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Step 4: Rate constant (k)

Use any experiment (e.g., Exp 1):
Rate = k[HI)?
1.1x10™* = k(0.015)*
_awe

=1 =1
= Oo00225 - BIMs

Answer:

5.

6.

8.

10.

" A. First

e Rate Law: Rate = k[HI)?
k=4.89 M™'s
e Order: Second order

ADDITIONAL SLOs BASED MCQs

The rate of a reaction
A. Increases
C. Remains the same

as the reaction proceeds.
B. Decreases
D. May increase or decrease

The unit of the rate constant Is the same as that of the rate of reaction in ———— order reactiop,
A. Firdt B. Second C. Third D. Zero

For the reaction:

2A+B—S19W _, ¢, the rate law for the reaction Is

A. rate = k[A)? [B) B. rate = k[A][B] C. rate = k[C] D. None of these

For the reaction: 2A+B ——C+D

The expression for the rate law Is, rate = k[A)?, the order of reactionin B Is
B. Second C. Third

The activation energy for a reaction can be:

A. Increased by increasing temperature

B. Increased by decreasing temperature

C. Decreased by increasing concentration of reactants

D. None of these

Rate law for the reaction

R=X + H;0 — R—OH + HX s, rate = k[R-X]. The rate of reaction will be doubled when

A. Concentration of H;0 is doubled B. Concentration of R=X Is reduced to half
C. Concentration of both R-X and H,0 is doubled  D. None of these

D. Zero

' The rate of a catalyzed reaction is independent of the concentration of

A. Reactants B. Products C. Catalyst D. Zero
If a reaction proceeds In such a way that order of reaction is independent of the reactants
concentration, the overall order of reaction would be

A. First B. Second C. Third D. Zero
Reactions With high activation energy are usually
A. Fast B. Slow C. Exothermic D. Reversible

In a reversible reaction, catalyst lowers the activation energy of the

A. Forward reaction B. Reverse reaction

C. Forward as well as reverse reaction D. Forward reactlon but increases for the reverse reaction
If rate of reaction doubles for every 10°C rise in temperature what is the increase in rate of reaction if
temperature rises from 10°C to 100°C

A. 112 times B. 100 times C. 400 times D. 512 times

Order of reaction is the number of reacting molecules whose concentration alters as a result of chemicl
change for which order of reaction the unit of rate constant (k) is the same as that of rate of reaction?
A. 17 order reaction B. 2™ order reaction C. Zero order reaction D. 3" order reaction
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13. The hydrolysis of (CH,),CBr by OH ion proceed in two steps:
RBr =—— R"+ Br .
R+ OH R = OHyoy
which of the following rate equation is consistent with this scheme?
A. rate = k[RBr)’ B.rate = k[RBr] [OH']  C.rate=k([RBr] [OH)'  D.rate = k [RBr)
14. Whichone of the following correctly represents the units of the rate constant k for a first order reaction?
As? B. moldm’’s C. mol.dm 5! D. mol 'dm’s
45, If the rate of decay of a radioactive Isotope decreases from 200 counts per minutes to 25 counts per
minute after 24 hours. What is half life?
A. 3 hours B. 4 hours C. 6 hours D. 8 hours
Answer Key with Explanations
a# | Ans. Explanations
The rate of reaction s directly proportional to concentration of reactant. As reaction goes the
1. » amount of reactant decrease hence the rate of reaction decreases,
A ——» Product
2. D | Rate = k[A]®
So, Rate = k= mol dm™ 57!
2A+4B —==1 C
A Since two molecules of ‘A’ and one molecule of ‘8’ participate, so rate equation will be
3 Rate = k[A)![B)
Order of reaction=2+1=3
| Rate equation shows that concentration of reactant ‘B’ does not affect reaction rate. Therefore
4 o the order of reaction in ‘B’ is zero.
i k = Ae-Ea/RT
& | ® Far 17T
(i) Rate o [R - X]. It means when concentration of R - X doubles, rate of reaction also doubles
6. D | (i) Concentration of H;0 does not affect the rate of reaction. 5o to increase rate of reaction, it is
not necessary to increase conc. of H;0.
According to Law of mass action:
n s The rate of a chemical reaction is directly proportional to the active mass of the reactant or to
! the product of active masses if more than one reactants are involved in a chemical reaction.
As the concentration of a catalyst increases its catalytic activity also increase.
Such a reactlon Is zero order reaction:
8 D A+ B—> Product
i Rate = k[A)°[B)°
Order of reaction = zero
According to Arrhenius equation:
k = Ap-tVAT
9, B | k=Rate of reaction (when molar concentration of reaclants are in unity)
Rate = Ae™0/*7
Rate «« 1/Ea
10 c A catalyst cannot affect the equilibrium constant of a reaction but it helps the equilibrium to be
;i established earlier. The rates of forward and backward steps are increased equally.
For every 10°C rise rate of reaction become double temp is increase 10°~100°(9Time) 2* = 512
- o Time rate of reaction will increase
R = K[conc)*
12, c | moldm’ -~
sec
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13, D Rate expression is always according o slow step
R = K[conc)!
14. A | mol/dm’/sec = k.mole/dm’
K=sec™?
200 —» 100 — S0 — 25
15. D | Total 3half-life=24 hours
1 Half-life=8 hours

ADDITIONAL SHORT ANSWER QUESTIONS

Q.1

Differentiate between instantaneous and average rate of reaction.

Ans. Differences between Instantaneous and Average Rate of Reaction:

Iy )

Instantaneous Rate

Averag_e_ Rate
“The rate at any one instant during the interval is | “The rate of reaction between two specific timg
called the instantaneous rate”. intervals is called average rage”.
Instantaneous rate = 2 A vy e
dt verage rate =
At first instantaneous rate is higher than average | At the end, average rate is higher (hag]
rate. instantaneous rate. ‘J
Q.2 Differentiate between rate and rate constant of a reaction. T
Ans. Differences between rate and rate constant of a reaction: N
Rate of reaction Rate constant L
(i) 1t is the speed at which the reactants are | It is a constant of proportionality in the rate lay|
converted into the products. expression.
(i) Rate= % Rate = k[Reactants] =>k= Teecnti Re::tt:nls]
(i)t depends upon the concentration of | It refers to the rate of reaction at specific point
reactant species at that moment, when concentration of every reacting species Is
unity.
(iv) It decreases with the progress of reaction | It Is a constant and does not depend on the
generally. progress of the reaction.
Q.3 Radloactive decay Is always first order reaction. Justify.
Ans. A radioactive substance has a single species at a moment, whose nucleus under goes disintegration. As

only one reactant is involved, so it follows 1st order mechanism.

e.g., Half-life of 2;:U is 710 million years. It means if one kg uranium Is present at start, after 710 million

years, 0.5 kg of it will disintegrate and after next 710 milllon years 0.25 kg of it will disintegrate and so on.
Therefore we can say that half-life of a radioactive decay is always a 1st order reaction.

What is zero order reaction? Give one example.

Ans.

Zero Order Reactlon: "The reaction which Is entirely Independent of the concentration of reactant
molecules is called zero order reaction”
Mathematical Form:
A—— Products
Rate = k[A]®
Rate = k
Example: All photosynthetic reactions are usually zero order reactions.
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ﬁ_;_t_der of reaction may be in fraction. Explain,
Wo_nal Order Reaction:

The order of a reaction is usually positive integer or a zero, but it can also be in fraction or can have a
negative value.

gxample:
consider the formation of carbon tetrachloride from chloroform.,

CHCL,y,, + cc,,u—.ccz.,,, + HCL,
Rate = k[CHCLy) [CL)2

The sum of exponents willbe 1+ 1/2 =15 so,
Order of reaction=1.5

0.6 Differentiate between order of reaction and rate of reaction.
=D0rder of Reactlon:

Ans.

“The number of reacting molecules whose concentration alters as a result of the chemical change is called
order of reaction.” OR
*The sum of all the exponents to which the concentrations in the rate equation are raised is called order of

reaction.”
Rate of Reaction:
()itis the speed at which the reactants are converted into the products.

Ax
(i) Rate =74
(iii) Jt depends upon the concentration of reactant species at that moment.
(iv) It decreases with the progress of reaction generally.

Q.7 Define half-life period of a reaction. Give one example.

Ans.

Half-Life Period:
"The time which is required to convert 50% of the reactants into products is called half-life period (ty).”

Example:
Decomposition of N2Os
The half-life period for the decomposition of N;Os at 45°C is 24 minutes.
2N;0s 2N;0.+ 0, tiz = 24 min at 45°C
[1st order reaction]

Importance:
« We can use the rate of decay of an item to determine the age of item.
« We can predict the amount of radioactive material that will remain after a given amount of time.

Half-Life and Order of Reaction:
“Half-life of a reaction is inversely proportional to the Initial concentration of reactants raised to the power

one less than the order of reaction.”
1
[twa] =33
Half-Life and 2™ Order of Reaction:
For Second Order Reaction:n=2
1 1 : 1
vl or [tphegi;  Since [tnh=3g
Note: In case of second order reaction, the half-life period is inversely proportional to the initial

concentration of the reactant.
Half-Life and 3" Order of Reaction:

For Third Order Reactlon:n=3
1 Ty s
[l o o [tia)s e 7 Since [twa]i= =

For a third order reaction, the half-life period is inversely proportional to the square of initial
concentration of reactants.
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Q.8 What is rate determining step? Give a suitable example.
——

Ans. Rate Determining Step: :
“A slowest step in reaction mechanism which can determine the overall rate of reaction is called rate
determining step.”

Rate Determining Step:
“Rate-determining step is that step of a chemical reaction which controls the rate of reaction.”

If a reaction occurs in several steps, one of the steps is the slowest.

The rate of this step determines the overall rate of reaction.

This slowest step is called the rate determining or rate limiting step.

The total number of molecules taking part in the rate determining step-appear in the rate €Quatigy

the reaction.

» Let us consider the following reaction

NO;iy + CO\y — NO + COzg

The rate equation of the reaction is found to be:

Rate = K[NO,)*

» The reaction is second order with respect to NOy. Experiment shows that COyg is not taking pan .

the rate determining step. The proposed mechanism for this reaction is as follows:

Step 1: NOyy + NOyyg o=y NOy, + NOy, (It is a slow hence rate determining step)

Step 1: NOyg + €O\ — 25 NOyy + COug

s The first step is the rate determining step and NO, which does not appear in the balanced equation, ,

called the reaction intermediate.

* The reaction intermediate has a temporary existence and it is unstable relative to the reactants 5.

the products.

Q.9 Differentiate between fast step and the rate determining step.

Ans. Fast Step Rate Determining Step
I. A step in a chemical reaction which proceeds | A slowest step in reaction mechanism which czn |
so fastly that we are unable to determine the | determine the overall rate of reaction is called
rate of reaction is called fast step. It has no | rate determining step.
effect on overall rate of reaction.

—
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“eg, M1+ 2NO— 2H,0; 4 Wy

For this reaction, the sum of coefficients of balanced equation is 2 + 2 = & but the reaction is 3rd order. It is
e,penmentalhf verified that rate of reaction 15 directly related to conc. of H; and 1o the sguare of
concentration of NO,. So the rate equation of ths reaction is
Rate = {H:]'INO;]‘
Rate = k[H;)'[NO,)
Order of reaction is sum of exponents of rate equation. 5o,
Order of reaction=1+2=3

Wmemmdmmunmwwv
ns. Energy of Activation:
The minimum amount of energy in addition to average kinstic energy which is just sufficient to convert the
reactants into products is called energy of activation (£,).
gHect of Temperature:
According to Arrhenius Equation:

k= A.‘IIM
k is exponentially related to activation energy E, and temperature T. The equation shows that the increase
in temperature, increase the rate constant and the reaction of high activation energy have low " values.
it means that if we increase the temperature the activation energy of the reaction decreasas.
Activated complex is an unstable combination of all the atoms involved in the reaction for which the
energy is maximum. It is 2 short lived species and decomposes into products immediately. It has 2
transient existence that is why it is also called a transition state.

.12 Describe Half Life Method to determine order of reaction.
Ans. Half-Life Method: =

“Half-life of a reaction is inversely proportional to the initial concentration of reactants raised to the power
one less than the order of reaction.”

