s) = 2 AQ*¥(ag) + $%(aq)



Calculations with Keq

Example: If the equilibrium concentrations of Cl2 and COCI: are the same at 395°C, find the
equilibrium concentration of CO in the reaction:

COyg) + Clzigg = COClzg) Keg = 1.2 x 103 at 395°C

al reaction for which the
illbrium constant. That is, the

When we the equation for a

equilibrium constant is Keq, we e
reverse reaction has the equilibrium constant 1/Keg.

Example: If the equilibrium concentrations of Cl c\d%glz are the same, and the equilibrium

constant is:
COqg) + Clzig) =2COClzg) — =1.2x 103 at 395°C
What is the value of Keqg at 395°C for Th@ N COClyg = COy) + Clyg (The reverse reaction)?

f%

When the of an equation are by a
common factor n to produce a new equation, we the original Keq
value to the to obtain the new equilibrium constant.




Example: If the equilibrium concentrations of Cl2 and COCI: are the same, and the equilibrium
constant is:

COqg) + Clzig) 2COClz(g) Keg = 1.2 x 103 at 395°C
What is the value of Keq at 395°C for the reaction 2 COyg) + 2 Clzg) =2 COClzg (double rxn)e

Example: Solid ammonium carbamate, NHsCO2NHz, poses as shown below:

NH4CO2NHzi) = 2 NHj3; \ (g)
At 40°C the equilibrium concentration of CO2 ié‘ 0= M. Calculate the Keq at this temperature.



Example: The white solid salt, ammonium chloride, decomposes on heating to form gaseous
hydrogen chloride and ammonia.

NH4Clis) & NHszig) + HClg)

At 400 K, the Keq = 6.0 x 107. Calculate the equilibrium concentration of each gas at this
temperature.

Example: At 430°C the Keq for the following reaction is 1.84 K?g
2 Hlig) = Hz(g) + l2(g)

If 0.100 mol of hydrogen iodide is placed in a 1.00 L coymMner and allowed to reach equilibrium at
this temperature, find the concentrations of alll ﬂh& ies at equilibrium.

Keg = ‘ 9 =1.84 x 102

ICE Box Problems: To fill in an ICE box, we w{igfh concentrations of all
species in the first row. We use the balance afion to determine the values in the middle

row. In thi8&xample, for every two moles of HI that are used up, one mole
of H2 and one mole of |2 are create the change in concentration equal x. To find the values in
the bottom ' row you add the ‘initial’ and ‘change’ values.

Q Inifial + Change = @ Equilibrium
[ [Hz] [r2]

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1 J
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Initial Q
o~
Change U

Equilibrium




Example: In a 3.0L container, 0.69 moles of N2 and 6.87 moles of H2 are allowed to react and
reach equilibrium. The concentration of H2 at equilibrium is 1.21M. Calculate the equilibrium
constant for this reaction.

Example: At 727°C the Keq for the dissociation of moleculor% ;’ro iodine atoms is 3.80 x10-°
l2ig) = 2 lig)

If the original concentration of molecular iodine is\ , calculate the concentration of atomic

iodine at equilibrium. \'
Keq = 2% 2 =3.80 x 10

e o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e



The Magnitude of the Keq

e Keg > 1 favours formation of , equilibrium lies to the

o ex. The decomposition of ozone: 203(g) = 302(g)

At 298K the value of Keq is 2.0 x 105, This means there is way more product than reactant.
The equilibrium lies to the and favors the products.

o Keqg=1, there are measurable quantities of reactants and products

o ex. The production of hydrogen gas: COg) + H2O(g) = CO2(g) + Hz(g)

At 700K the Keq is 5.09. Since the Keq is fairly close to 1, the concentrations of the reactants

and products at equilibrium will be equal (slightly higher
concentration of products than reactants).
e Keg < 1, favours formation of . equs lies to the
(this means not a lot of reactants react)

o ex. The combination of nitrogen and oxygen: Nz + Oz = @

)
At 298K the Keqis 1.0 x 1025, which means the equilibrium li e
. This means at equilibrium, ncentration of the
reactants is way than ucCts. This is good for us
because if Keq was really high, oxygen would combi nitrogen in the atmosphere,

and we would not be able to breathe.
\ﬁo See ICE box Assign

Le Chatelier’s Principle %@'
e

“If a system at equilibrium is subj& an external stress, the equilibrium will shift so as to
inimize the stress.”

e By external stress, yv rally mean a change in of a

reactant or prod ange in or
A , ora change in

Changes in C@rqﬁon of reactant or Product:

Adding hydrogen to this equilibrium results in an

Ho + 12 & | . .

increase in
l Increase In Hz and a decrease in
while the
H2+n=2Hi concentration of
Response of Syster remains up ghgh’rly. If Keq is tOo remain ’rhe same,

an increase in [H2] must be accompanied by a

Ha + 12 2 HI decrease in [l2] or by an increase in [HI] or by

both.



