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13.

Describe -
and actions being equal and the concentration of reactants and products remaining constant.
Define dynamic equilibrium between two physical states.

State the necessary conditions for equilibrium and the ways that equilibrium can be recognized.
Describe the microscopic events that occur when a chemical system is in equilibrium. Define with
examples.

Deduce the equilibrium constant expression [K.] from an equation for homogeneous reaction.
Determine the relationship between different equilibrium constants (K.) for the same reaction at the
same tefmperature.

Write the equilibrium expression for a given chemical reaction in terms of concentration, Kc, partial
pressure, number of moles and mole fraction.

Differentiate between microscopic and macroscopic events in a chemical reaction.

Propose microscopic that account for observed macroscopic changes that take place during a shift in
equilibrium.

Determine if the equilibrium constant will increase or decrease when temperature s changed,given the
equation for the reaction.

State Le Chatelier’'s Principle and be able to apply it to systerns in equﬂlb;lmr W'[th changu in
concentration, pressure, temperature, or the additionof catalyst.-{ N | [ / o \'U-\ =

Explain industrial applications of Le Chat,euer' | ﬁpclple u;ing I-iaber\; pmc{ss and the contact process
as an example \ \

Discuss the industrial applitdmns of cnemmfequilibﬂa and huw it can be used to optimize chemical
reactions to maximize yields, and rninlmi:e waste products.

. Use the cmc\qqt -pi‘ hyd sisto “explain why agueous solutions of some salts are acidic or basic.

\_.
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This reaction in which the reactants are t:n:!rrn|:|’he'.-iue%ﬂ;|r cunsumed and canuem;i& 1nta produn:ts are
called irreversible reactions. Such rea!:t;uns s‘mp wh&n the) limltmg reactant is used up.

However, in many reactu:-ns, the net) fnr\m{\tian of products ends before all of the limiting
reactant is consumed. uch _eachﬂns ‘actually occur in both directions, ie. forward and
backward, and- are| Fhll Ireversible reactions. These reactions reach a stage called chemical
equilibrium. At fhis point, the concentration of reactants and products becomes constant.
However, the reaction continues in both directions without changing the concentration of

reactants and products under the existing conditions. Such reactions never stop and are called
reversible reactions.

8.1 MACROSCOPIC EVENTS AND MICROSCOPIC EVENTS

Macroscopic events

Macroscopic events refer to phenomena that can be observed with the naked eye without
considering the individual particles or molecules involved in the process. For example, a change
in colour, the evolution or absorption of heat, the formation of ]JrEClpltatlﬂn{ a change in

volume or pressure, and a change in the composition of a substance-in a{,ham“ cal reaction.
- \ \\_ \

i A\ “ “/ - \ \l /// \
Microscopic events a0 AT \ ‘

Microscopic events refer fﬂ pheﬁmneﬂa;fhat tannot he obsenred with the naked eye. For
example, collisions betw ﬁen ‘molecules, breaking and forming bonds, rearrangement of atoms
in molecule @331 Pdf\dém of electrons, etc. Macroscopic events are the result of multiple
simultaneous microscopic events. Understanding the microscopic events helps us explain and
predict the observed macroscopic changes in the equilibrium system. When a change in
equilibrium occurs in a chemical reaction, the microscopic events that explain the observed
changes in equilibrium are collisions and the formation of new bonds between particles or

molecules. These collisions change the rates of forward and reverse reactions, which are
affected by activation energy and external factors.

8.2 REVERSIBLE REACTIONS AND DYNAMIC EQUILIBRIUM

A reversible reaction is one in which the products once formed can react to form reactants,
Such reactions do not go to completion even if stoichiometric amounts of the reactants are
taken. These reactions take place both in the forward and backward dlrectian&under the
existing conditions. Some examples of revermble reactmns are gwen betnm

Nyg + 3H,

|\'/
| )

(@) \— NHyq, | 70\

——
2NQ, +Cl,,, == 2NOCl,,

el
PCls,, ==— PCly,,+Cl,,



The double arrow tells that the reactwn is YE?emﬁ[e N\ |,

Consider the reaction between steam ansltgmon mﬂnnxlde under appropriate conditions.
On mixing macruscqgh;ﬁihang&ﬁ aré observed (e.g, changes in concentration).

Suppose that ihe reaction is started with same number of moles of both reactants. When
steam and carbon monoxide are mixed, a maximum number of collisions per second between
them will occur. Therefore the forward reaction has its maximum speed at the beginning.
This leads to a decrease in the concentration of the reactants.