1
[t] =3

Let us perform a reaction twice by taking two different initial concentrations a; and a; and their half-ife
periods are found to be t; and t; respectively.

ii. Forexample: For a reaction In the example given in left column, step (a) is the| & % L} T 3
2NOg + 2H;( —> 2H;00 + Ny rate determining step. a," s
The steps of reaction mechanisms are 2NOi + Haig —22— Hy0u0 + Nutg Dividing the above two equations:
a. 2NOy +Hy—="3 H;0y + Nag It is experimentally determined. H (ﬁj‘"
b. Hl!u +H:Ouy fast > 2“10{;] It involves 2 moles NO and one mole H;. ) ) t “la
Step (b) is fast step. Taking log on both sides, we have .
fii. Reactants of fast step are eliminated from rate | Reactants of slow step are present in rate |ag[t—j = 10{(3 JH]
equation. Moreover, in a multistep reaction, equation i.e., Rate = k[H;][NO;)%. £ .
number of fast steps can be one or more than | Moreover there Is only one rate determining stepm log(‘%‘) =(n- lllos(a_j
one. a multistep reaction, t a
iv. Fast step is unable to determine order of | Sum of reactant coefficients of slowest step is the I L
reaction order of reaction. e.g. in the above reaction: %1
Orderof reaction=2+1=3, " =1"' 2
Q.10 The sum of the co-efficient of a balanced chemical equation is no necessarily important to give the order 5 2
of reaction. Give reasons in support of your answer. - Where, n = order of reaction
Ans. Order of a chemical reaction is not necessarlly the sum of the coefficients of the balanced chemiz Q.13 Define Catalysis. Write two characteristics of a catalyst.
equation because the order of reaction is determined experimentally and not from the balanced chemi@ | ans ~catalysis:

equation.

“The process, which takes place in the presence of a catalyst, is called catalysis.”
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Characteristics of a Catalyst: i et
1. Unchanged Chemical Composition: ) i
A catalyst remains unchanged in mass and chemical composition at the end of reaction. It may not g, | SELF~ASSESSMENT |[+,7117] Xy
in the same physical state. -
Examples: " il Total Mark: 30
() MnO; is added as a catalyst for the decomposition of KCIOy. But MnO; is regenerated at the eng ngy ¥ ——
correct option.
form of a fine powder. [ Q1 tncircle the ption (16=6)
(li) In some cases, the shining surfaces of the solid catalyst become dull. () The rate of reaction:
2. Effectiveness of a Catalyst: A Increases as the reaction proceeds
Sometimes, we use a trace of a metal catalyst to effect very large amount of reactants. B. Decreases as the reaction proceeds
Examples: €. Remains the same as the reaction proceeds
() 1mgoffine platinum powder can convert 2.5 dm’ of H; and 1.25 dm? of O; to water. D. May decrease or increase as the reaction proceeds
(i) Dry HCL and NH, don’t combine, but in the presence of trace of moisture, they give dense white fume @ Ona Boltzmann distribution curve, the area under the curve represents.
of NH.CL « A Activation energy of the reaction
(iii) Thousands of dm’ of H;0; can be decomposed in the presence of 1 g of colloidal platinum. 8. Total number of molecules in the sample
i fth I
Q.14 Define catalysis. Give its different types with one example in each case. e C. Average kinetic ;—'"WEY of the molecules
Ans. Catalysis: e — p. Rate constant of the reaction
“The process, which takes place in the presence of a catalyst, is called catalysis.” (3) How does the presence of a catalyst affect the rate of a chemical reaction?
T P Cotadysis: A It always decreases the rate of the reaction
Y I h L1
(a) Homogeneous Catalysis (b) Heterogeneous Catalysis 8. ftalways increases the rate of the reaction
(a) Homogeneous Catalysis: C ltincreases the rate of the forward and decreases the rate of the reverse reaction
3 : f sactions
“When the catalyst and the reactants are in the same phase and the reacting system is homogeneg,, D. Itincreases the rate of both the forward and reverse reaction
throughout, then it is called homogeneous catalysis.” | W Afirst-order reaction has a half-life (t1/2) of 20 minutes. What is the value of its rate constant (k)?
-1 - " "
The catalyst is distributed uniformly throughout the system. A 0.05 min B.0.693 min™ C 00347 min’ D 13 86 min
Examples: {v) The reaction pathway diagram with a lower peak represents:
The formation of SOy from SO; and O; in the lead chamber process for the manufacture of sulphuyric acd A A slower reaction B. A reaction with no catalyst
needs NO as a catalyst. Both the reactants and the catalyst are gases. C. A catalyzed reaction D. A reversible reaction
(b) Heterogeneous Catalysis: (d) The order of a chemical reaction, that is independent of concentration is.
“When the catalyst and the reactants are in different phases, then it is called heterogeneous catalysis * A Second order reaction B. First order reaction
Examples: C Zero order reaction D. Pseudo first order reaction
Oxidation of ammonia to NO in the presence of platinum gauze helps us to manufacture HNO;.
P LI " 02 Write short answers of the following questions. (2 «8=16)
+
ua ¢ 509 NO ¢+ 6H:0w () Differentiate clearly between order and molecularity of a reaction
Q.15 Differentiate between homogeneous and heterogeneous catalysis. Give example. (i) How does increasing temperature affect the rate of a reaction?
e e e eeeeeeeeee——— ;
Ans. [ HomogeneousCatalysis | Heterogeneous Catalysis | | ) Whatisthe sig:;ﬁcance of the rat: const'ant ina ra;e eauahar}-‘? "
(i) tis catalysis in which the catalyst and reacting | (I) It is catalysis in which the catalyst and (™) CT:: ahcata!v:tlh ;o;sumed ': alc bemk:a rea"'?‘" Whw ohr i b o)
substances are in same physical state/phase. reacting substances are in different phases. ™ B R S I S “t'on_ CAFUS SRS WISH SERNITIUCR - S0w
— " - e (d) What is the order of the reaction? Explain based on the units of the rate constant
(ii) Catalyst is uniformly distributed. (i) No uniform distribution of catalyst.
) Mosth Touid : T8 Catet ' and b (i) Calculate the rate of reaction from the following data: 0.5 mol of reactant consumed in 10 5.
(iii) hoo ¥ UL OT galseous catalysts are used in | (i) Catalyst is_dso and reacting substances are| | () A radioactive isotope decays by a first-order process with a half-life of 12 hours. Calculate the rate
mogeneous catalysis. either liquids or gases. constant for the decay in ™.
(iv) e.g., (iv) e.g.,
Pl Q3 Extensive Questions. (2x4=8)
250y + Ong 250xy ANHyg + S0uy SNOyy +H10y [3) How does the activation energy profile of an uncatalyzed reaction compare with that of the catalyzed
reaction? )

Q.16 Describe the effects of catalyst on reversible reaction.

Ans. Effect of Catalyst on Rate of Reversible Reaction:
In reversible chemical reaction, a catalyst, suitable for forward reaction may be used to carry out back
reaction as it increases the rate of both forward and reverse processes by lowering the activation energyof
both forward and reverse steps by giving new path to the reaction. This reduces the time to attain th
equilibrium state. It does not affect the equilibrium state K,.

B Calculate the reaction rate if the concentration of A is 0.5 M, the concentration of B is 0 2 and the rate
constant k is 4.0 M5!, Given the rate law for a reaction: Rate = k[A][B])'

_...'..__
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CHEMICAL
EQUILIBRIUM

After studying this chapter, students will be able to:

« Describe the microscopic events that occur when a chemical system is in equilibrium. Define with

examples. (Understanding)

Differentiate between microscopic and macroscopic events in a chemical reaction. (Understanding)

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

equilibrium. (Understanding)

Describe what is meant by a reversible reaction and dynamic equilibrium in terms of the rate of

forward and reverse reactions being equal and the concentration of reactants and products

remaining constant. (Understanding)

+ Define dynamic equilibrium betlween two physical states. (Knowledge)

+ Deduce the equillbrium constant expression [K] from an equation for homogeneous reaction.
(Understanding)

» Determine the relationship between different equilibrium constants (K) for the same reaction at the
same temperature. (Understanding)

«  Write the equilibrium expression for a given chemical reaction in terms of concentration, K., partial
pressure Ky, number of moles K, and mole fraction K,, (Application)

» State the necessary conditions for equilibrium and the ways that equilibrium can be recognized.
(Knowledge)

* State Le Chatelier's Principle and be able to apply it to systems In equilibrium with changes in
concentration, pressure, tlemperature, or the addition of catalyst. (Knowledge)

¢ Determine if K¢ will increase or decrease when temperature is changed, given the equation for the
reaction. (Understanding)

* Explain industrial applications of Le Chatelier's Principle using Haber's process and the contact
process as an example. (Understanding)

* Discuss the industrial applications of chemical equilibria and how it can be used to optimize chemical
reactions 1o maximize yields and minimize waste products. (Understanding)

¢ Use of concept of hydrolysis to explain why aqueous solutions of some salts are acidic or basic.

(Application)

~

~°

Irreversible Reactions:

The reactions in which the reactants ..e ~omplawely consumed and converted into products are called
irreversible reactions. Such reactions :top when the limiting reactant is used up.

Reversible Reactions:

Those reactions which continue in both directions, i.e., forward and reverse, without changing the
concentration of reactants and prcducts under the existing conditiens. Such reactions never stop and are
called reversible reactions When a reversible chemical 1eaction takes place in a container which prevents
the entry or escape of any of the substances invcived in the reaction, the quantities of these components
thange as some are consumed and others are formed. These reactions eventually reach a stage called

chemical equilibrium.
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At Chemical Equilibrium: The concentrations of reactants and products become constant and the fates of
the forward and reverse reactions become equal.
Examples of some reversible reactions are given below:
Ny +3H,  ==2NH,
N0, =N0,,
PCLy ==PCly, +Cly,

The double arrow tells that the reaction is reversible.

MACROSCOPIC EVENTS AND MICROSCOPIC EVENTS

Macroscopic Events
“Macroscopic events refer to the phenomena that can be e
;:t:;:ir:ed’ wlthd the noked eye without considering the @' Rack Your Mind!
a i " ¥ T

Er;a r : particles or molecules Involved in the process. 1. Which of the following Is 3 macro

mp ES ) property of a reaction at equilibrium?
Change in colour, the evolution or absorption of heat, the A) Molecules continue to collide
formation of precipitate, evolution of a gas, change in volume or B) Forward and reverse rates are equal
pressure, change in the composition of a substance in a €) Concentrations remain constant
chemical reaction are examples of macroscopic properties. SRSoncs She Wpshan el Sory

Microscopic Events

"Microscopic events refer to the phenomena that cannot be observed with the naked eye."

Examples:

The collisions between molecules, breaking and forming bonds, rearrangement of atoms in molecules, loss
or gain of electrons are examples of microscopic events.

REVERSIBLE REACTIONS, MICROSCOPIC EVENTS AND DYNAMIC
EQUILIBRIUM

Reversible Reaction is at Equilibrium

It would apparently seem to be static. However, at microscopic level, the reaction never stops and molecules
are continuously under change. The reactant molecules convert into products, while at the same time, the
reverse process happens. To study at micro scale that affect the macroscopic properties of the system.

Example:

Consider the reaction between steam and carbon monoxide under

appropnate conditions. On mixing these gases, macroscopic @ Rack Your Mind!
changes are observed (e.g., changes in concentration), 2 Whatis meant by dynamic equifibrium?

Suppose that the 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 is microscopic events. Bonds in CO and H,0 are broken and new bonds are formed to produce H,

and CO,. Therefore, the forward reaction has its maximum rate at the beginning. This leads to a decrease in
the concentration of the reactants. As H;0 and CO are gradually used up, the forward reaction slows down.
H,0,) +CO —>Hy, +COy,

Reverse Reaction

As the molecules of H, and CO, accumulate, the reverse reaction also starts. With the increase in the
concentration of H, and CO,, more and more collisions per second between these molecules will occur 8
microscopic events. As bonds in H, and CO, are broken, the bonds in CO and H,0 are formed.

SCHOLAR % CHEMISTRY (11") .

This means that forward reaction starts with maximum rate and gradually slows down, whereas at the
start, the rate of the reverse reaction is low, gradually increases, and finally becomes constant.
R +€0y—H,0,, +CO,,,

o Reaction at Equilibrium
Eventually, a time comes when both reactions proceed at the same rate. The reaction at this stage is said
to be in chemlcal equilibrium and the concentration of reactants and products become constant.

H?Om +colll ""‘Hilu "'corm

Unless the system Is somehow disturbed, no further changes in the concentrations will occur.