Ho + 1, = 2 HI If we increase the concentration of one of the
T reactants, the equilibrium will shift in the

Decrease in H; direction, to use up
the excess reactant. If we decrease the
He + 12 = 2 HI concentration of one of the components, the
l equilibrium will shift in the direction that tends to
Response of System that component.
Ho+ 2 = 2 Hi

_____________________________________________________________________________

Example: For the reaction below, predict the direction the equilibrium will shift.
2 NOg2(g) + 7 H2ig) = 2 NH3(g) + 4 H20O/g)

Given the following changes (assuming constant T and V):

1

1

1

1

:

1

1

! a) addition of ammonia Q
1 < >

1

E b) removal of NO2 @

: Q
1
1
1
:
1
1
1

c) removal of water vapour

Note: there are 3 symbols that are equivalent to Keq. eral and refers to the equilibrium constant af
a certain temperature. Kc refers to the equilibrium at a specific temperature, calculated using
. Kp is the other symb
calculate Keq using P

d) addition of hydrogen Q

Comparing initial values with Keq x

Q= the reaction quotient and d
partial pressures)

*
K= stant and deals with the values (concentration or partial
pressures) at equilibrium

OC

values (concentration or

Initial State Net Change
Pure reactants
Mostly reactants
At Equilibrium
Mostly products
Pure products

| Ad
87<7<7<O

[311539)
%

Reactants —= Products Reactants and products Reactants <— Products
are at equilibrium.



Example: At a particular temperature, the following reaction has an equilibrium constant value
of 0.18.

PClz(g) + Clz(g) = PCls(g)

Predict the direction in which the reaction shifts to establish equilibrium, in an experiment for which
the starting concentration of each gasis 0.10 mol/L.

See L er Assignment 1
Changes in Volume or Pressure )
e A decrease in volume or an increase in pressure N20a4(g
favours the side of the equation with Increase in pressure/decrease
numbers of moles of Q volume
gas. These occupy a smaller volume, thus relieving Y\

the stress of the added pressure on the system.

O4—(g) =2 NO(g)

e Anincrease in volume or a decrease in pressur
Response of System

favours the side of the reaction with the
number of m

gas.

e |f there are equal numbers of gas on each
side of the equation, there WI|| be
|

tion of the equilibrium, since changes in pressure or

NZ O4(g) = 2NOy

volume affect each side eq

e The addition of aninert go ses to a constant volume system at equilibrium
ange the position of the equilibrium.

' Example: The pressure o éf' the following systems is increased by decreasing the volume of !
the container. Explo her each system would shift in the forward direction, the reverse
direction, or s’roy’r

a) 2 SOzq) *6 503(9

b) Hag + l2ig) = 2 Hlig)
c) CaCOagi) = CaOy) + CO2g)

d) AgCls) = AQ*aq) + Cliaq)



Effect of Temperature on Equilibrium

¢ When you add heat to a system at equilibrium, there are 2 possible consequences of this
temperature change:

o First, according to Le Chatelier’s principle, the equilibrium will shift in the direction
that heat.

o Second, the value of the Keq changes, since Keq is only constant at a specific
temperature. The direction of the shift in equilibrium and the increase or decrease
in the Keq depends on whether the reaction is or

*If you think of heat as a reactant or product, it makes it easier to determine how the equilibrium
will shift.*

N204) = 2 NO2gq) AH°=+58.0kJ \@

1 Since AH is positive, this reaction is thermic. g
1
! This means that heat is Whe%%O ion moves in the forward

I direction. We can write the reaction equation by ing heat as one of the

N204g) + heat =2 N $

1

1

1

1

:

|

' ¢ If we add heat we are adding a 05 . The forward reaction is
i -
1

1

1

1

1

1

then favoured, partially compens he increased temperature.

¢ If weremove heat (decrease teiNgerature) the , or heat-
producing reaction, is then fcw , partially compensating for the lowered

temperature. Q

=

1
1
E direction. Note the ener. nges involved and assume that the volume remains constant.
' a) heat vid from system: A =B AH® = +40.0 kJ
= O
1
| CJ
E b) heat removed from system: A+ B=2C AH® = -25.5 kJ
|
1
1
1
| c) heat added fo system: A+ 2B=3C AH° =-32.0 kJ
|
1
1
If the reaction is exothermic, the Keq when the temperature is

raised. When the temperature is increased during the reaction the equilibrium moves in the
direction.




Adding a Catalyst

e A catalyst will not change the of an equilibrium because it
speeds up the reverse reaction as much as the forward reaction.
e The only thing a catalyst will do is make a reaction reach equilibrium

Graphing Equilibrium Concentrations

Example: Reactants A and B are mixed, each at a concentration of 0.80M. A reaction occurs (A
+ B = C + D) and equilibrium is established in five minutes. If the equilibrium constant is 9, find the
concentrations of C and D and graph the data.

A B C D \OQ

S
S

C@Ha pes:
- reactants react quickly products made slow
K\ then slow down _/ then speeds up
~ constant increase in
Q reactants react consistantly products
O reactants react slowly products made quickly
then speed up then slow down




Chemistry 12 Notes on Graphs Involving LCP

Chemistry 12
Notes on Graphs Involving LeChatelier’s Principle

1. Temperature Changes

When a system adjusts due to a temperature change, there are no sudden changes in
concentration of any species, so there are no vertical lines on the graph.

