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Characteristics of a Catalyst 3

(i) A catalyst does not participate directly in the reaction. Hence it remains unchanged in
composition and mass at the end of the reaction.

(ii) A small quantity of catalyst is sufficient to effect large quantity of the reactants.

(iii) A catalyst does not initiate or stop a reaction, it only accelerates or retards a reaction
and does not disturb other catalysts.

(iv) A catalyst is generally specific for a pamcular reaction.

(v) Catalyst generally lowers the activation energy of a reaction.

4.5 Chemical Equilibrium

Definition : When the rate of a forward reaction is equal to that of the backward reaction,
then the state is known as’chemical equilibrium.

Example : When a mixture of H; gas and iodine is heated to a temperature, 450°C in a
sealed container, then hydrogen and iodine react to form hydrogen iodide. Since with the
increase of time the amounts of hydrogen and iodine decrease, then the rate of this reaction
gradually decreases.

Hy(g) + L(g) <= 2HI(g)

Initially there was no hydrogen iodide, so

M
there was no backward reaction. But when the |, rate of forward reaction
forward reaction starts to form HI and E
gradually its amount increases, then backward ,§ 1 equilibrium
reaction i. e. dissociation of HI to H; and I2 E" : state
Sl :
begins to occur. After sometime the rates of o | :
e G :
forward and backward reactions become equal. '1': « rateofbackward
This state of both the reactions is called 1 fcaction
chemical equilibrium. time—

Again if we heat pure hydrogen iodide in a Fig. 4.10: Change of rates of forward and backward
sealed container, similar situation arises. reactions with time and attainment of chemical equilibrium
Then the dissociation of hydrogen iodide to hydrogen and iodine is the forward reaction

and formation of hydrogen iodide from hydrogen and iodine is the backward feactjon.

2HI(g) = H,(@)+L(@)
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4.5.1 Dynamic Nature of Equilibrium

Theoretical basis of chemical equilibrium : At the equilibrium of the reversible reaction,
it is reality that reactant molecules constantly react to form the product molecules and at the
same time the product molecules react to form the reactant molecules. So the chemical
equilibrium is dynamic not static. '

Proof of dynamic nature : The dynamic nature of chemical equilibrium can easily be
proved by using radioisotopes in reaction chambers. For example, when a mixture of H, and
I, is kept at a certain temperature in a sealed tube, at the beginning H, and I, react fast to
produce HI, then the rate of reaction decreases and after some time the reaction apparently
stops and no more HI is produced. In fact then the chemical equilibrium has been reached.

o

450°C
H;(g) + L,(g) = 2HI(g) A congentration of H, & |,

@ifter therequilibriumis reached iESmall |  decouses
mount of radioactive iodine ('3%,) is' - W
Emodueed»--as--:-tracerr:int'b:?-t'he'- reaction chamber,
‘ls_;_gg,;ﬁﬂlel:eﬁlsﬂuo “appreciable change in the
equilibrium; since the amounts of H,, 1, and HI/
Femainypracticallysunchanged. But it is found S e
that "although initially iodine atoms in all HI T/ concentration of HI

molecules remain non-radioactive, after some VT TR i

Change of concentration of Hj, I,

and HI with time and get equilibrium
become radloactwe and the amount of such HI molecules increasses gradually to a definite
value. This proves that due to introduction of radioactive iodine after the attainment of
equilibrium, the following reaction takes place.

% A *
- ; e
H, +. I2 W 2HI* [where I , 18 radioactive iodine)

Since the total amount of HI molecules remains unaltered, hence some HI molecules

decompose and at the same tlme new I-II* molecules form.
A
2ZHIl— H; +I; H+L* —) 2HI*

4.5. 2. Characteristlcs of Chemlcal Equhbnum.

: equilibrium
i state

i concentration

time iodine atoms in some HI molecules Fig. 4.11 :

‘hemical equilibriufh :
pproachability from:both:sideg, GFIncoﬁlD@%Q}ﬁg;,

| 18

(1) Stabllltyof Equillbﬂum T Once a chemical system attains equilibrium jt will stay in
equilibrium for ever, if the external conditions like pressure, temperature and concentration
are not changed. For example, When 1 mol ethanoic acid and 1 mol ethanol are allowed to
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féact at 100°C, then till the equilibrium is reached 0.667 mol of each reactant reacts to
produce 0.667 mol of ethylethanoate and 0.667 mol water. So'after the'equlibriumis reache
the reaction mixture contains 0.333 mol ethanoic acid, 0.333" molte
gthanoate and 0.667 mol wateg

CH,COOH(l) + C,HsOH(l) = CH;COO0C,Hs(l) + H,0())

At first stage : 1 mol 1 mol 0 mol 0 mol

At equilibrium : 0.333 mol 0.333 mol 0.667 mol 0.667 mol

If the reaction mixture is kept at 100°C for a very long time no change occurs in the
composition of the mixture. It will remain in equilibrium.