= Chemical Equilibrium
“The state of a reversible reaction at which composition of the reaction mixture does not change and
forward and reverse rates are equal is called the state of chemical equilibrium."

%» Graphical Explanation:
The plots of the concentrations of reactants and products
versus time for a general reaction are shown in Figure.
Suppose the reactant A is converted into the product B in a
chemical reaction. The graphs in the figure show different
possibilities after the equilibrium is established. At the
equillbrium position, the concentrations of the reactant and
the product may be equal as shown in Figure (a), or the
amount of reactant may be lower or greater than that of the ‘r'
product as shown in Figure (b and c). However, for all of these Figure: Plot of m,.,"::nmum“ time
graphs, it Is clear that after the equilibrium is established, the
concentrations become constant.

1COjer 0]

+ Equilibnum

" Concentration

(COJer iy |

a) : b) 4 1 c) 4

€ A {Equnllbnum _5 A 5 A

BI\_i g ' B :

g > ; : : :

§ : g +Equilibrium ] ! Equiiibrium
=] ' .o - =] +

o B! o H Q .

: B 3 B ¢
Time - Time i Time

Figure: Plot of concentration vs time (3) Reactant = Product (b) Reactant < Product (c) Reactant > Product
¢ When the concentrations of reactants and products become constant, the reaction may apparently
seem to have stopped. But it is not true,

9 Atthe Microscopic Level:

e There Is intense activity. The individual molecules of the reactants continue to react. Individual product
molecules also react to combine to go back to the reactants. The rate of forward process, is exactly
equal to the rate of the reverse process.

* Therefore, it is a dynamic equilibrium. The system is dynamic because the individual molecules are
constantly reacting, but the rates of forward and reverse reactions are the same.

RELATION BETWEEN MACROSCOPIC AND MICROSCOPIC EVENTS

Macroscopic events are the result of multiple simultaneous microscopic events. Understanding the microscopic
events helps us to 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 the collisions and 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. These microscopic events collectively appear as macroscopic changes which are observable by naked eye
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i :.._. QUICK CHECK 8.1 |
| a) Differentlate between macroscopic and microscopic events. i
i Ans, Difference Between Macroscopic and Microscopic Events: 1
Aspect Macroscopic Events Microscopic Events |

Definition | Observable events visible to the naked eye. | Events at the atomic or molecular level 1!

Scale Large scale. Extremely small scale (atomic or subatomig) ] !
Observation | Can be observed directly. Cannot be seen directly; sluw |
instruments or models. i

Relevance Used in everyday applications and | Important for understanding fundm I
measurements. chemical behavior. 3

Example Melting of ice, boiling of water. Movement of water molecules, vibration of | !

atoms in ice |

b)  The equilibrium is dynamic in nature, explain in terms of microscopic events. '
Ans. Equilibrium is described as dynamic because even though the macroscopic properties (like I
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concentrations of reactants and products) appear constant and unchanging, at the microscopic [e\l"E',thgl
reactions are still occurring. I
In terms of microscopic events: i
(i) Continuous Forward Reaction: ' '

Individual reactant molecules are constantly colliding, breaking their existing bonds, and forming |

new bonds to become product molecules. '
(i) Continuous Reverse Reaction: ; |
Simultaneously, individual product molecules are colliding, breaking their bonds, and re-forming the !
original reactant molecules. I

The "dynamic" aspect means these forward and reverse processes never stop. The equilibrium is'
maintained because the rate at which reactant molecules convert to products becomes exactly,
equal to the rate at which product molecules convert back 1o reactants. So, there's constant agtivity |
at the molecular level, but no net change In overall composition. '

In the reaction H,Om +CO( .)=H,m +C0,m, the concentration of the products is higher at thg!

equilibrium stage.
Plot a graph between concentrations of reactants and products vs time.

* Reactants (H,0 and CO): Start a curve for the concentration of reactants (e.g., labeled "[CO) or
[H;0]") at a high point on the Y-axis at Time = 0. This curve will decrease as time progresses, |
indicating reactants are being consumed. Eventually, the curve will become horizontal, showing that |
the concentration of reactants has become constant at equilibrium. '

* Products (H; and CO;): Start a curve for the concentration of products (e.g., labeled "[CO;) or [Hy]") |
at the origin (Y=0, X=0) or a very low point on the Y-axis at Time = 0 (assuming no products initlally)
This curve will increase as time progresses, Indicating products

the equilibrium stage." Both curves become horizontal at the Time

same point in time (when equilibrium is reached).

are belng formed. Eventually, this curve will also become 4 !
horizontal, showing that the concentration of products has _ K 3 !
become constant at equilibrium. _% I
= Equilibrium Condition: Crucially, the horizontal line representing = - '
the constant concentration of products at equilibrium should be  § ‘Equilibrum |
at a higher level on the Y-axis than the horizontal line 3 ' g
representing the constant concentration of reactants. This fulfills B at !
the condition that "the concentration of the products is higher at : —
1

|

]

(This graph would look like Figure (b) as shown below, where the line for '8’ (products) levels off hlghefl ’

than the Iﬂejo_r:l}_' (ﬂ:{:@&su._

- — e — - ——— i — i — i — — i — - — -

—_ —
|l plot a graph between rate of the reaction with respect to time.
. [You would draw a graph with "Rate of Reaction” on the Y-axis and “Time" on the X-axis. The description

|
i
i
!
i
i
i
i
I

———

— — = m— -
T — — — — i — — — o — i —

below explains how it should look).
+ Rate of Forward Reaction: Start a curve for the rate of the forward reaction (H,0 + CO —» H, + CO3) |
at 3 high point on the Y-axis at Time = 0 (since reactant concentrations are initially high). This rate 1
will decrease as time progresses because the concentration of reactants decreases. Eventually, this |
curve will become horizontal when equilibrium is reached !
« Rate of Reverse Reaction: Start a curve for the rate of the reverse reaction (H; + CO; — H,0 + CO) at !
the origin (Y=0, X=0) at Time = 0 (assuming no products initially, 50 the reverse rate is zero). This rate
will increase as ime progresses because the concentration of products increases. Eventually, this 4
curve will also become horizontal. |
« Equilibrium Condition: The point where the curve for the rate of the forward reaction and the curve *
for the rate of the reverse reaction meet and become a single horizontal line represents the
attainment of equilibrium. At this point, the rate of the forward reaction is equal to the rate of the i
reverse | reaction.

DYNAMIC EQUILIBRIUM BETWEEN TWO PHYSICAL STATES

> Dynamic Equilibrium

It is a state in a reversible process where the rate of change in
one direction is equal to the rate of change in the opposite
direction. In other words, although there are continuous
changes taking place, no net change in the system as a wno!z Is
observed. When a reversible phase change takes place for a
substance, there is also a dynamic equilibrium between the two
physical states.

Example: Al 0°C, ice and water coexist in equilibrium. Water
changes into ice whereas ice converts back into water at the same rate.

Ice Water

Relationship between Dynamic Equilibrium and Vapor Pressure

Studylng the behaviour of liquids and their vapour pressurcs is a significant concept in chemistry. When a
liquid is placed in a closed container, some of the liquid molecules near the surface have enough energy to
escape into the gaseous phase. This process is called evaporation. As more molecules escape into the
gaseous phase, the pressure exerted by the gas molecules on the walls of the vessel increases. At the same
time, molecules in vapour phase can also collide with the liquid surface and be captured again by the liquid,
a process known as condensation.

2 Rack Your Mind!

3. Wh of thet following represents
dynamic equilibrium between two
physical states?

A) lce melting into water

8) Sugar dissahving in water

C) Oxygen reacting with hydrogen
D) Carbon burning in air

Liquid = L Gas

Condemanan

As evaporation and condensation continue, Lhe rate of these processes will eventually become equal, and
a state of dynamic equilibrium is achieved. In this state, the number of liquid molecules transforming into
the gas phase equals the number of gas molecules returning to the liquid phase.

At dynamic equilibrium, the vapor pressure remains constant at a given temperature, as long as the
system is undisturbed

When Temperature Increases

As the temperature increases, the average kinetic energy of the liquid molecules also increases. This leads
to a higher rate of evaporation, which in turn increases the vapor pressure. Also, the rate of condensation
increases at the higher temperature. Finally, the system will reach a new state of dynamic equilibnum,
with a higher equilibrium vapor pressure. In short, dynamic equilibrium in terms of the vapor pressure of a
liquid describes the state at which the rates of evaporation and condensation are equal.
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1. Dependence on Concentration: Acgrding to the Law of Mass Action, the rate of a reatlion'}';l
directly proportional to the concentration of the reactants (raised to their respective powers), X
2. Consumption of Reactants: As the forward reaction proceeds, reactants are converted i,
preducts. This leads to a gradual decrease in the concentration of the reactants. 1
3. Reduced Collision Frequency: With lower concentrations of reactants, there are fewer reactay |
molecules per unit volume. This results in fewer effective collisions between reactant molecules p,, !
unit of time, which are necessary for the reaction to occur. |
Consequently, the rate of the forward reaction, which depends on these collisiens and reammi
concentrations, diminishes as the reaction moves towards equilibrium.

€)  Incapped soda water bottles, gaseous CO, Is in equilibrium with the aqueous CO, (HCOJ andH"),

€O,y) +H,0(,) ===HCO™

»)

g

]
|
1
+H g |
L]
|

* Closed Cap Required: Equilibrium requires a closed system to prevent the escape of gaseous C0, i,
€O, escapes, the system cannot reach a state where the rates of dissolution and evolution of €o, |
are equal. |

* Gap Removed: When the cap is removed, the pressure of CO; above the liquid decreases. According 1o |
Le Chatelier’s principle, the equilibrium shifts to the left to produce more gaseous CO; to counteract th !
decrease in pressure. This results in the "fizzing" as dissolved CO; comes out of solution. [

To which direction will the equilibrium shift if the bottle is opened? !

Ans. When a bottle containing a gas in equilibrium with its dissolved form is opened, the equilibrium will shif; !

to favor the gaseous phase. This occurs because the partial pressure of the gas in the headspace aboye

the liquid decreases, causing more of the dissolved gas to escape into the gaseous phase to re—establish
equilibrium. This principle is known as Le Chatelier’s principle, which states that a system at equilibrium |
will shift to counteract any applied change. !

l.  Condition for this equilibrium requires the closed cap of the bottle. Why? |

A closed cap is required for this equilibrium because one of the components, CO,(g), is a gas. i

1. To Maintain Pressure of Gaseous CO;: The equilibrium involves gaseous CO; above the liquid. A,
closed cap maintains the pressure of this gaseous CO;. If the cap is open, the gaseous CO, wuuid|
escape into the atmosphere. '

2. To Prevent Escape of Reactant/Product: According to Le Chatelier's principle, if gaseous CO; [a
reactant in the dissolution process, or a "product” of the reverse decomposition of carbonic acid)'
escapes, the equilibrium will be disturbed. The system needs to be closed to allow the reverse
reaction (HCO; + H* — H;0 + COyy) to build up enough CO; pressure to balance the forward i
dissolution rate. !

3. To Achieve Equilibrium: For equilibrium to be established, the rate of CO; dissolving into the water |
(and reacting to form HCO; and H*) must become equal to the rate at which HCOJ and H* reactto '
form H,0 and COy which then escapes from solution. If COy can escape, the reverse reaction!

cannot build up to match the forward rate, ana equilibrium cannot be reached; the reaction muldl

proceed largely to the left as CO; leaves. 1

lii. When the cap of the bottle is removed, to which direction the equilibrium shifts? |
Ans. When the cap of the bottle is removed: !
1. The pressure of gaseous CO, above the liquid suddenly decreases because the CO;(g) can now |
escape into the atmosphere (where its partial pressure is much lower) i

2. According to Le Chatelier's principle, the system will try to counteract this decrease in COig),
pressure. |

3. To do this, the equilibrium will shift to the left (reverse direction). 1

HCOj g + Hiy —>C02, + H10,, |
4. This means that dissolved carbonic acid (formed from CO, and water, then ionized to HCO; and H') |

will decompose to produce more gaseous CO,, which then bubbles out of the solution. This is why!
_ soda water fizzes when the cap isopened.  _ _

-
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EQUILIBRIUM CONSTANT AND POSITION OF EQUILIBRIUM

» position of Equilibrium:

The position of equilibrium refers to the relative amounts of products and reactants present in an

equilibrium mixture.
1!— xercise L O 1(a)
g Define and explain the law of mass action and derive the expression for the equilibrium constant.
7 law of Mass Action:
Introduction:
in 1864, the Norwegian chemists C. Guldberg (1836-1902) and P.
Wwaage (1833-1900) carefully measured the compositions of many
reaction systems at equilibrium,
Statement:
They discovered that for any reversible reaction, the ratio of the
product of the equilibrium concentrations of the products (raised to
their coefficients in the balanced chemical equation) to the product
of the equilibrium concentrations of the reactants (raised to their coefficients in the balanced chemical
equation) is always a constant under a given set of conditions.
General Reaction:

@ Rack Your Mind!