Look at the following example:
Given the equilibrium:  N»,O4 (;y + heat — 2NO, ()

Let’s say that the system is at equilibrium at a certain temperature. We’ @xetend that the

[N2O4] = 3.0M and the [NO,] = 1.0M at this temperature.
[N2O4] Q

W
\§\
S '(50? R —

3.0

\' Time (min)
At Time =2 mmutes t Qperature is increased.
We know by LC qu111br1um N>O4 ) + heat — 2NO; () will shift to the
RIGHT, awa he heat term in order to counteract the imposed change.

Durlng Qto the right, the [N,O4] will decrease and the [NO;] will increase. This is
ut takes place gradually, until a NEW equilibrium is established.

Itis a:so VERY important to note that for every mole of N,Oy, that is consumed in the shift
that 2 moles of NO, will be formed (coefficients in balanced equation). So [NO,] will

increase TWICE as much as the [N,O,4] decreases.

The graph on the next page shows what happens before, during and after this temperature
increase and resulting shift. Study it carefully!

Notes on Graphs Involving LCP Page 1



Notes on Graphs Involving LCP

Chemistry 12
N,Oq4 @ T heat — 2 NO, (2)

3.0
[N20,]

2.0 =

1.0 —
[NO]

0.0
I I

| |
’ 1 ‘ T3ime (min)4 ’ 60Q
>

\ A A
Y A Y
Original Shift to the
Equilibrium Right is
Occurring
[NO]
increases
twice as mu
as [

de
Tempeg, rg
inc a
T'& 1n.
@Qentration looks like and not like

Notice that an increasevin\

Also, a decrease ig&ntration looks like and not like

No@your turn. On the next page, complete the graph showing the changes that would
take place if originally [N,O4] = 3.0M and the [NO;] = 2.0M and the temperature is

suddenly DECREASED at Time = 2.0 min. Draw it so that the new equilibrium is achieved
at Time =4 min. Compare yours with the one your teacher does.

[NO.]

\ [N;O4] is

lower

Notes on Graphs Involving LCP Page 2



Chemistry 12 Notes on Graphs Involving LCP
N,O4 @ T heat — 2 NO, (2)

3.0
[N2O,]
2.0 =
[NO.]
1.0
0.0
| | | |

0 1 : 3 4 5 6
Time (min)

\ A A
Y A '
Original Shift to the
Equilibrium is Q\m is
Occurring 11%ged in
[NO:] ch [NO,]
____ creases is er and

twice as mu [N,O4] is
as [N, er
2R
,\

2. Concentration Changes
When a concentration is @ (or a substance is added or taken away), there will be a vertical line
on the graph because thi sudden change in concentration.

However, as soon ¢ change is imposed, the equilibrium will shift so as to counteract the change
and eventuall ish a new equilibrium.

It is impq ote that in a shift, the concentration of any species only PARTIALLY compensates

ed change. THE CONCENTRATION NEVER RETURNS TO WHAT IS

If the concentration of a species is suddenly INCREASED, it’s Concentration vs. Time graph will
look like this:

The [ ] in the new
L] equilibrium is NEVER as

/ low as the original

Concentration is

INCREASED at Equilibrium
this time shifts so as to
counteract

the imposed
increase in [ |

Notes on Graphs Involving LCP Page 3



Chemistry 12 Notes on Graphs Involving LCP

If the concentration of a species is suddenly DECREASED, it’s Concentration vs. Time
graph will look like this:

The [ ] in the new
[] equilibrium is NEVER as
high as the original

Concentration is

DECREASED at
this time Equilibrium
shifts so as to
counteract the
imposed
decrease in [ ]
Again, the extent of increase or decrease in concentration of a substanc e a shift is

proportional to the coefficient of that substance in the balanced equggi Iso, the ONLY
substance with the “vertical line” is the one that the experimenter increased or
decreased. Consider the situation ...

Given the equilibrium: ~ N>O4 () + heat — 2 NO; () Q

Let’s say that the system is at equilibrium in a closed cEtalner. We’ll just pretend that the
[N2O4] = 3.0M and the [NO,] = 1.0M . The tempgmgure®will be kept constant.

[N>O4] 6
o] Q/’O'
RN
0= Iy Q | | | | |

1 2 3 4

Q Time (min)

At Tg e@m utes, more NO; is injected into the container. Thus the [NO;] is suddenly
3.0

inckease
[N,Oq4]
2.0 =
1.0 —
[NO,]
0.0
| | | | | |

0 1 2 3 4 5 6
Notes on Graphs Involving LCP Time (min) Page 4



Chemistry 12 Notes on Graphs Involving LCP

Now, of course the equilibrium  N>O4 ;) + heat — 2 NO, () will shift to the LEFT in
order to counteract the sudden increase in the [NO;,]. Thus [NO;] will decrease and the
[N,O4] will increase (but only half as much as the [NO;] decreases due to the 1:2 coefficient
ratio!)

N,O4 @ T heat — 2NO, (2)

The [N,O4] has had a NET
<4— increase.