H,O,+ COyq — H,,+ CO

2(g)

As H,0 and CO are gradually used up, the forward reaction gradually slows down. As the
molecules of H, and CO, accumulate reverse reaction also starts. With the increase in
concentration of H, and co,more and more collisions per second between these molecules
occur. Therefore reverse reaction proceeds with increasing speed. This - means that forward
reaction starts with maximum speed and graduall;ar slnws dqv@..yher(ii\thb reverse reaction
starts at zero speed and gradually mcraasesjts/ : : ( \ ; \

Hyg+ COz — ""Héé’m* CO fm

Eventually aﬁgme\&fﬁes when both reactions Y
proceed at the same speed. The reaction at this

stage is said to be in chemical equilibrium. The
concentration of reactants and products become
constant,

(no)co)

H,O4+ CD{-:}‘\—' H,g) +COy

Unless the system is somehow disturbed no further
changes in concentration will occur. “The state of
a reversible reaction at which composition of the e

reaction mixture does not change is called the |Figure.8.1: The plots of concentration of
state of chemical equilibrium”. The plots of the reactants and pmdur.ts s tine
concentrations of reactants and products versus time are sha-wp 1n F1g 8 1what do these plots
show? Why have they become parallel?, O N [

When the concentration of ttEactanﬁ; arld prqducﬁ hecnmes cunstant the reaction may appear
to have stopped. But th g H nut true -At the microscopic level, there is intense activity. The
individual mul H:n’j @reactants continue to combine. Individual product molecules also
continue to coh'ublne But the speed of one process is exactly balanced by the speed of the
other process. Therefore, it is a dynamic equilibrium. The system is dynamic because the
individual molecules are constantly reacting, but the rate of forward and reverse reactions is

the same. It is balanced



8.3 THE LAW OF MASSACTION

Two chemists C.M GuldbemanQPWag{m 1364mpnsed the law of mass action as a general

\\

description of the equilibriumistate.
It states\tﬁ]:i'ifﬁgli@sﬁ%“it:ﬁ'h"i'ch a substance reacts is proportional to its active mass and the

rate of a chemical reaction is proportional to the product of the active masses of the reacting
substances”. It can also be defined as the rate of chemical reaction is proportional to the product
of the molar concentration of each reacting substance raised to a power equal to its
stoichiometric coefficient in the balanced chemical equation. The term active mass means, the

concentration of the reactants and products in moles dm™ for a dilute solution.

Consider the following general reversible reaction.

Where A,B C and D represent chemical species and a, b, c and d are their coefficients in the
balanced equation.

According to the law of mass action.

Rate of forward reaction, Ry “[ﬂ'
C_’.M (‘,,,:—\\/ N\ VL \\

\
Ra}e}z’f reverse reaction, R o [C]° [D])°

=k[CID e, (2)
Where k. is the rate constant for the reverse reaction.

Where ki i;.i\&ﬁ@{ﬁ\%nstant for the forward reaction.

At equilibrium state
Rate of forward reaction = Rate of reverse reaction
Thus ke [A]® [B]® = k[C]° [D]*

. k _ [CI [OF
n rearranging K = W

[ | [,D]"'y:‘_A A\ o ‘-.:'T‘t:;\‘::\\\v e
o\ e\ | AL 8L =

NNA A

CE
AT

equilibri\i]ﬁi constant expression. The square brackets indicate the concentration of the
chemical species at equilibrium.

Thus, the equilibrium constant expression for any reaction can be written from its balanced
equilibrium chemical equation. The concentration of products is taken in the numerator and



the concentration of reactants in the dennminamr ‘ ACANN |

( ! —
= /

Conditions for Equilibrium i.\,\ _
Important features of equlll rlum, cﬁnstant expression are as follows:

* K appliés Bni{r at the equilibrium state. The subscript c indicates the concentration

of reactants and products in moles per dm’ at equilibrium state.
* K, does not depend on the initial concentration of reactants and products but, depends

upon temperature. It has only one value at a given temperature. Whether we start the
reaction with pure reactants or pure products or any composition in between, the value of
K remains the same.

» K, is related to the coefficients of the balanced chemical equation. The
concentration of the products is placed in the numerator and those of reactants in
the denominator. Each concentration is raised to a power equal to its coefficient in
the balanced chemical equation.

» The magnitude of K_ indicates the position of equilibrium. When Ke 1:-} \teﬁ 1han 1, the

denominator is greater in magnitude than @e numratbr (Thﬁ\}ﬂeanﬁthe ‘Concentration of the
reactants is greater than tlwse of prstts wheﬁ thﬁequhhbhumﬁ established. Whereas, when
K, isgreater than 1, the ﬁumeratoi\ts Jfeater inmagnitude than the denominator. This means

the mentrfiw p{lmépmdtm is greater than those of the reactants at equilibrium.
N
Examples of\fqm librium Constant Expression

Problem solving strategy

1. Write the products in the numerator and the reactants in the denominator within square
brackets.

2. Raise each concentration to the power that corresponds to the co-efficient of each species
in the balanced chemical equation.

Example 8.1 Example 8.2

— 1. G0
Ny + 3Hyq) = 2NHyy, ﬁnﬂﬁmwcﬁmew

_ _INH,F?