4. Write the X, expression for the
reaction
Naj, + 3Ha, =2 INHY,

aA+bB=—=cC+dD

where A and B are reactants, C and D are products, and a, b, c, and d are the stoichiometric coefficients in
the balanced chemical equation.

¢ 2 lerior
< areP
Active Mass:
The rate of the chemical reaction is directly proportional to the active masses of the reactants, raised to
the coefficients present in the balanced equation,
« The term active mass is used for the molar concentration.
« Itisexpressed in moles dm™.
« This concentration is expressed by square brackets [ ].
Let us consider a general reaction

»

A+B=—=C+D
According to the Law of mass action,
Rate of Forward Reaction:
Rate of forward reaction e [A][B) = ki[A](B)
'k ' is the proportionality constant, and Is known as forward rate constant.
Rate of Reverse Reaction:
Rate of reverse reaction =« [C][D] = k,[C][D]
'k ' is the proportionality constant and is known as reverse rate constant.
At the Equilibrium Stage: The forward and the reverse rates are equal. Hence,
k,[A)(B) = k,(C)[D]
Equillbrium Constant Expression:
& _lco)
T
The left side of this equation is the ratio of two rate constants, so it gives another constant called the
equilibrium constant (Kc).
K il

i
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x, = Gl
[A](8)

This equation is known as equilibrium constant expression.

Consider the following reversible reaction,

So,

aA+bB—=¢cC+dD
where a, b, ¢ and d are the coefficients of balanced equation.
4
Then e = QE
(A" (8]

2 Egquilibrium Constant Expressions of Some Important Reactions
() Ny +3Hy) ==2NHy,

__INHY
© NI
[il} 2 NIOS“' ,—4N03[‘) +0!“)

_ Ino,1'[0,)
[N,O.)

L3

Sample Problem 8.1
Ethanol reacts with ethanoic acid to form ethyl ethanoate and water.
CH,COOH,,,+C,H,0H  —=CH,CO0CH,,+H,0,,
Etharca scd Exhanct [t [ehancate
500 em’ of the reaction mixture at equilibrium contained 0.235 mol of ethanoic acid and 0.0350 mol of ethang

together with 0.182 mol of ethyl ethanoate and 0.182 mol of water. Use this data to calculate a value of K, fy
this reaction.
Solution:

Water

=500cm® -
=05dm’
Step 1: Write out the balanced chemical equation with the concentrations beneath each substance.

Volume of solution

CH,COOH‘" + CIH!OH(-} - —— - CHJCOOC'QH!U) + Hzom
0.235 mol 0.0350 mol 0.182 mol 0.182 mol
0.5Hm’ 0.5dm’ 0.5dm’ 0.5dm’
0.470 mol dm™ 0.070 mol dm™ 0.364 mol dm™ 0.364 mol dm™

Step 2: Write the equilibrium constant for this reaction in terms of concentrations.
_ [CH,CO0C,H,][H,0] _(0.364 mol dm™){0.0364 mol dm™*)
¢~ [CH,COOH][C,H;0H] ~ (0.470 mol dm*){0.070 mol dm"’)
Ke=4.03
No. of moles of reactants = no. of moles of products, so the units of mol dm™ cancel out i.e., K, has no units.
Sample Problem 8.2
Propanone reacts with hydrogen cyanide as follows:

CH,COCH, )+ HCN,, = CH,C(OH)(CN)CH,,
Hrdrogen Cranide Fraduct

hmnﬁu
Propanone Hydrogen cyanide Product
A mixture of 0.0500 moldm™ propanone and 0.0500 moldm™ hydrogen cyanide is left to reach equilibrium at room

temperature. At equilibrium the concentration of the product is 0.0233 moldm™. Calculate K, for this reaction.
Solution:

Step 1: Write out the balanced chemical equation with all the data underneath:

SCHOLAR 9 CHEMISTRY (11*) 269
P CH,COCH
3 £ ] » HCNHI — CH!C(OH)(CN)C"uu
Initial conc. 0.0500 moldm™ 0.0500 moldm’ 0 moldm™?
Equilibrium. conc. ? ? 0.0233 moldm™

2: Calculate the equillbrium concentrations of the reactants. The chemical equation shows that for every
role of product formed, 1 mole of CH,COCH, and 1 mole of HCN are consumed. So the equilibrium
(ncentrations are as follows:

CH,COCH,; 0.0500-0.0233=0.0267 moldm™’
) HCN; 0.0500 -0.0233 =0.0267 moldm™
step 3: Write the equilibrium constant for this reaction in terms of concentrations:
_ [CH,;C{OH)(CN)CH, ] _ (0.0233 mol dm™)
[CH,COCH, ][HCN] ~ (0.05 mol dm™>){0.05 mol dm™’)
qepd: Substitute the equilibrium concentrations into the expression
K, =32.7 mol dm™

| {M] Quick cHECK 8.4

i'l Write Kc for the following reactions:

1L Sni +2Fe(y, TSN, +2Fely,
i [Product]  [Sn**][Fe**]

| Ans. K =[Reactants] = [sn*?)(Fe"}

]

li.  aNHy,)+50,,) ===aNO,) +6H,0,
1

|, &, = HEOLINOT

= INH,J*[0,)°

i PCLyyy T=PCLyp) +Cly)

| [PCL,)(CL,)

e T

1b) Calculate the value of K. for the following reaction using the information below:
Ha(e) + COyy) ==H10(;,) + €O,

)= 10.00moldm™,

2(¢) =10.00moldm™.

]

| Initlal conc. of H

]

|

; Equifibrium conc. of CO ) =9.47moldm™,
L]

|

I

e
Initial conc. of CO

Ans,

H’(l] * col[l! '=‘H-‘0[n d coll]
10 10 X X
t=Equil. (10-x) (10-x) 947 947
Equil. conc. of CO = x = 9.47 mol dm?
t=Equil.

Whent=0
A

Equil. conc. of CO = x = 9.47 mol dm®
Equil. conc. of H;0 = x = 9.47 mol dm’

Equil. conc. of H2= 10 - x =10 -9.47 = 0.53 mol dm?
Equil. conc. of CO; = 10 — x = 10— 9.47 = 0.53 mol dm?

. [no][co] _(9.47)(9.47) _s9.689

I
|
|
|
I
[
|

e [H.][co,] (0:53)(0.53) 0.2806
Ke= 319.60
K = 320

-
sy S —
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< Units of Equilibrium Constants

Casel:n,=n,

* When the number of moles of reactants and products In balanced chemical equations are equa, they
units are canceled out, and equillbrium constant does not have any unit.

= Example: The ester formation reaction happens in solution state, and number of moles of T€actany,
and products are equal. The K. will have no units.

CHyCOOH, ) +C,H,OH, ===CH,CO0C;Hy,,) +H,0,
[cH,co0C,H; |[H,0]

[CH,COOH(“] I.'c’HSOH(u‘J] moldm ™ xmoldm”

- -3
1dm™ x moldm
Ly o =nounits

K=

Casell:n,#n;

* When the number of moles are unequal, then value of equilibrium constant depend upon the unjyg of
reactants and products used. In the synthesis of NHy by Haber's process, the units of reactants ang
products are not cancelled.

N!'lll +3H1{ O e N Hye)
[NH;{;j]’ [molsdm*’ ]l - 1

. = = = moldm*®
[Ny MHy )] [moldm™)imoldm™)’ [mol dm™)?

RELATIONSHIPS BETWEEN VARIOUS EQUILIBRIUM CONSTANTS

—

@ Rack Your Mind!

There are four different types of quantities which may be used to
calculate the equilibrium constants of reversible reaction. Let the general

reaction be, 5. What happens to the value of K, i
aA +bB==cC+dD pepped] ——
o . " = =
(1) K When the concentrations of reactants and products are in mole 0K >k D)K, <K,

dm™, then equilibrium constant Is written as:
_ [cy[oy?
¢ (Ar (8P
Square brackets [ ] are used for mole dm™ .
(2) K,z When the concentrations are expressed in terms of partial pressures (p) for gaseous reactants and
products, then

(1)

€ d
K, =2cPe (2
Pa“Ps
(3) K.z When the concentrations are expressed in terms of number of moles, then
c_d
Kn - nC nD {3}
nL g
{4) K.: When the concentrations are expressed in terms of mole fractions, (X) then
c a
K, =22 (@)
X, - X5
The relationshipgs betwaen these equilibrium constants are as follows:
K, =K (R __(5)
K, =K, (P)*" (6)
K=K ____ (7)

Where:
R = General gas constant

’ CHOLAR 42 CHEMISTRY (11") 271

T = Absolute temperature of the system
p = Pressure of the system
N = Total number of moles of reactants and products
An = Difference of number of moles of products and reactants in the balanced chemical equation
it depends upon the value of ' An ' that which of the equilibrium constants Is bigger or smaller than the
other. Anyhow, If the number of moles of reactants and products in a balanced chemical equation are
equal, and all the constants have equal values.
That is, An=0
then K, =K. =K, =K,
Hence, whichever concentration units are used, the equllibrium constants are same.
S!mgle Problem 8.3

My 2" Mate) combine to form NH,.,. The value of K, at 500°C Is 6.0x107. Calculate the numerical
yalue of K, for this reaction.

solution:
Nyg) +3Hyq) ==2NH,,)
K, =6.0x107?
T=500'C+273=773K
R=0.0821dm’ atm K™ mol™
K,=?
The formula for conversion of K, to K s,
K, =K. (RT)*"
An=Number of moles of product —Number of moles of reactants
An=2-4=-2

substituting these values in the expression

-2 3 -1 i
, =6.0x107 (0.0821dm’ atm K~1 mol™* 773 K)

K, =6.0x107* (63.5dm’ atm mol").}
 60x107 006

(6357 403225

K, =1.4x107°
S0, the value of K is less than K, .
Sample Problem 8.4
Inthe reaction

250, +0,,) =250,

the equilibrium partial pressures at constant temperature are SO, =1.0x10° Pa, 0, =7.0x10° Pa,
$0,=8.0x10° Pa. Calculate the value of K for this reaction.

Solution
Step 1: Write the equilibrium expression for the reaction in terms of partial pressures.
P e
K, = o
p 50, % Pu,



272

Chapter 8 ) Chemical Equil;
Sriun,

Step 2: Substitute the equilibnium concentrations into the expression.

a)

Ans.

(b)

Ans.

|
|
|
|
;
;
;
|
|
i
i
i
|
|
|
|
|
|
|
|
i
i
;
;
|
|
|
i

(8.0x10°)F e
= =9.1x10™ Pa
% (1.0x10%) x7.0x10° i a4
'Fdi QUICK CHECK 8.5 T~
Compare the magnitudes of K: and K, for the following reversible reactions.
i) Ammonia synthesis i) Dissociation of PCLs
Compare magnitudes of K. and K,
Use the formula: -
Ks = K(RT)*
Where:

An = moles of gaseous products — moles of gaseous reactants
R= 0.0821dm’ . atm.mol™ .k
i) Ammonia Synthesis

Noo -3}111‘,=2NH,1‘,

An=2-(1+3)==2, Ke=Kc(RT)™
ii) Dissociation of PCLs

PCL gy ==PCLy, +Clyy,

i.e, RT)* <1 So K, <K,

- — - — ——— A p— S — —— —— —

An=2-1=4+1 AsK,=K:(RT)* ie, RT™ >1 So K, >K,
Nitrogen reacts with hydrogen to form ammonia.
Nae) +3Hyy ==2NH,,)

The pressure exerted by this mixture of hydrogen, nitrogen and ammonia at constant temperature j; |
2.0x10” Pa. Under these conditions, the partial pressure of nitrogen is 1.5x10’ Pa and the wi
pressure of hydrogen is 0.4x10’ Pa. Calculate the value of K, for this reaction. 1
Calculate K, for ammonia formation
Ny +3H; ==2NH,

Given Data:
* Total pressure =P, = 2.0 x 10’ Pa
e Partial pressure of N; = Pxa= 1.5 x 107 Pa
* Partial pressure of H; = P,e=0.4 x 10’ Pa
Let the partial pressure of NH; be x
Use the balanced equation:

Nyg + 3Hy ==2NH,

|
]
I
1
|
1
|
]
|
1
|
(Pun |
So, K, = L‘. |
(R, )R,) :
But the total pressure is the sum of partial pressure: !
Piowas =Py, +Puy, 52.0%10” =1.5%10" +0.4x10"+X;  X=0.1x10" =1.0x10° Pa |
Now plug into the Kp formula: :
(L0x10°)} !

|

[}

|

]

|

]

|

)

1

(1.5x107)(0.4x10")

KD:
First, simplify:

Numerator: (1.0x10%)* =1.0x10%
Denominator:

(1.5x107)(0.4x107)® =(1.5x10")(6.4x10%°)=9.6x 107
K = 1.0x10%

= =104x107"
® 96x10"
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POSITION OF EQUILIBRIUM AND REACTION CONDITIONS

'.m postion of equilibnum refers to the relati2 amounts of products and reactants present in an equitbnum mixture.