3.0

[N204]

In the NEW
2.0 —l equilibrium, the [NO,]
has had a slight NET
increase from the

10 A «— original equilibriu
. — e S LT P mixture .

0.0
I

3
Time (min)

Original

the Shift to the
equilibrium LEFT [NO;] goes
| down and [N,O4]
At Time = 2min ‘ increases (1/2 as
some NO, % much)
injected i&

contaife e
[N@N enly

3. Changes in Total PrgWre (caused by changing the volume of a closed
container). Ap Naseous Systems.

Recall, when thegJute®t a closed container is DECREASED, the TOTAL PRESSURE
increases. Wh is happens THE CONCENTRATION OF EVERY GAS IN THE
CONTAIN: IJTALLY INCREASES. (# of moles per unit volume).

Ho evthhis point LCP kicks in and the equilibrium will shift whichever way it needs to
parf§gllyXounteract the imposed stress.

With PRESSURE (or VOLUME) changes ALL substances will have vertical lines on the
graph at the time the imposed change takes place.

See the example on the next page...

Notes on Graphs Involving LCP Page 5
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Given the equilibrium: NyO4 ;) + heat — 2 NO; (o

Let’s say that the system is at equilibrium in a closed container. We’ll just pretend that the
[N2O4] = 3.0M and the [NO,] = 1.0M . The temperature will be kept constant.

4.0 =

30100

2.0

Q)
[NO,] ®\¢

0.0 | | | | |

0 1 2 3 4 6
Time (min) Y\
At Time = 2 minutes, the volume of the containegsudienly DECREASED. Thus the
concentrations of BOTH gases initially i lncre

4.0 —

’0'

N204

1 &
P
00123456

Time (min)

2.0 =

Now, in order to counteract the imposed pressure increase, the equilibrium will shift to the
side with LESS moles of gas: N>O4 () + heat — 2NO; ()

In this case, this would be a shift to the LEFT where [NO,] will decrease and the [N,O4] will
increase. See the graph on the next page...

Notes on Graphs Involving LCP Page 6
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N,O4 @ T heat — 2 NO, (2)

4.0 —

[

[N204]

2.0 —

N

[NO,] \'
I I @ I
3 4 6
Time (min) QQ

As the equilib sIRfts to the
LEFT, thg i se’in the [NO;] is
partiall tefYcted and the
[N2Og®in es’(1/2 as much)

I~ 4

0.0

Now, lets say you were given
closed system.

rium: NOz(g) + CO(g) — COz(g) + NO(g) ina

Initially [NO,] = 2.0M . JROM= 3.0M, [CO,] = 4.0M and [NO] = 5.0M

*
At Time = 2 ming€s; lume of the container is suddenly decreased.
Draw and labelag{raph showing all that would happen in this case. Compare your answer

with that one her.
4. Ca@Q
When you add a catalyst to a system at equilibrium, both the forward and the reverse

reactions speed up, so there is no change in the concentrations of any of the species in the
mixture. Adding a catalyst would have no effect on a graph of Concentration vs. Time!

Notes on Graphs Involving LCP Page 7



An Analogy for an Equilibrium Reaction

Adapted from umanitoba.ca

Introduction:

Most of the reactions you have encountered so far proceed in only one direction. That is, when
the reaction has stopped all of the reactants have been converted into products. This type of
reaction is said to go to completion. This is not true of all reactions. Sometimes the products react
with each other to reform the reactants. The reaction of the reactants to form the products is
called the forward reaction. The reaction of the products to form the reactants is called the
reverse reaction.

At some point in a chemical reaction, the rate of the forward reaction will equal the rate of the
reverse reaction. When this occurs, the system is said to be in equilibrium. At this popmg the
number of molecules changing from reactants to products equals the number ch rom
products to reactants. At this point there will be no apparent visible (macrosc&i' anges but
there are still changes occurring at the molecular level, albeit they are the s both directions.

Objectives:
1. Toillustrate the experimental conditions necessary to ha em at experimental equilibrium.
2. Tollustrate graphically the changes which lead to stdblishment of equilibrium.

Materials: ﬁ

2-25 mL graduated cylinders
2 drinking straws of different leI"ﬂGTG@@

graph paper

Procedure: Simulating Equilbr&

1. Label a 25 mL gradg&e inder "A". Fill it to the 25.0 mL mark with water. This is the
REACTANTS. Lab etond 25 mL graduated cylinder "B". This is the PRODUCTS. This

cylinder will beQ ty. Why is it empty at this stage?

2. Obtadin r oNdifferent diameter. Label these straws with “A” and “B”. Be sure to
keep stfaw ‘g~ with cylinder *A” and straw “B" with cylinder "B".

3. With a pdMner, simultaneously lower the straws into each of the graduated cylinders.

When the straws reach the bottom of the cylinder each partner will place an index finger
over the opening of the straw and then transfer the contents to the opposite graduated

cylinder and allow the water to drain.

4, Accurately record the volume of water in each of the REACTANTS and PRODUCTS
cylinders on the “transfer #1" space in the data table attached.

*Note that in the first fransfer some reactants changed to products but no products changed to

reactants because there were none available.

5. Repeat steps 3 and 4 until equilibrium is reached. Note that as some products start to
form in the B cylinder they become available for becoming reactants through the
reversible reaction. Equilibrium will be reached when 5 successive transfers result in no




further change in volume. (Note: Always return the same straw to its original graduated
cylinder for refilling.) Even though there is no apparent change there are still changes
occurring at the molecular level. Explain.