© T HFIN;] eo

[CC'][DzF

“ 1'\“\” “ |

Concept Assessment Exercise 8.1
1. The following equations represent various industrial reactions at equilibrium. Write K C
expression for each of these reactions. Do not forget to balance the equations:




1 { J\\
— F i A=
—~X A\ A\
A\ \\' Il' ( C// ) “--\"\'_/

(i)
(i)

N NN
{ni] "\}CH“gﬁ H Om = CO,+ Hy

2. Give the balanced equations that correspond to following equilibrium expressions.

_ [CH,0H]
¢ [COJH,F

_[N,JIH,0F
° [NOF[H,)?

The value of K_ at a given temperature can be calculated if we know the equilibrium
concentration of the reaction components.

Fl( N\ ‘//-)/‘\T/\\/(j\l
Example 8.3 0 ~\J /}, \o2 .
~\ \ W\ \\
The following equilibrium cnncmtratiﬁhsqa' @jbsghfed}ﬂr thé reactmn at 500°C.
) \ “ - ~N \ \/\’

Ayg+ B 2(g) \J\J \_ .\ A
[A] = &ﬁN\{B] 1.197M, [AB] = 0.203M.Calculate K_

Solution
Here [AJ] = 0.399 mol dm™[B2]=1.197 mol dm~[AB]=0.203 mol dm
_ A8}
© [AJB)

B (0.203 mol dm™y
‘ (0.399mole dm™){1.197 mol dm™)

Ke=0.086

8.3.1 Equilibrium Expressions Involvmg Pamai \Pressure,

Number of Moles and Muie Fraf:t\d AL
(e\hction W
m \“\\JP)\FF#‘—‘ EC"",‘+ dDm

For gases the expression is often expressed in terms of partial pressure of each gas. According
to Henry's law “At constant temperature, the partial pressure of a gas is directly proportional
to its molar concentration.

Consider the general gasenys r&vmfblg




AN o\

Where P, , PdNPc‘? and p, are partial pressures of gas A, B, C and D respectively K_is related
with K_ by the following equation.

an
K, =K (RT)

Where An is the difference between the total number of moles of the products and the

reactants.

When equilibrium concentrations of reactants and productsamemmedmm::f&reirnﬂes,
the equilibrium constant is represented by K and is given by the following equation.

AT
pet iv/éiy atthe equilibrfum state.

Where n, . ng, n, and nuarethunmlesgfﬁj B cmn et
, is also related with K,,.\ JVv7ZWN\(O WS ]

%&W”
Where P is the pressure of reaction mixture at equilibrium and, n is the total number of moles
of reactants and products as shown by the balanced equation.

When the equilibrium concentration of the reactants and products are expressed by their mole
fractions, the equilibrium constant is represented by K, and is given by the following equations.

X%
TR

Where X, , X, X, and X are mole fractions of A, B, C and D respectively. K, is related
with K, by the following expression.

Ky =K, (P)* PR NN
Where P is the pressure of the equ:iihnum mixt S U
Example 8.4 \ U

Following reacﬁwn %5 ﬁudlm atv 25""C Calculate its K, andK_ .

The partial pressures at equilibrium were found to be

Fooe = 1.2 atm



P 5.0x 107atm

PCl, =3.0 ""Liﬂ“fa@:—_—l— \
Problem 5“"’“."15 St!'ajiﬁgy ALV UV
1. Write K N )

2. Substitute the partial pressures of each species.
3. Simplify to get K

4. Calculate An

5. Write expression relating K and K

6. Substitute known values in it and find K

.- Puoa)

iP )ﬂ -\
wo) ( ul} e ~EN
A~ =/
{1 z}z S DAl

Ke =

= ARy iﬂ \ PN
WN N ;\1 NN NJ ¢

= K (RT)"
An=2-(2+1)=-1
R = 0.0821dm® atmK' mole™
T =125 + 273 = 298K
K = K (RT)"

1.9x10° = K_(0.0821x 298)"'

[Cancept Assessment Exercise 8.2

The contact process prepares purest sulphuric acid commercially. Following reaction takes
place in the contact chamber in the presence of v,0, at 450°C.




250219}* Qargrﬂ'*"" 2533:.;1
Calculate K; if the m{luhmg{ancengfatlans are fnunl:l at ethhnum
[SO J q&mq@ ] ﬂ USM & [SO ] =0.259M (Ans: 0.0649 atm’)

8.4 TYPES OF EQUILIBRIUM

With respect to the physical states of reactants and products, there are two types of Chemical
Equilibrium.

i.  Homogeneous Equilibria

An equilibrium system in which all of the reactants and products are in the same phase. For

example
N?{ul"' SHEWJI =~ 2l“"'l:a(n}
280, + Oy ===250,,, o A
2NO,, + Cl,,,)=—=——=2NOCl,, o A\ /\ \\\n 1. (,//_3 \ \

CH, COOH(; ) + cfki,ﬂ(t'f,\ﬁc;mﬁmi;}mu ra» o

ii. Heterngenqug Equlllbna 3
Equilibria whfﬁ\a‘ I}A%‘ve more than one phases are called Heterogeneous equilibria. For

example

CaCO,,, == Ca0, +CO,,

Ciy + HO = CO,+ Hy,,

3Fe,, + 4H20m_‘“x— Fe;0, + 4Hyq,

If pure solids or pure liquids are involved in an equilibrium system, their concentrations are
not included in the equilibrium constant expression. This is because the change in
concentration of any pure solid or liquid has no effect on the equilibrium system.