#asystem in equilibrium is disturbed.

m— s N

Le-Chatelier's principle can be stated as follows:

=f a system In equilibrium is disturbed, it behaves in such a way as to nullify
the effect of that disturbance”.

{e-Chatelier’s principle describes what happens to a system when something
momentarily takes it away from equilibrium.

= Applications of Le-Chatelier’s Principle

if the concentration of products is increased relative to the reactants, we say that the positon of
equilibrium has shifted to the left.
if the concentration of products is decreased relative to the reactants, we say that the position of
equilibrium has shifted to the nght

LE-CHATELIER'S PRINCIPLE

Henry-Louis Le Chateler

Some of the most common applications of this principle with reference to
certain physical and chemical equilibria are discussed below:

i) Effect of change in concentration

il) Effect of change in pressure

jii) Effect of change in temperature.

iv) Effect of catalyst on equilibnum.

(1850-1838)

AFrench chemiat of the Dt 150 and
earty 20T centunes e proocsed e
Le-Chater Prrcgie. 8 agnicant
achevement N chemus Ty

THE EFFECT OF CHANGE OF CONCENTRATIONS

if the system is at the equilibrium position and a certain amount of
one of the reactants or products is added or removed, the equilibrium
position is disturbed.

There are four possibilities for the change in concentrations of

reactants and products. ms‘-\;‘hvm-;m ;z;::h
w will happen if more added
(i) Hydrolysis of BiCL; tonslintn? )

@ Rack Your Mind!

6. In the reaction:

Consider the following reversible reaction in which BiCl; reacts
with water to give a white insoluble compound, BiIOCL

A) The reaction will stop
3) Tha equilibnum will shift to the left

C) The aguiisrium will shift to the right
BiC{; +H,0——=8i0C{ +2HC({ D) Ko will increase
The expression for this reaction can be written as
[Biocs](Hee?

N [8ic; )[R O]
When water is added in BiCls solution, it becomes cloudy due to the formation of white precipitate of
BIOCL. At equilibrium, a certain amount of BiOCL and HCL has been procuced anég certain number of moles
of BiCL; are left behind.
Adding of the Reaction:
If a few moles of BiCL; are added at equilibrium, the reaction is pushaz 1o the Tar.2rd direction.
The addition of BiCl; or H,0 disturbs the equilibrium position. To re-estak'sh tme 2aui"drium, more BIOCL
and HCL are produced. In other words, the reaction is pushad to the forvaru diraction. K remains
constant, but equilibrium position has changed.
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The addition of BIOCL or HCL, or both disturbs the equilibrium position. To re-establish the_:q:-i;;n\
more BICLs is produced and the reaction moves in the reverse direction. The K, remains the Constany, bm
position of equilibrium changes.

If a certain amount of BiCLs is removed at equilibrium stage, the reaction will move in the reverse direq
to compensate that change. A new equilibrium position is established, K, being constant.

If a certain amount of BIOCL or HCL or both is removed at equilibrium stage, the reaction will moye in
forward direction to compensate that change. A new equilibrium position is established; h°“‘?\'er‘

on

remains constant. K
THE EFFECT OF CHANGE IN PRESSURE OR VOLUME
The effect of change of volume or pressure is not applicable when —
(a) The system does not involve gaseous components. Rack Your Mind|
L - T —.

(b) The number of moles of reactants and products are equal in | 7. How does i

gaseous phase (homogeneous equilibrium). affect the equilibrium of ampm, tre

“-nmnu =nﬂm synlhnis?

This effect can only be discussed If the gaseous moles of reactants and products are unequal i.e.,
'\-umro ® nuodum
In order to explain this effect, let us consider the synthesis of ammonia by Haber's process.

Ny + 3y == 2NHy,

a) Increase in Pressure or Decrease in Volume
For the forward reaction, the number of moles and hence volume decreases. At equilibrium stage the
volume occupied by the mixture is less than the volume at the initial stage under the given conditions, S
if pressure is increased at equilibrium, more ammonia is produced. It means, that reaction is shifted mh;
forward direction.

b) Decrease in Pressure or Increase in Volume
If the pressure is decreased or volume is increased, the reaction will move to that side, where the reaction

: QUICK CHECK 8.6

! The change of volume or pressure for the following reactions only changes the equilibrium position but not

| the equilibrium constant. How the direction of reaction changes for each of the following reactions.

-—— e —

i (a) 2H,) +0,) ==2H,0(,, (Increasing P)
i (b) 2€0,, +0y 0 ,—___‘ZCOI(') (Increasing V)
y [e) N,O‘m :.‘ZNO,(‘) (Increasing P)
! (d) zso,m - 0,(') —,_—".ZSD,(.) (Increasing V)
L (@) 2Hy,,+0y, ==2H,0,

* Increasing pressure (P): The equilibrium will shift to the right (tloward the side with fewer moles of
gas) to reduce the pressure.
= Leftside: 3 moles of gas (2H; + 10;)
* Rightside: 2 moles of gas (2H;0)
= Thus, the reaction favors the formation of Hi0y when pressure is increased.

2‘I’IIJ +‘32( 0 ‘_"zcoz(ul

= Increasing volume (decreasing pressure) shifts the equilibrium toward the side with more moles of

(b)

1

|

|

]

|

|

|

]

| Ans. . |
|

] (]
| |
[ 1
| |
] ]
| |
| |
|
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i’-‘-'r":r’_;ere, the left side has 3 moles of gas (2C0 + 16:},:,';.719-‘; ;'EE side'has 2 moles (2€0,).

d o Thus, the equilibrium shifts left (toward reactants) when volume increases.

! 1]

N,0,) == 2NOy,

| In this reaction, there i'.f 1 mole of gaseous reactant (N,0.) and 2 moles of gaseous product (NO;).
i Increasing the pressure will shift the equilibrium to the side with fewer moles of gas to reduce the pressure.
| Therefore, increasing pressure will shift the equilibrium to the left, favoring the formation of N, 0,
[}
|
L

@ 250:10 + Oute) 250y

« This gas phase reaction proceeds with the decrease in number of moles and hence decreases in
| volume at equilibrium stage.
¢ « Asthe reaction approaches the equilibrium stage, the volume of the equilibrium mixture is less than
| the volume of reactants taken initially.
' e When we decrease the volume further at equilibrium stage, the reaction is disturbed. It will move to
| the forward direction to minimize the effect of disturbance. It establishes a new equilibrium position
i while K. remains constant.
i « The reverse happens when the volume is increased or pressure is decreased at equilibrium stage.
| o Itisnoted that the pressure is increased in a reaction having unequal number of moles of reactants
; and products then the reaction will move in that direction where the number of moles are less

— —— ———— — - —

-
- —

THE EFFECT OF CHANGE IN TEMPERATURE

|e-Chatelier's Principle can be used to predict the direction of a
reaction with 2 change in temperature. Temperature is the only
fsctor that also affects the value of equilibrium constant (K.).
» Foran Exothermic Reaction:
For an exothermic reaction, an increase in temperature (adding
heat) favours the reverse reaction. A decrease in temperature
(removing heat) favours the forward reaction,
The equation for the conversion of SO, to SO, is given below:

250y, + 0y =— 25(.‘-3!‘J AH® =-198 kJ

According to the Le-Chatelier's principle, an increase in temperature will shift the reaction from right to left.
1502“, +0y,, ==250y,,

As a result of this change, the concentration of SO, will decrease and concentrations of 50, and O, will
increase. Therefore, the value of the equilibrium constant will decrease. The equilibrium will shift towards
left. The decrease in temperature will favour the forward reaction and the formation of the product. The
production of SO, is favoured at a lower temperature. On the other hand, an increase in temperature will
shift the reaction from left to right.

@ Rack Your Mind!

8 Inthe equilibrium:
2803 + Oyip = 2504y AH" = =198 W)
What happ il the peralure s
Iincreased?
A) Contentration of 50, increases
B) Concentration of 50, decreases
C) Equilibrium shifts 1o the left
D) Value of Kc increases

250;4) + Oy =250y,
Due to this change, the concentration of SO, will increase and concentrations of SO, and 0, will
decrease. Therefore, the value of the equilibrium constant will increase.
The equilibrium will shift towards night. The increase in temperature will favour the reverse reaction and
the formation of the reactants. The production of SO, is not favoured at a higher temperature. K, for this
reaction is 2.8 10" at 1000 K ; whereas, at 298 K the value of K, is 1x10°.
» For an Endothermic Reaction:

For an endothermic reaction, an increase in temperature (adding heat) favours the forward reaction. A
decrease in temperature ( removing heat) favours the reverse reaction.
The equation for the conversion of N,0, to NO, is given below:

N,O‘m:ZNO,m AW =+57.2 W
According to the Le-Chatelier's Principle, an increase in temperature will shift the reaction from left to right.
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N0y =0y,
As a result of this change, the concentration of N,0, will decrease and concentration of NO, wil| incre
Therefore, the value of the equilibrium constant (K.) will increase. The equilibrium will shift towa,
The increase in temperature will favour the forward reaction and the formation of the product,

On the other hand, a decrease In temperature will shift the reaction from right to left. The decregg,
temperature will favour the reverse reaction and the formation of the reactant. b

N,D.(‘)": '!2"0..“‘
K, for this reactionis 7.7x10 * at 273K, whereas 0.4 at 373 K.

')
95 righy

EFFECT OF CATALYST ON EQUILIBRIUM

A catalyst is that substance which Increases the rate of a chemical reaction without itself being com"m“;
the reaction.

The catalyst does not change the equilibrium position and the
equilibrium constant of a chemical reaction.

A catalyst speeds up the rate at which equilibrium is attained. It
means that the yield of the chemical reaction remains the same.

A catalyst provides new path of lower activation energy for a reaction.
If we plot a graph between reaction coordinate on x -axis and potential energy of the chemical reactian

y-axis, then the maxima of the curve become lower in the presence of a catalyst as shown in Figure g 3,
¥

@ Rack Your Ming!

9. Hov; does a catalyst atfeqy the 1y,
of a reaction and Its equilibriym)

activated state

8
‘ E, (uncatalyzed reachon)

E, (catalyzed reaction)

o Reaction coordinal X
Flgure: Effect of a catalyst on Reversible Reactions

INDUSTRIAL APPLICATIONS OF CHEMICAL EQUILIBRIUM

)

Synthesis of Ammonia by Haber's Process

It is one of the basic needs of industry to have maximum yield of the
product. We can apply the concept of equilibrium in order to have
the maximum yield from the industrial synthesis of ammonia.
Ammonia synthesis from nitrogen and hydrogen is a reversible
process.