6. Plot this data on the graph paper provided by your teacher. Place the Volumes of Water
in Cylinders “"A” and "“B" on the y-axis and the Transfer #'s on the x-axis.
Analysis:
1. In the transfer of water from cylinder to cylinder, what does the water represent in terms of
a real chemical equation?
2. In relation to any of the simulations, what significance can be attributed to:
q) any point where the two curves meet (if they do)? In other
words, what is happening at the molecular level in the Q
‘reaction’ when this overlap occurs. \O
b) the first flat portion of the two curves? \@
3. What is the evidence that equilibrium has been if: Q
qa) the data for the water transfers are observ@
b) the plotted data are observed?
4, What factors control the relative volumes of wat each cylinder at equilibrium in this
exercise?
5. Consult with other member of the class To&\ﬁeir graphs are similar to or different from

yours. Account for the differences you fi%

Al x
Summary:

Reactions in nature occur in both t d and reverse directions. When the rate of the
forward reaction equals the rate of reverse reaction, the reaction is in equilibrium. In this lab,
we simulated concentration ch®, adding or removing water from the “reactants”. This

would be analogous to incre & creasing the concentration of reactants (i.e., the number
of reacting molecules in a %

mical reaction).

J

CJO



Data Table: Reactants

straw, products

straw

Transfer # | Volume of H20 in | Volume of H20 in | Transfer # | Volume of H20 Volume of H20
“A” (mL) “B” (mL) in “A” (mL) in “B” (mL)
0 25.0 0.0 31
1 32
2 33
3 34
4 35
5 36
6 37
7 38 N
8 39 X
9 40 \C>
10 4]
11 42 QQ
2 43 Vﬂ
13
14 ;
15 AN
16 ' 47
17 @‘ 48
18 « V 49
19 \Z 50
20 0‘§ 51
21 RO 52
22 v 53
23 (\Qﬂ' 54
24 OV 55
25 56
26 57
27 58
28 59
29 60
30 61







Name

Calculating Keq Assign

1. If the system represented by the following equation is found to be at equilibrium at a specific
temperature, explain whether each of the following statements is true.

COyg) + H20O(g) &= CO2g) + Hzg)

a) all species must be present in the same concentration

b) the rate of the forward reaction equals the rate of the reverse reaction

a)

b)

d)

f)

9)

h)

2. Write the equilibrium expression, Keq, for each of the following reoc’non@

2 NOyg) + O21g) = 2 NO2(g)

Pais) + 6 Clag) = 4 PClay ?\ !
4 HClig) + O2g) = 2 H20(g) + 2 Clog) ﬁ
AgCli) = Ag*lag + CI- ( )

NOClg =N SClz{g)

(NHA)Q;e(s} = 2 NHzg) + H2Se(g)

Brog) + 5 Forgg = 2 BrFsg)

Caz(POu4)2s) = 3 CaZtag + 2 PO4s3(ag)



3. For each of the following reversible chemical changes, write a balanced equation indicating
the two-way nature of the reaction, then write an equilibrium constant expression.

a) the condensation of steam

b) the dissolving of silver bromide in water

c) hydrogen gas passed over a heated iron oxide, FezO4, forms iron and steam

d) hydrogen iodide gas decomposes into its gaseous elements \Q

4. At the equilibrium point in the decomposition of phosp
concentrations are obtained: 0.010 M PCls, 0.15M PCls, O .
PClsig) = PClzg) + Clag)

Determine the equilibrium constant for the reaction

&

\.Q/(O'

ntachloride the following

\&
»

5. The following table givesss ﬁes for reactant and product equilibrium concentrations at
% portant method for the commercial production of hydrogen

700 K for the Shift reacti
gas. All concentrati

in mol/L.

ons
Og) + H2O(g) &= COxq) + Hog)
]

Trial | [CO:2] | [pie] [H20]
1 10.600 [Q0.609 | 0.266 | 0.266
2 10.600 | 080 | 0.330 | 0.286
3 200 [2.00 |0.887|0.887
4 1100 [1.50 |0.450 | 0.655
5 11.80 ]2.00 [0.590 | 1.20

Using the data, show that the ratio of
the concentration of the products to
that of the reactants, is a constant value
at equilibrium.



6. At 1000°C, methane reacts with water as follows:
CHa(g) + H20Og) = COyg) + 3 Hz(g)

In one experiment the equilibrium concentrations of the gases were [CH4] = 2.97 x 103, [H20] =
7.94 x 103, [CO] = 5.45 x 103, and [Hz2] = 2.1 x 103, Calculate Keq at this temperature.

7. For the following process, the Keq is 0.98. \Q
¥ iron(lll) bromide, and 2.1
& (Show your calculations).

2 FeBrais) = 2 FeBras) + Brag)

A 3.0 L reaction vessel contains 3.6 moles of iron(ll) bromide, 1.2 mgQ
moles of bromine gas at this temperature. Is the system at equili

8. Consider the following egui' \ process at 686°C.:

@) Hoig «—— COyg + H20(g

The equilibrium concepiqns of the reacting species are [CO] = 0.050 M, [Hz2] = 0.045 M, [CO2] =
0.086 M, and [H20] = :@;\ Calculate Keq for the reaction at 686 °C.