(i) ZHzO{ }\——_‘“ EHEW'J"' Oz{g} o
Ke=[H,] O] AN
and - KeRixR

ii) Fe,, + 4H Om]\— Fe,0, 4 4H,,

—) <‘

H,1*

Kg = ;
[H,0]



Concept Assessmem Exertise 3'3

Write Kc hrﬂ:l R expressmns for each of the following reactions.
(i) FeO,, + CO{QJ <~— Fe,+ CO,,

(i) Py + 5055 == P04

(i) CHyg+ 4Clyy, == CCl,, + 4HCl,

8.5 WAYS TO RECOGNIZE EQUILIBRIUM

Equilibrium constant expressinn can be determined by physical as 1m-».rell. a.s chermcal methods.
a) Physical Method (5pectrqmetr1c methg@ /f, v =

This method is based on measunngthe p\ysic&propertles of the reaction mixture. This physical
property is measured duﬂng ihb reaction without removing the sample from the reaction
mixture. Let ql‘.igh@ﬁ\ e spectrometnc method. This method can be applied when the reactant
or produ%ﬂ\ﬁshsorbs ultraviolet, visible or infrared radiation. The concentration can be
determined by measuring the amount of radiation absorbed.

Nzo4tg} = 2N02:m

(Colourless) (Reddish brown)

N,O, is a colourless gas whereas NO,, is reddish brown gas. The progress of the reaction can

be studied by measuring the absorbance at regular Intervals. Absorbance is proportional to the
concentration of NO, . At equilibrium spectrometer will show constant value of absorbance.

b) Chemical Method

In this method, the amount of a reactant or product is determmedby 3 ‘suitable chemical

reaction. Consider the reaction between acetic acid and atba{nml ‘to form ethyl acetate and
water. It is an example cuf revermble reactiun m s-::lutmn

CH, GDDH”T cﬂHﬂmﬁijﬁcmcmczrg( ) + HOG)

0 N
Suppose tﬁig Feéctwn is started by taking ‘a’ moles of acetic acid and ‘b' moles of ethanol in a
stoppered flask at room temperature. A small amount of mineral acid is added to the mixture

to catalyze the reaction.

The progress of the reaction can be studieu by determining the concentration of acetic acid
after regular intervals. For this purpose, a small portion of mixture is withdrawn. The



concentration of acetic acid is determined by titrating it againsta standard‘salutiun of NaOH
using phenolphthalein as an indicator. The cmiaentmtiqn of ascetic acid will decrease until
equilibrium is attained. At equilibrium the canqeritration of acetic acid will become constant,
indicating that equilibrium hf’ been reached

8l 'FACTORS AFFECTING EQUILIBRIUM
(THE LE CHATELIER’S PRINCIPLE)

It is necessary to understand the factors that control the position of a chemical equilibrium. A
knowledge of such factors helps industrial chemists to choose conditions that favour desired
product as much as possible. We can predict the effect of various factors such as concentration,
pressure, and temperature on a system at equilibrium by using Le Chatelier’s principle. “It
states that if a change s imposed on a system at equilibrium, the position of the equilibrium
will shift in a direction which tends to reduce that change”. '

At equilibrium, the forward and reverse reactions are driven by molecular collisions, When we
change temperature, pressure, and concentration, the frequency and energy. _of collisions
between reacting molecules increase or decrease. Thls in terns d:@nges i.he/ T{aﬂiﬂn ‘rates and
causes a shift in the equilibrium position. Q =

8.6.1 The Effect of> a Ctiangein Cancentratinn

When the concentratiqmqi,fqﬁe or'ore of the reactants or products present in the equilibrium
mixture is distuméﬂ' i:iiie system will not remain in the equilibrium state. According to Le
Chatelier's principle, the equilibrium shifts to accommodate the substance added or removed

and restore equilibrium again.
Consider the following gas phase equilibrium:

CO,q + Hyg==C0 + HOy,

When cO, is added to“this equilibrium system, it is no longer in equilibrium. Higher
concentration of CQ, increases the rate of forward reaction relative to the reverse reaction.
Thus more CO, and H, combine and more CO and H;0 are formed. As time passes the
concentrations of CO, and H, decrease, lowering the rate of forward reaction. At the same

time increased concentration of the products accelerates the reverse reactiori uitimatelir the
two rates become equal again and equilibrium is\ res estabiisheﬂ “The new equilibrium
concentration of CO and H,0 are. higher than waﬁ present before the CO,was added. Thus,

AL
equilibrium is said to hairE- shifteﬂ tii tﬁe products side.