@ Rack Your M

10. How can the yield of ammonia be
Increased In the Haber proct
using Le Chatelier’s Principle?

— . -1
Nyjg) + 3Hy ) ==2NH, AH=-46.11 kJ mol

The maximum yield of ammonia can be achieved by the following ways:

scHo
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1. Decrease the concentration of ammonia by removing it from the reaction vessel from time to time.
tquilibrium will shift to the forward direction in accordance with Le-Chatelier's principle

2. Since, four moles of reactants combine to give two moles of products, reaction happens with the decreasing
volume, High pressure will shift the equilibrium position to the right to give more and more ammaonia

_ This Is an exothermic reaction. By decreasing temperature, It will shift to the forward direction

according to Le-Chatelier's principle,

when we look at the Table given below and the Figure, then it becomes clear that the effect of pressure

and temperature on the yleld of ammonla Is very prominent. The most complete conversion is 98 3% at

473 K(200°C) and 1000 atmospheric pressure.,

yable: Effect of Temperature on K, for Ammonla 100
Synthesls, : 1 P
T(K} K‘ ;{ mn i Irvtisteml
200 | 7.15x10" . i wJ condivery
300 | 2,69x10" B -
400 | 394x10* ¥ 30
500 | 1.72x10 5
600 | 4.53x10° B e —— —
700 2 96;‘-]0" 300 240 300 150 400 u::r'.lm &50 600 &%0 T0O
: —(C
800 | 3.96x107"? Fig: Percent yleld of ammonla vs. Temperature (°C) at five

different operating pressures. At very high pressure and
low temperature (top left), the yield Is high, but the rate
of formation Is low. Industrial conditions (circle) are
between 200 and 300 atm at about 400°C.

At 200°C, the yield Is being favoured but the rate of reaction becomes very slow and the process becomes

uneconomical. So, the temperature is raised to a moderate level i.e. 400°C and a catalyst is used to
increase the rate. If we want to achieve the same rate without a catalyst then we require much higher
temperature, which lowers the yield.

Optimum Conditions to get Best Yield of Ammonia

The most suitable conditions to get maximum yield of ammonia are:

a) Pressure = 200-300 atmospheres

b) Temperature = Around 673 K(400°C)

¢) Catalyst: Pieces of iron crystals present in a fused mixture of Mg0,A¢,0, and S5i0,, as catalyst
Preparation of Sulphur Trioxide

To manufacture H,50,, sulphur trioxide gas Is produced from SO, and 0,, in a reversible process.

_ 250, +0,,) ==250,,,  OH=-97.9 ki mol”
According to Le-Chatelier's principle, a high pressure and low temperature are the essential conditions to
have better yield of 50,. At low temperature, the equilibrium constant for the formation of SO, is large,
but equilibrium is achieved very slowly. As the temperature Is raised, the rate increases but the yield of
S0, drops off.
The following Table helps us to understand the parameters, when pressure is maintained at 1 atmosphere.

Table: Effect of temperature on equilibrium position of 50, formation

1. Temperature (°C) | 200 | 300 | 400 | 500 | 600 | 700
2. K 5500|6901 160|55 |25 |13
3. Mole % of SO, 98 91 |75 |61 |46 |31
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Look at the Information glven in the table below:

Chapter 1 Chemlcal lq"'"bﬂ“‘
e ———

Optimum Conditions
I order 10 have @ best yield of SO, within a reasonable time, a mixture ol 50, and Oy L) g e
atmpsphenic pressure s passed over a solid catalyst, such as V0, hut due to the exothermic "'-'lllﬂn‘"w
temperatuie of the gas Increases 1o 60°C The equilibrium mixture I8 rec yeled at low |"'“lw.ﬂurp o

00 S007C 1o increase the yiehl of SO

1| Quick chEck 0.7

(&)« M, (&) o 2n0, (k) N0, () v22N0, (1) 250, (&) + O, (&) «* 250, (g)

I

1

|

]

ANT - 02 Kol ! AN® =57 Kmol ! AN® =197 k) mol ™ !

(R, (P ) r,) |

AW Wy M " P )R, \

"u. 'Fu.’ Pn.n. m,l o, l

T/K K, /otm "' yx K Jam' /K K, / atm i

o A0 1010 200 19«10 * 600 3.2x10' |

... 1L6x10" 100 1.7x10" 700 2.0<10° !

600 Mk10t 400 51510 OO 3.2%10 !

700 6Ax10° 500 1.5x10' 900 63 I

HO0 79510° 600 14 10° 1000 20 i

1) How does the proportion of products In the above system change as the temperature Increasos? '
Ay

v ammonka synthesls, increasing the temperature shifts the equilibrium towards the reactants, deuo.uir"

the proportion of products, This Is because the reaction is exothermic, meaning it releases heat. According 1o |
Lo Chatelier's principle, when the temperature of an exothermic reaction Is Increased, the equilibrium shifts |
1o favor the endothermic direction, which in this case, Is the reverse reaction that consumes heat and |

produces reactants, Therefore, a higher temperature results in a lower yield of ammonia, '
In decomposition reaction of N;O4 to NO; Le.: |

NiQug v 2NOyy i
This reaction is endothermic In the forward direction (Le., It absorbs heat). AN 20 '
According to Le Chatelier’s Principle, Increasing the temperature will favor the endothermic direction |
{the torwaird reaction). Therefore: /

As temperature Increases, the equilibeium shifts to the right, More NO, (product) Is formed and less N;m!
reactant remains |
contact process is used for the manufacturing of H,504 on Industrial scale in which the conversion of 50, ,
1o SO I8 achieved in oo reversible reaction, |

250} + Dy St 250,y AH = =194 k) mol ! |

Al low temperature, the equilibrium constant for formation of 50y Is large but equilibrium Isi
]

reached very slowly,

= As the temperature Is ralsed the rate Increases but the yield of SO, drops off according to Le- |
Chatelier’s principle. '

= High pressure tends to Increase yleld of 50, However, Instead of using high pressure, Ihe!
concentration of Oy (air) Is Increased to increase the yield of 50, |

{Hect of Temperature on the Yield of SO, :
The table helps to understand the effect of different conditions on the yield of 50,. During the pmm!!
ressure bs kept at one .llmmphmo_

------- -—---—----.--—-—-—n-——-u-u-—u.-.«——----"‘J

-
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I“-f::—__ Temperature (*C) K. Mole¥% of SO,

| 200 5500 98

I 300 690 91

' 400 160 75

| 500 55 61

i 600 25 46

‘ 700 13 31

| i Calculate the values of K, for the reactions at 600 K?

' Ans. TO calculate the value of K at 600 K, the equilibrium concentrations of the reactants and products must
| pe knawn. Since these concentrations are not provided, the exact value of Ke cannot be determined.

! « Inan endothermic reactions, rise In temperature (600 K) at equilibrium favours the reaction 10 shift
! to the forwards direction,

| N,0, (g) =22NO, (g) AH* =+57 kI mol™

' « For an exothermic reaction, an increase in temperature shifts the equilibrium to the left, favoring the
! reactants. As a result, the proportion of products decreases e.g.

| N, (g)+3M, (g) =2 2NH, (g) AH" =-92 Iy mol™

i 250, (g)+0, (8) =250, (g) &H" =-197 kI mol™

) Ny 3My ) 22NH, ) M =-92 k) mol ™!
)
| temp. Therefore, product decrease with increase in temp. This is justified from data.
') Kcat60OK=?

! Ko = 3.1x107at600K

| An = ne-nyp=2-4=-2

' 1= 600K

| R = 0.0821atm dm® mol* k!
: Ko = K (RT)™

f 31%x10? = K (RT)?

! 21x10? = K - = X, -

| (RT)"  (0.0821%600)

1 Ke = (3.1x107)x (0.0821 x 600)* = 7.5 mol"*dm**
I(p) N:Ou === 2NO;AH® = 457 ki mol"!

]

|} Endothermic reactions are favoured at high (Temperature), Product Increases with Increase in Temp.
(i) Kat6ooK=?

| K, = 3.4x10'atm

i An = mp-ng=2-1=1

| I = 600K

| R = 0.0821atmdm®mol' k™

: Ko = Ke(RT)™

! Ke = K(RT)

| K a Koo 14x 10 _14x10°
i (RT)" (0.0821x600)" 49.26
' Ke = 0.0284x10*

| Ke = 2.84x10" mol/dm’

(0 250, +0, =250, AH"=-197 ki mol™
1) Endothermic reactions are not favoured at high temperature. Amount of product decreases with
| — . Increase in temperature, as itis evident from data given in the table.

Above reaction Is Endothermic, as obvious from AH value. Exothermic reactions are not favoured at high

. L ettt T S —————————— A P ——
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T . S TR ___bﬂu,,,
: Ko = 3.2x10'atm

! An = Np—Na =2.—3=‘*1-

| I = 600K

' R = 0.0821atmdm’mol? k™!

| Ko = K (RT)™

i K» = K (RT)?

' e e

| (RT)'

i Ko = K,x(RT)?

' Ke = 32x107x0.0821x600

| Ke = 157.632x10°
AURTPDIOOERRIOy. 2 | .. ... 5i. . A

R EXplanation

1 c At equilibrium, the concentration of reactants and products remains constant. This constancy
15 a key macroscopic property of equilibrium systems.
2. sQ The state of equilibrium where forward and reverse reactions occur at the same rate,
keeping the concentrations of all substances constant is called dynamic equilibrium.
T —
H;0u — Hi0y
3. A This represents the dynamic equilibrium between ice (solid) and water (liquid) at the melting
point.
K. expression for the reaction is given below; B |
4, s.Q - _INHF
NI, )
s, B When An = 0, the number of moles of gaseous products equals the number of moles of |
gaseous reactants, so K, = K(RT)? =
6 c Adding more BiCly increases the concentration of reactants, causing the equilibrium to shift
to the right to consume some of the added BiCl; and form more products.
In the reaction: Ny + 3Hyy = 2NH;
7. s.Q Increasing pressure shifts the equilibrium to the forward direction (towards ammonia)
because it reduces the number of gaseous moles from 4 moles to 2 moles.
The reaction is exothermic, so increasing temperature favours the reverse reaction, shifting
8. c the equilibrium to the left.
250; + 0; = 250,
A catalyst increases the rate of a chemical reaction by providing an alternative pathway with
9. 5. | lower activation energy. It does not affect the position of equilibrium or the value of the
equilibrium constant, but helps the system reach equilibrium faster,
The yield of ammonia can be increased by:
10. s.Q 1. Removing ammonia regularly to shift equilibrium forward.
2. Applying high pressure because fewer gas molecules are formed.
3. Lowering temperature since the reaction is exothermic, favoring ammonia formation

—
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D Exercise &KL
- MULTIPLE CHOICE QUESTIONS (MCQs) -

a1 Four cholices are given for each question. Select the correct choice.
for which system, does the equilibrium constant, K. has units of (concentration)™?
a) Ny +3H, ==22NH,  b) H, +l, ==2HI ¢) 2NO, ==N,0, d) ZHF==H, +F,
which statement about the following equilibrium Is correct?
— i =1

a) The value of K; falls with a rise in temperature.

b) The value of K; falls with increasing pressure.

¢) Adding V,0, catalyst increase the equilibrium yield of sulphur trioxide.
d) The value of K, is equal to K..

sCH

. 250 T—2505(,) + 0y,
The conventional equilibrium constant expression (K.) for the system as described by the above equation is:
a) [s0,) /150,)° b) [0, )*[0,1/(s0, ) ¢) [50,)* /150, 1(0,) d) [s0,](0,]

V. A saturated solution represents a dynamic equilibrium. Macroscopically, the concentration of dissolved
solute is constant. Microscopically, this occurs because:
a) No more solute particles are dissolving.
b) The rate of dissolution of solute is zero.
¢) Solute particles are dissolving and precipitating at the same rate.
d) All solute particles have dissolved.
v. Which of the following statements correctly describes the effect of temperature on the equilibrium constant?
a) K is directly proportional to temperature.
b) K. is inversely proportional to temperature.
c) K. depends on the enthalpy change of the reaction.
d) Temperature has no effect on the value of K..

vi. Consider the gas-phase equilibrium system represented by the equation:
2H,0() 7T="2Hy(q) + Oy
Given that the forward reaction is endothermic, which of the following changes will decrease the
equilibrium amount of H,0 ?
a) Adding more oxygen
b) Adding a solld phase catalyst
¢) Decreasing the volume of the container (the total pressure increases)
d) Increasing the temperature at constant pressure
VIl. K.=0.040 at 450°C for the given reaction, evaluate K; for the reaction:

Pus{') ._PCZ,(') + Cl,(.)
a) 0.40 b) 0.64 c)2.4 d) 0.052
VIll. In which of the following gaseous equilibria, pressure has no effect on the equilibrium position?
3) M0, ==N,0,, b) PCL ) ==2PCL, \ +Cly

¢) €O,y +H,0,,, ==COy,, +Hy, d) 250,y + Oy, =250,
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IX. Consider the equilibrium 2H, ) +0,  —=22H,0,. If the concentration of H,0(, is !m:rum,‘ e

Sr.No. i Option |

concentrations of "!l!) and OA{;] will:

a) Increase b) Decrease

¢) Remain the same d) Change Irregularl,

" For a spedific reaction, the value of the equilibrium constant, K.:

a) Abways remains the same at different reaction conditions.
b) Increases if the concentration of one of the products is increased.

c) Changes with changes in the temperature.

d) Increases if the concentration of one of the reactants is increased.