CJO




Name:

Calculations Using Keq

1. At a partficular temperature, Keqg = 1.6 x 102 for:
2 HaS(g) = 2 Hoig) + S2(g)
Calculate Keq for each of the following reactions:
a) Houg) + V2 Sog) = Ha2S(g)

b) 5 HaSig) = 5 Hag) + 5/,82()

2. The equilibrium constant for the equilibrium below is 302 @ What is the value of the
e

equilibrium constant for the reverse reaction at the s p&rature?
COqg) + H20Og) &= CO2(g) + Hz(g)

3. At 1200°C, hydrogen sulfide decozp%occording to the following reaction:

2 HaS1g) = 2 FNG #5210)

=

The Keg for this reaction is @-4- If the temperature remains constant, what is the Keq

for the following reaction
i Ha(g) = 6 H2S(g)

4. For the reaction:
SO3(g) = SO2(g) + V2 O2(g) Keq = 16.7 at 1000 K
What is the value of Keq at 1000 K for the reaction?
2 SOz2(g) + Oz(g) = 2 SOsg)



5. Areaction vessel contains NHs, N2, and H2 at equilibrium at a certain temperature. The
equilibrium concentrations are [NHz] = 0.25 M, [N2] =0.11 M, and [Hz] = 1.91 M. Calculate
the equilibrium constant for the synthesis of ammonia if the reaction is represented below.

Q) Nog) + 3 Hzg ——> 2 NHagg

b) V2 Noig) + 3/2Hoigg ——> NHag)

6. For the reaction below, at 700°C, Keq = 0.534. Calculate the number of of H20
formed at equilibrium if at equilibrium, there are 0.173mol of H2 and O ol of CO2 at
equilibrium at 700°C in a 10.0 L container.

Haig) + CO2q «—> H20(g + COyq) \é\'
N
Q?“
D
X

7. Equilibrium is established in Th&g reaction:

A+B=C+ Keq = 10.0

At this point, which of® wing must be true?
o) 1101 = (AN
b) [C] =QJ% [D] = [B]
;:6@ 10 x [C][D]
[A]p= [B] = [C] =[D] =10.0

8. At ahigh temperature the equilibrium constant for the reaction was found to be 0.15.
CaCOgz=CaOys) + CO2(g)
what is the equilibrium concentration of carbon dioxide at this temperature?



9. Bromine chloride, BrCl, decomposes to form chlorine and bromine.
2 BrClig) & Clz(g) + Brog)

At a certain temperature the equilibrium constant for the reactionis 11.1, and the
equilibrium mixture contains 4.00 mol Cl.. How many moles of Br. and BrCl are present in
the equilibrium mixture?

10. Gaseous dinitrogen tetroxide, N2Oy, is placed in a flask and O||OW@Q ach equilibrium
at 100°C.

dinitrogen tetroxide at equilibrium is 0.155 mol/L. Calc concentration of nitfrogen

ﬁQ
Q/(b'

11. The decompositi Xx/drogen iodide at 450°C produces an equilibrium mixture that
contains 0.50 ry drogen. The equilibrium constant is 0.020 for the reaction. How
many mole@ Jine and hydrogen iodide are present in the equilibrium mixture?2

O

N204(g) = 2 NO2(g) 9
At the temperature of the reaction, the value of the )%F'Q The concentration of

Hlig) = Hz(g) + I2(g)



Name:

ICE Box Assignment
Hydrogen iodide decomposes according to the reaction
2 Hlig) = Haig) + l21g)

A sealed 1.50 L container initially holds 0.00623 mol of H2, 0.00414 mol of |2, and 0.0244 mol
of HI at 703 K. When equilibrium is reached, the concentration of Hz is 0.00467 M. What are
the concentrations of HI and 122

. The first step in HNO3 production is the catalyzed oxidation » Without a catalyst, a
different reaction predominates: Q

4 NHaz(g) + 3O2g) = 2 Nog) + 6 HZO?
When 0.0150 mol of NHzg) and 0.0150 mol of Ozg Qre cedina 1.00 L container at a
certain temperature, the N2 concentration a Qbrium is 1.96 x 103 M. Calculate Keq.

&
Q/(b'
Q&
§©
Phosph s@%hloride decomposes via the reaction:

PClsig) = PCls(g) + Cl2g)

A sample of phosphorus pentachloride of concentration 1.10 M was placed in a
container. Once equilibrium was attained, it was found that the concentration of chlorine
in the vessel was 0.330 M. Calculate Keq for the reaction at this temperature. (0.141)



4. The colourless gas dinitrogen tetroxide and the brown-coloured air pollutant nitrogen
dioxide exist in equilibrium as

N20O4ig) &= 2 NOz(qg)

Assume that 0.125 mol of dinitrogen tetroxide gas is infroduced into a 1.00 L container and
allowed to decompose. When equilibrium with nitrogen dioxide is reached, the
concentration of the dinitrogen tetroxide is 0.0750 M. What is the value of Keq for this
reaction?e

5. For the following reaction the equilibrium constant has a volux%o at 460°C:
SO2g) + NO2(g) == NOyg) + SO3g)

If a mixture of sulfur dioxide and nitrogen dioxide is p Q each with an inifial
concentration of 0.100 M, calculate the equilibrium (%ﬂ ations of nitrogen dioxide
and nitrogen monoxide at this temperature. Q

.\Q\\

6. At 100°C Th@ ing reaction has an equilibrium constant value of 2.2 x 10-1°,
COClyg) &= COyg) + Clz(g)

If 1.00 mo;of phosgene, COCly, is placed in a 10.0 L flask, calculate the concentration of
carbon monoxide at equilibrium.