N
In all chemical sy:}teimsi, ian increase in the concentration of a product is increased, the
equilibrium shifts towards the reactants. A shift towards the reactant lowers the concentration

of the added product.
The opposite happens when we decrease the concentration of a reactant or product. If the

reactant concentration is decreased, the equilibrium system shifts towards the reactants.
Removal of product shifts equilibrium towards the products. Let us understand the microscopic




events that take place in an equilibrium system. The rate m‘ & t:hemicat reactmn depends on
the number of effective collisions betweer the reacting malecules At equilibrium the number
of effective collisions fap the fnrwariaqd the-reverse reactions are equal. An increase in
concentration of a reac I;ant innmases such collisions for the forward reaction. Thus equilibrium
shifts towards; thel r'{g t ‘with the formation of more molecules of products. The number of
effective collistuns for the reverse process also increases. As time passes the effective collisions
of reactant molecules decrease, lowering the rate of forward reaction. Ultimately the number

of effective collisions for both the processes again becomes equal and equilibrium is re-
established.

Example 8.5
K, for, the following reaction is 1.0 x 10~ at 230°C

21 Clg) == Clyg+ by

1.6 moles of ICI, 0.05 mole of |,and 0.05 mole of Cl, is present in the eqmlibnum mixture in
2dm’ container at 230°C. Determine the equilibrium cnncentratinnsyah* 0 c1 and ICl when
the equilibrium is restored after thr-.- additim ﬁf annther mui& of ICE

Solution S\ AT A\ RN\
On adding one m < qu ll'.l‘ ﬁtﬂ the equitihﬁum mixture will shift equilibrium in the forward
d1rectinn.\'l'Hlus the concentration of ICI will decrease and concentration of |, and Ci, will

increase by x whereas concentration of ICl will decrease by 2x.

2ICl;, === Cly + |y
Initial Conc. 1.6+1=2.6 0.05 0.05
(in moles)
Conc. at new 2.6 - 2x 0.05+x 0.05+x
Equilibrium
(in moles)

Eq.Conc in moles dm™ 2.6-2x

2

=]

0.05+x I{I;Dﬁ +X ]

1.nx1u4=( <

Taking square root of both the sides



X = 0,029 moles dm?
[ICl] =2.6- 2x
= 2.6 -(2x 0.029)
= 2.571 moles dm?

= [CL] = 0.05 + x
= 0.05 +0.029 ~
= 0.079 moles dm* _ Q 0N (S0~

Concept Assessment Exhrm&a(\\

Kc for, the fql!omng feaction is 1.0x10° at 230°C
NNA

ZC'::: == Clyg* byg)

1.6 moles of ICI, 0.05 mole of |, and 0.05 mole of CI, is present in the equilibrium mixture
in 2dm’ container at 230°C. Determine the equilibrium concentrations of l,» CL, and ICl when

the equilibrium is restored after the removal of one mole of ICI. (Ans: 0.0208M, 0.0208M,
0.658M

8.6.2 The Effect of Pressure Change

Equilibria that contain gases are influenced by changes in pressure. When pressure on a gaseous
system at equilibrium increases, the system tends to reduce its volume to undn ur _minimize
the effect of increased pressure. This is done by decreasing the “total numb(er ‘'of gaseous
molecules in the system. This is because, at, cnnstant temperature and pressure, the volume of
a gas is directly proportional to- ;he tutal numbq of mnlecutes of the gas present.

Consider the folluwmg et|:|ui I;rium system 'Which side contains smaller numbers of molecules?
VNI
250, +Ozm}‘~— 250,

If we suddenly increase pressure on the system. What will happen to the equilibrium position? The
reaction system will reduce its volume by reducing the number of molecules present. This means
that the reaction will shift to the right, because in this direction three molecules (two of SO, and



one of O, ) react to produce two molecules [nf SG,,L thus reduqing the tatal" number of gaseous

molecules present. This means the equi\lihnnm positiun ‘mll shlft twards the side involving the
smaller number of gaseous mlecu[&s in the\balanced chemical equation

When the pressurer\ s rt;du:ed the system will shift so as to increase its volume.

There are tértain equilibrium reactions in which the total number of molecules are
same on either side. For example

p— Y
HZI:I:' = Iztul = ?Hllxl
Zmoles 2moles

When the pressure is changed in such a system, neither the forward nor the reverse reaction is

favoured because the number of molecules is the same on both sides. Changes in pressure or
volume do not affect such equilibriums.