(2) [Easy approachability from both sides): The equilibrium of a reaction can be attained
from both directions. For example, when the reaction is started with 1 mol acetic acid
(CH3;COOH) and 1 mol ethanol (C,HsOH) at 100°C, after the equilibrium is attained the
reaction mixture contains 0.333 mol CH3COOH, 0.333 mol ethanol, 0.667 mol ethyl
ethanoate (CH3;COOC;Hs) and 0.667 mol H,O. Again if the reaction is started with 1 mol
ethyl ethanoate (CH;COOC,H5s) and 1 mol H,O at 100°C, then the same reaction mixture will
be obtained at the equilibrium.

(3) Incompleteness of reactioni: fA reversible reacti m
backward reaction, the initial reactants are always reproduced togethcr w:th products.

Ef the reaction completes in one dlrectlon,

;eactams But the value of K,., is never equal to mﬁm&!
[C] x [D]
[A] x [B]
For example in the reaction between equimolar amounts of ethanoic acid and ethanol
only two thirds of the reactants are converted to the products when equilibrium is reached.

CH;COOH()) + CHsOH()== CH;COO0GC,Hs(l) + HyO(l)

A+B<==/C+D; K=

ethanoic acid ethanol ethyl ethanoate
At initial stage : 1 mol 1 mol 0 mol 0 mol

At equzhbrmm 0.333 mol 0.333 mol 0.667 mol 0.667 mol
neffect f catalysts): The catalysts have no effect on chemical equ111br1um In

a revers1ble reaction catalyst speeds up both the forward and backward reactions to the same

degree.
- This proves that even after attainment of equilibrium, both the forward reaction and
backward reaction continue to take place to maintain chemical equilibrium.
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Know more-'"How to detect equilibrium state’'.
The crieteria to detect the equilibrium in reactions are :

(1) Stability of colour-change of the reactants and products.

(2) Constancy of colour concentration of precipitate.

(3) Determining the reaction rates of forward and backward reactions.

For example, thermal decomposition of nitrogen tetraoxide (N;O4) is a reversible
reaction. Here N,O4 is colourless; but the product nitrogen dioxide (NO;) is a brown gas. At
the primary stage of reaction, the colourless N>O, remains in closed reaction-flask; but after a
few moments, when decomposition of N,O4 begins, then light brown gas appears; on further
decomposition, the brown colour begins to be dense. After a definite period, the brown
colour remains constant. Here constancy of dense brown colour confirms the equilibrium of
the reversible reaction. N>Oj4 (colourless) é 2N02' (brown)

Here at equilibrium, the ratio of the square of molar concentration of product NO; and
molar concentration of the reactant N,Oy is called equilibrium constant (K). But at any time
‘after beginning of the reaction, the ratio of the concentration terms of the product and

reactant that we write for a given reaction, is called reaction quotient (Q, or mass-action
expression) :

z 2
§9= %}T At equilibrium, Q=K=%§.‘%i]

4.6 Le-Chatelier's Principle

When the external conditions are not changed after a chemical reaction reaches its

F

equilibrium state, then this will remain in equilibrium for ever. Factors like temperature,
pressure, c"mcentration etc. controll the equilibrium. If any one of these factors is changed,
then the equilibrium is changed and is shifted to a new equilibrium. The direction of the
change is expressed in Le-Chatelier's Principle.

or, If a system in equilibrium is disturbed by change of any factor like temperature,
pressure or concentration, then equilibrium will shift so as to reduce the effect of that change.
So, the position of equilibrium depends on three factors : (i) Temperature, (ii) Pressure,

- (iii) Concentration of the components. ;




'c‘dnstant-, however, concentration, pressure, valume chang_es.._d

equilibrium constant,

- By contrast, a change in temperature nearly always char

cunstants For the Haber systhesis of ammonia from N gas
Nz(g) +3H,(g) = 2NH3 (g) +922 K

shlfts left or right to reduce the effect
tion of ammoma gas in an exo"
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From the curve' of equilibrium constant K. and kelvin temp K, it is clear that the
equilibrium constant, K¢ decreases by a factor of 10! over the temperature range 300 —~1000
K(fig-4.12).

At low temperature, the equilibrium mixture is rich in NH3 gas because the value of K, is

large. At high temperatures, the equilibrium shifts to the left, the value of K is low, then the

reaction mixture contains more N, and H, with less NH3. At 300K temp. for NH3 production,
Ko =2.61% 108; but at 1000K temp. K, = 2.3 X 103, Similar to NH3 production in every
exothermic reaction, product decreases with increase of temp. In production of H;SO4 by
Contact Process, oxidation of SO; to SO3 is an exothermic reaction.
2505 (g) + 03 (g) = 2503 (g); AH = — 196.6KkJ.