7. A mixture of 0.500 mol H2 and 0.500 mol I, was placed in a 1.00 L stainless steel flask at
430°C. Calculate the concentrations of Hz, I2, and HI at equilibrium. The equilibrium
constant Keq for the reaction is 54.3 at this temperature.

Howg + l2igg «——> 2 Hlg

8. The equilibrium constant for the following react Q).l 1.
2 IClig) = I2(g) + Clog) \
Calculate all the equilibrium concen’rr% if 0.33 mol of iodine chloride gas is placed in a

1.00 L vessel and the reaction is % reach equilibrium.



9. The dissociation of ammonia at 27°C, has a Keq Value of 2.63 x 1077,
2NHa(g) = N2(g) + 3H2(g)

If 1.00 mol of ammonia is placed in a 1.00 L vessel, calculate the equilibrium
concentration of nitrogen and hydrogen.

10. The following reaction takes place in a 1.0 &’r 500°C.
2 Hlig) = Hz(g) + l21g)

Equilibrium concentrations were foun @ 1.76 M HI and 0.20 M for H2 and I2. If an
additional 0.500 mol of HI gas is infroduggd are the concentrations of all gases once
equilibrium has again been reached?

N\
S)

*

c}@



1.

12.

13.

14.

The dissociation of ammonia at 400°C has a Keq of 1.92.
2 NH3ig) = N2(g) + 3 Ho(g)

If 0.500 mol of ammonia is placed in a 500.0 mL container, determine the equilibrium
concentrations of all gases.

@\°°
Q

The equilibrium constant, Keq, for the following reactio ® af 460°C.
SOz + NO2ig) = NOyg) + SO

3
If a mixture is prepared where the initial co %ﬂ of sulfur dioxide is 1.00 mol/L and
that of nitrogen dioxide is 2.00 mol/L, colc% equilibrium concentration of nitrogen
monoxide and nitrogen dioxide aft this ’r@ ture.

>
*6‘((/
O

*

N

For eo@he following reactions, state whether the value of the equilibrium constant
favours the formation of reactants or products.

G) l2jg) + Cloig) &= 2 IClg Keg =2 % 10¢

b) HQ(Q} + ClQ(g} 2 HCI Keq =1.08

C) lag &= lig) * lig) Keq = 3.8 x 107

The equilibrium constant for the decomposition of molecular chlorine at 298 Kis 1.4 x 10-38,

Would many chlorine atoms result from the dissociation of the chlorine molecules at this
temperature?



Name:

Le Chatlier Assignment 1
1. The dissociation of acetic acid in water has a Keq value 1.8 x 10-° at 25°C.
CH3CO2H(oq) \_—‘CH3COQ'(oq) + H%(aq)

a. calculate the equilibrium concentration of H* in a solution that was originally 0.100
mol/L acetic acid

@\°°
N
Q

b. in which direction will this equilibrium move if H* io r@ ncentrated hydrochloric

acid are added?

2. Consider the following equilibrium reoc’r%\s

2NOQg + Clyg) =2 NO%' = 6.5 x 104 at 35°C

In a certain experiment 2.0 x 102 mol , §3W103 mol Clz2, and 6.8 mol NOCI| are mixed ina 2.0 L
flask. In which direction will the system p ed to reach equilibrium?

\
S

3. Forthe synTk@Qﬁmon'o
C Noig) + 3 Hzg = 2 NHzyg)

the eq #m constant at 200°C is 0.65. Starting with [Hz2]o = 0.76 M, [N2]o = 0.60 M,
and [NHs]o = 0.48 M, when this mixture comes to equilibrium, which gases will have
increased in concentration and which will have decreased in concentration?



4. At some point during a reaction, the following concentrations are measured.
21Clg = lzg) + Clag) Keqg =8.33 x 104
0.15M  0.00125M 0.0075 M

Which of the following represents a true statemente

a) the reaction is at equilibrium
b) the reaction will proceed until all ICl is consumed
c) l2will be consumed in reaching equilibrium
d) the concentration of Clz will increase in reaching equilibrium

5. At the start of a reaction, there are 0.249 mol N2, 3.21 x 102 mol Hz, and 6.42 x 104 mol NHs
in a 3.50 L reaction vessel at 200°C. If the equilibrium constant for the reaction is 0.65 at this
temperature, decide whether the system is at equilibrium. If it is not, predict which way the
net reaction will proceed. N2ig) + 3 H2ig) < 2 NHgg)

6. At 350°C, the Keq for the reactionis 2.37 x 103 ?lz(g) + 3 Haig) = 2 NH3(g)

In a certain experiment, the equilibrium concentrggs e [N2] =0.683 M, [H2] = 8.80 M, and
[NHs] = 1.05 M. Suppose some more NHs is odde& e)mixture so that its concentration is
increased to 3.65 M.