Concept Assessment Exercise 8.5
The formation of methanol is an important industnal react{un lrrthegracgssing of new fuels
CO{nJ

s GHiOH,,
\ -~

A student decreases presSur& a?ér thg s*,;tem in an attempt to increase the yield of methanol.
Is this appruaqh]fgﬁspﬁtable‘f Explain.

‘]\l\

8.6.3 - The Effect of Change in Temperature

Chemical reactions that liberate heat are called exothermic and those that absorb heat are
called endothermic. Heat is placed on the right side of the equation in case of exothermic
reactions. In endothermic reactions, it is placed on the left side of the equation. We can use
Le Chatelier's Principle to predict the direction of change. Treat energy as a reactant in the
endothermic process. Predict the direction of shift in the same way as an actual reactant or
product is added or removed. Therefore ,an increase in temperature adding heat favours the
endothermic reaction and a decrease in temperature (removing heat) favours the exothermic

reaction. Consider the following reaction. Which reaction is endothermic, forward or reverse
reaction?

250, + Oyp) = 250y AH® =198

Because the reat:tinn is exuthenn c we can wnte

oA \ -
2802[“]-1] %FP*“‘* 2803{g,+ heat

Heat can bé' tréated as if it were a substance involved in the reaction. According to the
Le Chatelier’s Principle an increase in temperature will shift the reaction from right to left in
order to absorb the added heat and counteract the temperature increase. As a result of this
change concentration of 50, will decrease and concentrations of SO, and O, will increase. As a

result, the value of the equilibrium constant will decrease. The equilibrium will shift towards
left.



[SO:]]E {_" dacreases A\ “‘ _A U\
°"[80,J1G,] «— increases ¢ WNie

—~

Thatiswhy K_ =2.8x 1l]r2 at 10EIDK hhereas\at 293K the value of K _ =1x10%, The equilibrium
production of S‘]‘}JJ sjﬁvdlhr& at a lower temperature. This is because |_ is much larger at
298K than at 1000K.

Now consider the following reaction
N,O,,,==2NO, , AH’ = +57.2kJ

Because the reaction is endothermic, we can write
N0, + heat =2NO,,

As the temperature is increased, heat enters the system and the reaction will shift from left to
right. As a result of this change, the concentration of NO, will increase and that of N,0, will

decrease. This will increase the value of K_. The equilibrium will shift in the/forward direction.
__Ma/\\\\i /// _"; \\‘\

\\ \ \
SR\RCRIBR=, /
U

e = Hf.».,‘ ‘,/ R\RSR\R
[NO.] {-——Fiacmasas A\O ) WA

That is why K _ for this l‘Ej’lEtiﬂn is ? ? X! 10 *at D‘C and 0.4 at 100°C.
=N ||\“ '

Concept Aﬁﬁﬁﬁmt Exercise 8,6

- 1. Consider the following equilibrium

_[NO,F ¢— increases |\

-

E I{ﬂ] IE{F]

What would be the effect on the position of equilibrium when temperature is decreased?

2. Predict the effect of increasing the temperature on the amount of product in the
following exothermic reaction.

Coli] Il | A — CH&DH(D)

8.6.4 The Effect of Addition of Catalyst

A catalyst added to a reaction mixture speeds up both the, tamard ani;l the rmrse reactiun to
the same degree. Thus, the catalyst hasno bffect tm th& equﬂibﬁum concentrations of the
reaction mixture. However, [the catatyst iN\mportaﬁt in “enhancing the rate at which the

equilibrium is established.

8,7 iNDuéThlAL APPLICATION OF LECHATELIER’S
PRINCIPLE

For industrial processes, it is important to maximize the concentration of the desired product
and minimize the leftover reactants. Le Chatellier’s principles and reaction kinetics can both
be used to design the best conditions to give the highest possible yield of the product in an
economic way.




/

8.7.1 Synthesis of Ammnma by Haber S\ Prﬂcess

The manufacture of ammunta by Haher's p\roce'ss is represented by the following equation.
Nm, " ' f‘ LSONH, AHP = —92.46k)
This equatioﬁ’ phwides the following information.

i)  The reaction is exothermic.

ii) The reaction proceeds with a decrease in number of molecules or moles.
Le Chatelier’s principle suggests three ways to get maximum yield of ammonia.

. Low Temperature

The forward reaction is exothermic therefore, low temperature will favour the formation of
ammonia. The suitable temperature is 400°C.

i High Préssure
Since four molecules (one of N, and three of Hz} react to proq:luce twam‘f jeculﬂs of NH,. Thus,

high pressure will shift the eqmlibnum fl:u ;he ﬂght gﬂe\e \f’ﬁrrnatmn of NH,. The most
suitable pressure is 200 - 300 atm.