Answer Key with Explanations

Answer

4 2NO, =—=N,0,

Explanation

The units of Kc depend on the change in moles of pas
(An) in the reaction:

[N,0,] M 4
K= ——— = Units = — = M = (concentra 1
(NO, ), M, ion)

For option ¢, An = 1-2 = -1, leading to Kc units of py 1+

The value of K, falls with a rise in

The reaction Is exothermic (AH = =197.9 ki/mol),
Le-Chatelier's Principle: Increasing temperature shifty
equilibrium left (toward reactants), reducing K,

Why other options are wrong:

s

Wﬂ(-ll equilibrium is the State ina reversible reaction when the rate ol the forweard reaction equals the

sCHOLAR =& CHEMISTRY (11™)
—_—

a2 attempt the following short-answer questions:

SHOR7 ANSWER QUESTIONS

:"—\:\-{]_1; Is meant by the state of chernical equilibrium?

cate of the reverse reaction, and the concentrations of reactants and products remaln constant

D, Deline reversible reactlon. Give an example,

'M' s, A reversible reaction 1s a chemical reaction that proceeds in both forward and reverse directions under the
same conditions

gxample:

N + IH ) e 20W gy

"""", The change of volume disturbs the equilibrium position for some of the gas phase reactions but not the

equllibrium constant,
Ans. Volume changes alfect the pressure, thus shifting the equilibrium position (Le-Chatelier’s principle), but
the equilibrium constant K. o K, remalns unchanged as long as temperature Is constant

ﬁ;ntlon the characterlstics of chemical equilibrium,
s, Characteristics of Chemical Equilibrium:
(i) Rate of forward reactio n equals rate of reverse reaction
(1) Concentrations of reactants and products remaln constant,

1. a {m] Dynamic In nature.
temperature. b) K isindependent of pressure (only composition changes) (iv) Can be established from either side,
c) Catalyst speeds up equilibrium but does not affeq (v) Only affected by tem perature, not by pressure or concentratlon (for K,)
yield. % Reversible reaction attalins the position of equilibrium which Is dynamic In nature and not statlc. Explain it.
d) K, # K. because An=2-3=-1 ns. At equilibrium, the forward and reverse reactions continue to occur, but at the same rate. This means
" b [50,12{03]}[503]! K . l;. pfodiucts "c:: reactants, raised to their particles are still reacting, but no net change occurs. Hence, it Is dynamie, not static,
stoichiometric coefficients. {, Why do the rates of forward reactlons slow down when a reversible reactlon approaches the
Solute particles are dissolving Macroscopic constancy results from equal dissolution equilibrium stage?
w. 4 and precipitating at the same | and precipitation rates at equilibrium, Ans. As the concentration of reactants decreases and products increase, the forward reaction slows due 1o
rate. fewer collisions of reactant particles, while the reverse reaction rale Increases.
V. = K. depends on the enthalpy K. changes with temperature only if g Whylice at 0°C can be miclted by applying pressure without supply of heat from outside?
change of the reaction. AH # Opeuosendetermicy Ans, Applying pressure favors the liquid phase (as it is denser than ice), shifting equilibrium towards melting
- 4 Increasing the temperature at | Endothermic forward reaction favours products (more even without external heat (Le-Chatelier’s principle),
constant pressure H; + 0;) when heated. h. Write two conditions of equilibrium constant.
w. | ¢ 24 K =KdATY", An=1 Ans.
K = 0.040 ~ (0.0821  723)1 = 2.4(T = 450°C = 723K) (I) Temperature must remain constant,
e . €0, +H0 o bt An = 0 (2 gas moles = 2 gas moles), so pressure (ii) The reaction must be in a closed system and reach equilibrium.
- () (e) #0) " Hn | changes do not shift equilibrium. I.  The reversible reaction:
Addi ili i sl
% R Increase Chd:nf ?r:d.uct (H:0) shifts equilibrium left (Le 250, + 0y, -—7501(.;
. atelier s Principle), .increasmg [Ha] and [03). has come to equilibrium In a vessel of specific volume at a given temperature. Before the reaction
x. e changes with changesinthe | K. Is constant for a given temperature but varies with began, the concentrations of the reactants were 0.060 mol/dm’ of SO; and 0.050 mol/dm' of O;.

temperature.

temperature (depends on AH).

After equilibrium is reached, the concentration of 50, Is 0.040 mol/dm'. What Is the equilibrium
concentration of 0;?

Ans.,
250,(,) +0y(p) =250y,
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Given Data:

 Initial [SO,)=0.060 mol/ dm’

= Initial [0,)=0.050 mol/dm®

* At equilibrium: [SO;]=0.040 mol/dm’
From Stoichiometry:

250, +0,+=—250,
=  1f0.040 mol of SO; formed, then 0.020 mol of O; used Equilibrium (0,]=0.050~-0.020=0.030 mol / gpy!"

DESCRIPTIVE QUESTIONS

Q.3 (a) Define and explain the law of mass action and derive the expression for the equilibrium constany,

Ans. See Page No. (267) B
(b) Write the expression for K. for the following reactions: Rl
) SN (aq) + 2FE™ (0q) == SN%(aq) + 2Fe g 11) A" (e + Fe g == Fe*(sq) + Ag)
ill) Nagg) # Ozyy = 2ZNOyy) Iv) ANHyg + 503 === 4NOyy + 6H:0(y
v) PClsgy === PClyy + Claggy
Ans. B
) Sniy+2Feny Shjagy + 2Feg '

[Product]  [Sn™][Fe”*}
= [Reactants] ~ (Sn**)[Fe”}
(i) Agy+ Fepy === Fe )+ Ag®
=[Fe"1[Aa°]
© [Ag'][Fe™]
(ii)  Nag+ Ozg = 2NOyy)
_ [Nor
¢ [NJI0,)
(iv)  dNHsg +50u 4NO, + 6H:0
_H,01°INO)
2 [lNIH,]"[l'J,]5
(v) PClsy) PClyy + Clagg)
_IPct,]Ice, )
TN

Q.4 Write down the K. for the following reactions. Suppose that the reaction mixture In all the case Is 'V dm™,
i) CH;COOH + CH3CH,0H —= CH;COO0C;Hs + H;0
ii)2HI == Ha+1; 1ii) N2+ 3H; —= 2NH,

Ans. 3

(i) CH;COOH + C3HsOH CH3;COO0C;Hs + H;:0
molesatt=0 “a" mol“b” mol “0” mol “0” mol
moles at t = equilibrium(a = x) + (b—x) (x) + (x)

conc. inmol /v (dm’) S0

R E—CHC)
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[CH,COOC,H, ]H,0] . (; !‘[;) x v
s L3 J = o — —
* |CH,COOH](C,H,0H] - t_.J[b___, e v i (a=x)(b—x)
v v J
x?
so X % laxb—)
{“' 2Hl=——= Hi+ |
1=0 a mole 0+0
t = equilibrium (a—2x) =——==yxex
(a— 2x ] s S [, x
e
G
=[P’°"“‘“?=.K¢=|“ 10,1 - v) lv s W
[Reactant] [H1)* (3-2,()' (a-2x)"
v
[lﬂ] Nz + 3H: 2NH;
molesatt=0 a+b 0
moles at t = equilibrium (a=x)+(b-3x) =——=2x
concentration in moles/V’ dm?’ (‘_‘.’l)[ﬂ] ——i3
v v v
[Product K [NH,]
= — D —
[Reactant) HT(N,] .
( v ) 4y
So = =K s ————
[ J[ J {a—x](b-S:}‘
@5 Inthe equilibrium
PClgyy) == PClayg + Clayy AH =90 kI mol™

What Is the effect on the following changes? Explain your answer,
i) If temperature is increased il) volume of the container Is decreased
iil) catalyst Is added iv) chlorine Is added

Ans. Equilibrium

PClsy PClyg + Clyy  AH =90 k) mol™?
a. Position of equillbrium b. Equilibrium constant

If:

I. Temperature is Increased: Temperature change will affect both equilibrium position and equilibrium constant.
This is endothermic reaction, the increase of temperature shifts equilibrium positon in forward
direction to re-establish equilibrium. Hence, the value of K increase.

ii. Volume Is Decreased: The volume change affects equilibrium position only. When volume is
decreased, reaction moves in backward direction to establish equilibrium again.

Since equilibrium constant has a constant value at a particular temperature, it is not affected by
change in volume.

ill. Catalyst is Added: Catalyst has no effect on the equillbrium position and equilibrium constant. When
catalyst is added at equilibrium, it enhances both the rates equally. Hence, equilibrium is not affected.

iv. Chlorine is Added: The addition of a substance at equilibrium affects the equilibrium position only.
Equilibrium constant remains the same.

When CL; is added at equllibrium, the conc. of products increases and equilibrium position is shifted in
backward direction.
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Q.6 Synthesis of ammonia by Haber’s process is an exothermic reaction.
AH=-92.46 K

Nay + 3Hyy, — 2NHyy
What should be the possible effect of change of temperature at equilibrium stage?
Ans. Since reaction is endothermic in backward direction, rise of temperature will shift equillb"umm
temperature shifts the equilibrium to right and yield of NH3 will increase.
Q.7 K for the following reaction is 0.016 at 520°C
M1y, == Ha+ by
The equilibrium mixture contains HI = 0.08 M; H; = 0.01 M and I; = 0.01 M. To this mixture, moyre Hijg

added. So that its new concentration is 0.096 M. What will be the concentrations of HI, H; and I Whey
equilibrium is re-established?

—

Ans. Given Data: Initial concentrationefHI = Q0.08M
Initial concentrationofH; = 001M
Imitial concentrationofl; = 001M
New concentrationof HI = 0.0%6M
Required: [HI], H:)and[1;] = ?
Solution: IHIl=—=H; +|;
Initial concentration
O08M 001M+001 M

At equilibrium, the new concentrations
(0.096 - 2x) (0.01 +x)+(0.01+x)
concentration of product  [H][l:]
concentration of reactants ~ [HIJ}
[0.01 + x][0.01 + x]
[0.036 - 2x)*
(0.01 + x)?
(0.0%6 - 2x)*

K =

0016 =

0016 =
Taking square root on both sides

[ (0.01 +x)?
\Joois = 009 -2

—— 0.01+x
0.036-2x
0.126(0.096-2x) = 001+x
0.012096-0.252x = 0.01+x
0012096-0.01 = x+0.252x
0.002036 = 1.252x
_ 0.002096
* = 12582

x = 168x10°M or 0.00168M
Concentrations at equilibrium can be calculated as follows

(i) [H1] = (0.096-2x)

0.026 - 2 = 0.00168 = 0.096 - 0.00336
0.05264 M

0.01+x=0.01+0.00158

0.01168 M

0.01 +x= 0.01 +0.00163

0.01168 M

0.0926 M

001168 M

0.01168

won

(i) [Ha]
(iii) 3]
[H1)

[Ha]
(12]
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ﬁ_gqmllhrium constant for the reaction between acetic acid and ethyl alcohol Is 4. A mixture of 3
moles of acetic acid and 1 mole of ethyl alcohol is allowed to come to equilibrium. Calculate the amount
of ethyl acetate present at equilibrium,

s Given Data: K = 4
Moles of aceticacid = 3
Moles of ethyl alcohol = 1
Required:
Moles of ethyl acetate = ? , Amount of ethyl acetate = ?
Moles of acid = ? P Amount of acid in gram = ?
Moles of alcohol = ? i Amount of alcohol in gram = ?
solution: CH;COOH + C;H:0H CH;COOC;H; + H,0
att=0 3mol + 1mol Omol + Omol
att =equilibrium(3 - x) mol + (1 - x)mol (x) mol + (x) mol
% _[Product) _ ICH,CO0C;H;)[H:0)
"~ [Reactants] ~ [CH,COOH][C;HsOH)
4 o Lk 2
T B=x)(1-x) " K =4x+3
¥ = 4 -sx+3)
o= A -16x+ 12

4 -x*-16x+12 = 0
3x'-16x+12 = 0
It is a quadratic equation. To evaluate the value of x, the formula used is:
-b= 3[!:‘ - 4ac
= 2a
Let us consider that [a = 3, b= -16, ¢ = 12] for above reaction

i —{16) :1}[16]’-4 ®3 %12

Thus, 2x3
= IG:JZSS—IM . IG:JID ol 16+10.58
6 6 6
So, x = M:#JB moles or
x = 2821038 _ 6903 motes

From the above two values of x
x4 as initial concentration of CH:COOH is less i.e., 3 moles. So value of x = 0.903 moles.
(i) Concentration of (CH;COOH) at equilibrium
=3 -x=3-0.903 = 2097 moles
() Concentration of (C;HsOH) at equilibrium
=1-x=1-0.903 =0.097 moles
(iii) Concentration of ethyl acetate = x = 0.903 moles
(iv) Mass = Moles x Mol. mass
(a) Amount of CH;COOH =2.097 x60=125.82¢
(b) Amount of C;HsOH=0.1x46=46¢
(c) Amount of ethyl acetate=0.9x88=79.46¢
Moles of ethyl acetate = 0.9 moles
Mass of ethyl acetate =79.46g
Mass of acid leftbehind =126g
Mass of alcohol left =4.6g
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sk g Vi megulibatigrn
Wil  COy == Mg » g
1) Wirive vhe wrgression ol €,
1) Wihan 1.6 male 'dﬁnam-ndIMthCthdermth»33‘m""wn
mrbetre Is hydrogen, Caboulate Vhe valan of 1, s tha ueivs ol €,
——

Anis, Glean ata:

1.