Q) Use Le Chatelier’s py c@t@ predict the direction that the netf reaction
will shift to reach o@ uilibrium.

\

b) Confirm yo eviction by calculating the reaction quotient Q and
compasin lue to Keg.

QQ\

7. The follgwin action occurs readily at 425°C: 2NOg) + Claig) = 2NOCl(g)

The equilibrium ®8nstant is 14.9 at this temperature. Predict the shift that the reaction would take
to establish equilibrium for each of the following starting conditions:

Q) all gases are at a concentration of 0.100 mol/L

b) all gases are at a concentration of 1.00 mol/L

c)  [NOCI =0.100, [NO] = 0.0500, [Clz] = 0.100



1.

Name:

Le Chatelier Assignment 2

Consider the following equilibrium systems:
a) 2 PbSis) + 3 Ogg) «—— 2 PbOys) + 2 SO
b) PClsig) < PClz(g) + Clzg)

c) Harg) + CO2(g) < H2O(g) + COyq)

Predict the direction of the net reaction in each case as a result of increasing the pressure
(decreasing the volume) on the system at constant temperature

In each of the following equilibria, would you increase or dec ec@ temperature to
force the reaction in the forward direction? \

a) CO2(g) + Haig) &= COyg) + H20(g) AH® = +4§Q

b) 2 SO2g) + O2ig) &= 2 SO3g) AL = E] 98 kJ

S

List three ways that the following equi reaction could be forced to shift to the right:

2 NOzqg) i%g) + Ozg)
.\Q\\

Given the followj quilibrium reaction

Cs) + Ozg) &2 COyg)
what beg effect of the following disturbances to the system?
a) addition of carbon monoxide (at constant V. and T)
b) addition of oxygen (at constant V. and T)
c) addition of solid carbon (at constant V. and T)
d) decreasing the container volume (at constant T))

e) addition of helium gas to the container (at constant V)



5. Describe the changes that occur after each stress is applied to the equilibrium.
No@ + 3H2ig €2 2NHzg + 92KJ

Change Shift (o the reactants or products)

[N2] is increased

[H2] is increased

[NH3] is increased

Temp is increased

[N2] is decreased Q

[Ho] is decreased

[NH3] is decreased @
Temp is decreased &

6. Consider the following equilibrium process:

NoF4g) < 2 NF2(g)
Predict the changes in the equilibrium ( d|r f shift and effect on Keq) if:

Q) the reacting mixture is heated g‘ ’ron’r volume
b) NF2g) is removed from The@ing mixture at constant temperature and volume

c) the pressure og T@rmg mixture is decreased at constant temperature

d) aninert gd \ as helium, is added to the reacting mixture at constant volume
and ’rempero’r

7. Why is the Haber Process carried out under high pressure?
N2+ 3H2=2NH;s (AH=-92.22kJmol)



http://en.wikipedia.org/wiki/Mole_(unit)

8.

10.

1.

In which direction will the equilibrium shift, with the following changes:

Nz(g) + O2(g) = 2NOyg) AH = +179kJ
Q) addition of nitrogen gas
b) removal of oxygen gas
C) addition of a catalyst
d) halving of the volume of the system

How would you adjust the volume of the container in order to maximj uct yield in
each of the following reactionse

a) Fe3Ous) + 4 Hog) = 3 Fes) + 4 HoO(g) @
b) 2 Cis) + Ogg) = 2COyg) Q

Predict the effect of increasing the Te[ﬁ’rure on the amounts of products in the

following reactions:
a) COyg) + 2 Hyg) = CH3OH<' A Hxn =-90.7 kJ
b)  Ciy+HOp) = co(f\@g) A Hoo = 131 kJ

*
c) 2 NOg(g) = 2 N{h\ g/ (endothermic)

d) 2Cp +Q COyg (exothermic)
The oxi@’w of SOz is the key step in H2SO4 production:
SO2(g) + V2 O2(g) = SO3(g) A Hon =-99.2 kJ

What qualitative combination of T and P maximizes SOs yield?



Name:

Graphing Equilibrium

1. If the inifial [H2] = 0.200 M, [I2] = 0.200 M and Keq = 55.6 at 250°C calculate the equilibrium
concentrations of all molecules and sketch a graph.

H2(g) + I2(g) € = 2HI (g)

2. Consider the following equilibrium systergf: \§+ N2(g) = 2NHs(g) AH =-46 kJ/mol

Below is a sketch a concenftration versus }i h. Each vertical dashed line represents one of
the following stresses:
e Addition of a catalyst e Decrease in volume of container
\' e Remove some NHz(g)

e Increase in temperature Q
Label the vertical lines in thg elow with the appropriate stress that was applied

\

(ndl) _ |

\V




3. Label the graph that best represents each of the following stresses and shift:

e Adding I2

¢ Increasing temperature

e Decreasing pressure
e Removing Cl2

I

[
I

D

Il

SR

R

4. The graph below is represented by the following iIdium equation. For each shift in
equilibrium (ie. 4 min, 10 min, 14 min), state w S8 you think could have been applied to
the system.

COCly(g) = Cl(g %cm AH =+ 108 kJ

0.14

Cl,

CcO

ation (mol L)

coc, ¥

[R*]

4

6 8 10 12 14 16 18
Time (min)