Thus, the aptimum |tiun for the equﬂibnum production of ammonia is low temperature
and high p@ﬁ&h‘é 2 A hwgh at low- temperature yield of ammonia is high, the rate of its
formation is so slow that the process becomes uneconomical. Therefore, a catalyst is used to
increase the rate of reaction. Usually, a piece of iron with other metal oxides is used as the
catalyst. The equilibrium mixture contains 35% NIH, by volume.

iil. Continual removal of ammonia

A final factor that greatly increases the production of ammonia is the continuous removal of
ammonia as it is formed. This is done by liquefying ammonia. The equilibrium mixture is cooled
by refrigeration coils until ammonia condenses at -33.4°C and is removed. N, and H, which do

not liquefy at this temperature are recycled into the reaction chamber. The stress caused by
the continual removal of ammonia shifts the equilibrium toward the production of more
ammonia. In fact, the mixture need not be allowed to come tu eqmlltlnum at all In this way
practically 100% conversion of Nzanl:f |-|2 tn Nl-l, ls possxble N2 o -

8.7.2 Synthesrs of Sulph' c .!u:ui by Cuntact Process

The contact process is ﬁn nd!i's‘" rial method used to produce sulphuric acid. The manufacture
of sulphuric, ﬁtﬂd is! réfﬁresented by the following chemical reactions.

i, Formdtion of sulphur dioxide
Sulphur dioxide is produced by burning sulphur.

S * Oy — 50

g)



ii.

jii,

Oxidation of sulphur dluxide

( |

. ﬁrn}mm Lo,

Cnnvérgian of sulphur trioxide into sulphuric acid.

The oxidation of sulphur dioxide to sulphur trioxide is the most important step in the
production of sulphuric acid. This reaction provides the following information.

a) The reaction is exothermic.
b) The reaction occurs with a decrease in number of moles.

Le Chatelier's principle suggests three ways to maximize the yield of sulphuric acid.

a) Low temperature
Since the forward reaction is exothermic, the low temperature favours the

formation of sulphur trioxide. However, too low temperature slows down the
reaction speed. So, a compromised temperature of 45,& 50&%}1&%&11

b) High pressure _ | /,, \oN
Since forward reaction pmducés) fewer mules. hi}r pressure shlfts the equilibrium
to the right. But mamta‘in‘lﬂg{ﬂ@ préssuré is very expensive. 50, the compromised

pressure ;}g@atmr ls used
c) Al oxygen

kdéor ing to Le Chatelier's principle, an increase in O, concentration at equilibrium
shifts the equilibrium to the right. However, adding too much O, decreases the
concentration of SO,, which slows down the reaction rate. Thus, a degraded 1:1

ratio of SO, and O, is used to obtain high yields.

Chemical Equilibrium is a dynamic state in which the reaction proceeds with equal rates

in both the directions.
At equilibrium state reactants are converted continuously into prudu::ts and vice versa,

as molecules collide with each other. AR
The law of mass action is a general dessnptmn qu the equﬂibnum mnditlm It states

that for the reaction of type  © W
aA,+bB; = ccm*ﬁgm “\\w
The Eﬂurlrbnu]m ﬁquiltlun \s given by

R

& TArEr
Where K. is equilibrium constant

The equilibrium can be expressed in terms of the equilibrium partial pressure of gases
as K.




There is only value of K. for each reactjon at a/gm’:n témperature Hmever there are
infinite numbers of Eqmllbnum positimns. An eq\nllhrium position is defined as a
particular set of, gquillbmtm cn centra;iﬁﬂ that satisfies the equilibrium expressions.
The concentration \of pura sulld's, pure liquids and solvents are constant and do not
ap| ngudlﬁibﬁum constant expression of a reaction.

LeCl ateﬁer s Principle allows us to predict the effect of changes in concentration,
pressure and temperature on a system at equilibrium. It states that ‘when a change is
imposed on a system equilibrium, the equilibrium position will shift in a direction that
tends to undo the effect of imposed change.

Only a change in temperature changes the value of K. for a particular reaction.

The addition of catalyst has no effect on the equilibrium concentration of reactants and
products. However, it decreases time to achieve equilibrium state.

The principle of equilibrium can also be applied when an excess of solid is added to form
a saturated solution.

References for Further information

Advanced Chemistry, Philip Matthews A /:)ﬁ\f'n.i_\} \

CA/LU
 Fundamental’s of Chemistry, Da&d EﬁGuumfg/ \\r ‘ /(, v<v\,
. Ra:fmnnd Changt Essentifa,LC \erifstry

(i) K, is independent of;

(a) Temperature (b) Pressure

(c) Both temperature and pressure (d) K,
(i) For which of the following reactions, K. has no units of concentration?

(@2A, = B, (b) A, = By,

©Ag = 2B,

(iii) For the following reaction _



3.