Vicies of shwaen = 30X

WMoles A CO = 100
%o o M, ot meaiirngn = 33.%%
Femequairndg; 1] Jalow A ¥, .?
(i) e af £ .
Solution: HiDeg + COg e . 40

(1.000) rrasbe o{1 00) trghe s ) + G
Concertration st i eg (1 - g)resle s (1 - 2] roie o= g + 4
Tetal micles of resction rmentuee = 1+ 15 2 el

PAstes of M, st equilibiriym = 33 3

e
£ _conc. oA M,
I rneans that — « e

Corerrtrgtiun att =10

/ ]f/J
’ H 3
7 lfﬂ
2’ 3_.__; « 0540 maies
IUJ
“ M:0) =1-
-1 0 666 % 0.233 moles
[€O) =1~
= 1 - 0.655 = 0,333 moles
[Hi) = [C0;) = 2 = 0056 males
v, = ATy
a5 An =0 %0,
[ =¥,
v, | IProducis]  (C0,]H,) 06560655 “a

.333,0.333

[Meacrants) [CO) H,0]

r L] L
Units of ¥, - '—"9‘“‘—"! mol drv_. mol dm - naounnt
[COJM,0)  moldm’. maol dm
¥, =4

¥, has no unit,

ADDITIONAL SLOs BASED MCQs

feactions that proceed In both forward and reverse directions without changing the concentration of
reactants and products under existing conditions are called;

A rreversible reactions B Reversible reactions €, Complete reactions
The abservation of s color change In a reaction Is an example of a:

A Wicroscopic event B Macroscapic event C. Quarum event 0. Nuclear event

In the reaction B0 + €Oy #* Hyy # €04y, the forward reaction rate is marimum:

A At equilibrium B. At the beginning

€. When product concentration s high D. When the reverse reasction rate is masimun
Which of the following Is an example of dynamic equilibrium between two physical states?

A, Burning of woot B. Fusting of iron

C. Bvaporation ol water in an open contalner 0. lee and water coeristing at 0°C in a closed containgf

D, Spomanecus reaction

W W CAaaasTEY (157

225

‘,,,ue-w-—a-. ‘v‘w.ﬂ‘mﬂammdﬁrw e rate of sumporation n.

: 5 Gredter hae e rate of LonORLSIION 2 La1g than tre rate of cordsrTat or
, Sonstd 1, T ‘4-""90’{/"'4(" 'J b"
P r-'/'?-‘v'-';m T NOT 3 recaiiary wordition for esatiching chemical eguilicrium?
5 Trw reaetuse runl De revperyitie & Tre yyrer mug be ticisd
C £ <atarpst rant be pregent 0. Temperaturs should be constant
g, Tem carezensytion of gure v;ﬂ“mMﬂmMmmum:mm
p Trwy o 06t reget
B Traer Lol TR SR r Gl
€ Tras Lot eetr gt e (30 me rrasoes) are corsdersd corglant
¢, Triery 27® riet part of thie oy e e
g Wrichof the foliaiing 1% an wrarngie of ratprogemenus eyl srium?
A Wyg + g = INMlg)
B ALV, + it OV, = CHYCOOC My + HiD,
C Clloy, = Ca0,, 4 COsg
U. 250 * Opg = 250pg
3, Treterm “active mass” in the Law of Macs Action refers to:
£ Total rass of the reactaet B Meiar enreseteat e
C. Murnoer of roies D. Density
15, For the reaction Ny « 3H,, = INHy,, the torreet Ke expression is:
[Miets) [Mae4s? ([%a]+3)%) [Ma]{ra]
(M0} Ha ) P N3P [8Hs)
15. For which reaction will K. have units of mol™ dm™?
b Hig * lng = 2Hlyg B. My ¢ Iryg = 2Nk
C Pl = Pllug + Uiy D. 2505g == 250 + Ong
12 For the Haber process My, « 3H,, = 2NH,,, the value of &n is:
A-1 B.-2 C +1 D.+2
13, Le Chatelier’s principle is used to predict the effect of a disturbance on: = # 7/ o
£ Tre rate of reaction only B. The equilibrium position
C. The zctrsation energy D, The mechanism of reaction
14, Forthe reaction Mag + 3Hxy, = 2NH ., increasing the pressure will shift the equilibrium:
A Tothe left, favoring reactants g. To the right, favoring products
C. lg effect D. To increase Ln
15. For an exothermic reaction (GH = —ve), increasing the temperature will:
A Shift equilibrium to the right and increase K. B. Shift equilibrium to the left and decrease K.
C.shift equilibrium 1o the right and decrease . D. Shift equilibrium to the left and increase K.
16. A catalystincreases the rate of a chemical reaction by:
A Increasing the activation energy B. Decreasing the activation energy
C. Shifting the equilibrium to the right D. Increasing the yield of products
17. To maximize the yield of ammonia in the Haber process (Nag + 3Hay = 2NHyy; 8H = —ve), conditions
should be:
A High temperature, low pressure B. Low temperature, high pressure
C. High termperature, high pressure D. Low temperature, low pressure
12. In the Contact process for SO, production (2504 + Oy = 250yy; 8H = —ve), a decrease in temperature
favors:
A. Formation of SO, and O, B. Formation of SO,
C. Mo change in equilibrium D. Anincrease in K. value
nnswets Key
1B 2.B 3.8 4.D 5.C 6.C 7.C 8.C 9.8 10.B 11.8
1.8 13.8 14.C 15.8 16.8 17.C 18.8
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Q.1 Differentiate between Reversible and Irreversible reaction.

———
I
Irreversible Reaction :—‘_-:‘-":-“\‘
“A chemical reaction In which pram
reaction do not react to form the o
reactants under same conditions g Calleg
irreversible reaction.”
“A chemical reaction which takes place iq
direction only under same conditions s Callag
irreversible reaction.”

Reversible Reaction

1. “The chemical reaction In which productsofa | 1.

reaction can react to form the original

reactants under the same set of conditions is
called a reversible reaction.”

2. “The chemical reaction which takes place in | 2.

both directions 1¢  forward and reverse

under same conditions is called reversible

Ans.

reaction.” A+DB * C+D
A+B c+D Reactants Products
Reactants Products 3. It can be represented by an arrow (—) from

3. It is represented by writing a double headed
arrow | ) between reactants and | g
products.

4. Itcan be carried out in a closed system,

reactants to products.

It may or may not be carried out in a closed o,
an open system,

5. Chemical equilibrium is established in it

5. Chemical equilibrium is not established init. | Examples:
Examples: 2Hzig9 + Ozip = 2H:0(y
Naw + 3Hap 2NHyy 2Nagy + 2H:0() —> 2NaOHiuq + Hyg
2503 + Oyp === 250y,
——
Q.2 Define Law of Mass Action and Equilibrium Constant (K).

Ans. Law of Mass Action:
“The rate at which the reaction proceeds Is directly proportional to the product of active masses of the reactants*
Equilibrium Constant (K.):

The ratio of product of concentration of products and product of concentration of reactants is calleg

equilibrium Constant (K.).
R [Products]
[Reactants)
Chemical Equilibrium:
“The state achieved by reversible chemical reaction in which the forward and reverse processes an
occurring at the same rate is called state of chemical equilibrium or equilibrium state.”

Justify that Chemical Equilibrium is dynamic In nature.

. A chemical equilibrium state in a reversible reaction is a state where the rate of forward reaction becomes
equal to rate of reverse reaction. It shows that at this state both reaction are taking place simultaneousy
and not stop thus equilibrium Is dynamic not static. If it would be static reaction would stop.

Q3
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et will be the effect of | f

as what will be ct ol Increase of pressure and temperature on the following reaction?

Niig + 3Hy) === 2NH,; AH=-92.46 kJ

mﬂ‘ reaction Is endothermic in backward direction, nse of temperature will shift equilibrium to left.

Low temperature shifts the equilibrium to right and yield of NH; will increase
(b) Increase of pressure decreases the volume and equilibrium position is shifted in forward direction. As a

result yleld of ammonla increases and vice versa

291

m explain the effect of pressure on the equilibrium position for the dissociation of PCLs.
Wiallon of PClLs:
In the same way, effect of change of pressure on the equilibrium position can be explained for the
dissociation of PCLs. This is homogeneous gaseous phase reaction
PClyy == PCly, + CL,

K. for this reaction is,
x}
he® (a=x)V
conclusion: In the dissociation of PCls the factor of volume is present in the denominator, The reason is
that number of moles of products are greater than those of reactants. So, Increase in pressure will decrease
the X' to keep the value of K. constant and the reaction will be pushed to the backward direction. The
equilibrium position is disturbed but not the K, value,

ﬁ; does a catalyst affect on equilibrium constant?
s, Effect of Catalyst on Equilibrium Constant:
In most of the reversible reactions, the equilibrium is not always reached within a suitable short time. So
an appropriate catalyst is used.
« A catalyst does not affect the equilibrium position of the reactions. It increases the rates of both
forward and backward reactions and this reduces the time to attain the equilibrium state.
« Acatalyst lowers the energy of activation of both forward and reverse steps by giving new path to the reaction

—

8 Write down equilibrium constant expression for the reactions:

PCLsy) === PClyq) + Clzy)
Ans. PClsy PClyg + Clajg
Equilibrium Constant Expression:
_ [PCL)[CLs)
Ke=""Tpcts)
Q9 Write down K. units for the reaction PClsyy === PClyy+ Clay
Ans, PClyy == PCly, + Clyy
Equilibrium constant for this reaction:
_ [IPC4,)(Ct,) _ [mol dm )(mol dm )

e PCig)

=moldm™

[mol dm™]

Q.10 State Le Chatelier’s Principle.
Ans. Le-Chatelier's Principle:

“If a stress Is applied 1o a system at equilibrium, the system acts in such a way 5o as to nullify, as far as
possible, the affect of that stress is called Le-Chatelier’s Principle”.

Q.4 What is effect of change in pressure on a system in equilibrium for gases?
Ans. (i) Ifreaction mixture is in gaseous state then at equilibrium if volume is changed it will effect the equilibrium.
(i) 1f number of moles of reactants are not equal to number of moles of product then those gaseous
reactions are effected by volume change at equillbrium.

For Example: \
PCLyy === PClLyy + Clap
N;m* 3H:|¢| ZNH;{‘}

Q.11 What are the optimum conditions of temperature and pressure to get maximum yield of ammonia?
Nz + 3H; 2NHy AH=-92.461KJ ’

Ans. N; + 3H, 2NH,-92.46 K AH=-92.46 K
Optimum Conditions:
The optimum conditions for synthesis of Ammonia gas by Haber’s processes are:
*  Temperature: 400°C (673 K)
* Pressure: 200-300 atm
* Catalyst: pieces of iron crystals embedded in a fused mixture of MgO, AL;0; and SiO;