(iv) What is the effect of addition of catalyst on an ;quilipﬁmn mitturé? Y
'{bi‘-Fﬁ)f_Mi'rd reaction

(a) Reverse reactlon

(c) Enthalpy of réactmn LSS ()it has not effect

(v) NaCLcT:ar; u-e ]ﬂu&ﬁeﬂ by passmg HCl gas through the solution of NaCl.
(a) Dﬂute (b) Concentrated (c) Hot (d) Cold

(v} K_ =K when An is equal to;
(a) Zero (b) +1 (c) -1 (d) -2

(vii) Consider the following reaction:
Yield of sulphur trioxide can be increased by;

a) increasing pressure

b) increasing temperature

c) adding catalyst
d) increasing cnn&eﬁtratiﬁnj

lo
AN \J NN \ab\\bl\
\‘i. a,b,c
3. abcd
4. a,d

Define chemical equilibrium.

Define and explain the following terms.
(i}  Microscopic events
(i) Dynamic equilibrium
(iii) Le Chatelier’s principle

(iv) Heterogenous equilibria PeNI2NE®

(v) Homogenous ethbnum

Explain industrial apphéatmn af Le Chat\eliEr'f prlnciple using Haber's process as an
example. LU

\II \jl “ -
Propose mitéﬁséuprc events that account for observed macroscopic changes that take
place during a shift in equilibrium.
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Wwrite K. and Kp expressions for the fullmnng reau;tmnsf;\

) S0,

(i) Onm = 0y, +0y,

= 2 'Dzm

(iv) 0,, === 01,;;;
{\"} Faaol{l:l]*.'-'![ﬂ -# BFBO{I} + HZD[W
(V) 2NO, +Cly,, == 2NOCl

(vii) CaCO,,,, = CaQ,, +COy, 2R

N\ /// l','.‘l"

(viii) C +H:'.O[n:l"7 m{n!"'H “/., \\' /://_3, >

At a particular tempefaturel{ﬂ\ﬁ 3 atm Whmh nf the fnllovdng conditions
cnrrespunds to equilihﬂum pos\itwn for the reaction?

N o
\] N N
A'[ﬂ? E'.'F:l

(@ P, =0.175atm, PA=0.102 atm
(b) P, =0.064 atm, P.=0.0308 atm

(€) P, =0.144atm, P,=0.156 atm (Ans: b and c)

Write the expression for K_ and K, for the following processes.

(a) Blue vitriol is deep blue solid copper (ll) sulphate pentahydrate is heated to drive
off water vapours to form white solid copper (ll) sulphate.

(b) The decomposition of solid phnsphurus pgntathﬁdde tu ga&m:s phosphorus
‘trichloride and chlorine gas P\ |

Predict the shift in equilitfnum position that will occur fnr each of the following
processes when lyg volume is reduced.

SN
PGy, ¥3NH, ) S= P(NH,), , + 3HCI

M (o)

({i) 2NO,+Oy === 2NO,,

(i) 4NH,,+50,,, = 4NO, +6H,0,
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1.

12I

13.

14,

15.

For each of the following reactions, predict how. the “[ue ﬂf K ( changes ihe
temperature is mcreased A\ .’ S\ \\J )
@ sz th)\_—ﬁ 2!*10.,»,; ST AH = 4180k

NN
’
31::-+O'='iu} = 2580,; AH =-198kJ

(b)
© NO,, == 2NO,, AH® =58kJ

(d)  CH,*H,O0 == CO, +3H,, AH’ =256kJ

What is the difference between an equilibrium with a i value largier than ane
compared with an equilibrium that has a K_ smaller than one?

Describe the behaviour of the following equilibria with the stated ch anges

(a) Increasing pressure on; . ﬁ; .
CiHy) *50, == 3003{9#--? %O/“‘ g

(b) Adding Lto; O\ \ VN

ﬁu\\ﬁ \um' # Hzm:

(c) Removing heat from;

1
2
(d) Decreasing pressure on;

CHyp === CHyg+Hyq

Consider the following gas phase reaction

CO,p ==C0f) + 50y  AH =284kJ

80,5 *Clygy T== SO,Cly,, +Heat

Describe four changes that would derive the equilibrium to- NGO
Mwwmwdwuﬁmofuemwngmmmmmmumm -
' ) 2NOy, =2 N,Oy

Putassmlp ﬂNﬂh%te solutiun has beautiful clear orange colour. This is due: to the
colour of dichromate jon, Cr,07%. When the salt is dissolved in water, the following
equilibrium is setup, on heating solution.
-2 3 -d +
Cr,0eq +H0y = 2010+ H,,

(orange) {yolic o)
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17.

What will happen if: -
i) dilute Sodium hydroxide f is aqded
i) dilute hydrocmdric acid is alided to this solution.

For l;he rea 1 betwee '

is 794" &t 298K but 54 at 700K.What can you deduce from this mfunnatlm?

A propose a set of conditions (temperature, pressure and concentratlon} for a reversable
reaction where the enthalpy change is positive.

1.

Create a presentation where students explain the equilibrium concept, and discuss the
factors that influence equilibrium position.

Investigate examples of chemical equilibrium in natural systems and prepare a report on
It. .