Soatoptimum-conditions in an industry, for NH3 production in presence of Fe catalyst
500°C o , 773K temp. is used. _For SO3 production in presence of V205 catalyst 450°C org
aigrempaisispplicdiy

In general, the temperature dependence of an equilibrium constant (K¢) depends on the
negative or positive sign of the enthalpy change AH for the reaction.

The effects of temperature on equilibrium are :

* {Al temperature rise’ ‘will decrease Kc for a system with a negative AH (exothermig,

stion)#Because as per Le- Chatellers prmcnple the added 'Heat' acts as 'product-term'. Then
backward reaction occurs to get new equilibrium; hence —

* (i) amount of product decreases due to dissociation of product.
* (ii) amount of reactant increases due to backward reaction.

-;ﬁure"“nse ill i mcrease K for a system with a positive AH (cndothermlc
Mecausé a's per Lé—Chatehers principle the added 'Heat' means an essential reactant
term' in endothermic reaction. Then forward reaction occurs to attain new equilibrium hence—

* (i) more product molecules form to increase amount of product.
* (ii) amount of reactant decreases due to forward reaction.
Know More : In endothermic reaction. added 'Heat' plays role as a 'denominator’ or,
reactant term in equation of K; and in exothermic reaction, added 'Heat' plays role as a
“numerator or, product term in equation of K.

As a result in an endothermic reaction, increase of 'numerator term' or product causes to
increase of K. value. Similarly in exothermic reaction, increase of 'denominator term’ or
reactant causes to decrease of K value.
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(A) Van't Hoff Equation : The Effect of T on K : The Van't Hoff equation shows how
the equilibrium constant (K) is affected by changes in temperature. Generally at constant
temp. the equilibrium constant (K¢ and K;) of any reaction remains constant. But with
change of temp. equilibrium state changes with change in equllibrium constant. Vi
@f@esed the followmg equatlon,tofexglam the affect of temp. on equilibriux :

Ll_tn't__"l;oli..

éOgK =it 303R ri- Gy COHS[&E‘:} Here K
R

Van't Heffs equation is' similarto linear equation y = mx # cxHe

equilibrium const. (with partial pressure)

molar const; T = kelvin temp.

g@{;ll be a Straight lin€. For endothermic reaction and exothermic reaction, two different
straight lines like fig 4.13(a) and 4.13(b) are obtained.

(1) In endothermic reaction, it is clear from graph 4.13(a) that when temp. (T) increases

%decreases (along X axis) and log K, value increases (along Y-axis, straight line is upwards).

”H F
T L graph of T 1 :
MD‘ — endo!hermic o Aﬁ;fmic :
> reaction hfb reaction
d;I b B "g T
et : > T —
T _ T {
. 1
Fli{g 4.13(a) : logKp vs T graph Fig. 4.13(b) : logKp vs % graph
.~ for endothermic reaction for exothermic reaction
Hence with increase of temp. (T), value of equilibriuz

@n@hermlc reac@ Two examples for e*dothernuc reaction are thermal dlSSOClathIl of
N204 and PCls J

(i) NyOq () + Heat == 2NOx(g); AH = + ve

(ii) PCls (g) + Heat = PCl; (g) + Cl; (g); AH =+ ve

In the dissociation equation, with increase of temp. concentration of NO; gas mcreases in
equilibrium mixture. Similarly, PCl3 and Cl, gases concentrations increase in theu'
equilibrium mixture. |
2 P P

(P NO, ) ; @) K- 1;:13 X Ch
]}“204 PClg

(2) In exothermic reaction, it is clear from graph 4.13 (b) that when temp (‘T) mcreases‘_ :

(1) K=

Chemlsh'y-—-Flrst—Sﬁ F
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X0 1. Example of exothermic reaction is NHj production from N, and H,
gases. Here with increase of temp. after equilibrium NHj dissociates into N; and H, hence
NHj; production becomes less. Similarly SO3 gas production from SO, is an exothermic
. reaction

() Nx(g) +3Hy(g) = 2NH;(g)+Heat; AH=-922K

(i) 2S0,(g) + O2(g) = 2S0s(g) +Heat;  AH =-196.6 kJ
. (Pso3)?

& 4.62 Effect of Pressure Change (or Volume Change) on Equilibrium
- In general, Le-Chatelier's principle predicts that :
* An increase in pressure by reducing the volume will bring about net reaction in the

| - direction that decreases the number of moles of gas.

B An decrease in pressure by eépanding the volume will bring about net reaction in the
~direction that increases the number of moles of gas. |

Let us discuss the three cases for the effect of pressure change on equilibrium,_witl_;l
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(i) With increase in number of moles of product :
Wﬁe_;;__m an equilibrium system,. number of moles of the prodi
feactants, then pressure of the equilibrium gaseous mixture incréases i
gtha*t case, with increase of pressure the yield decreases] For exa,;nple- :

In thermal dissociation of PCls, number of moles of gaseous product increases; that is

volume of the gaseous mixture increases. So in a closed chamber, pressure of the reaction

mixture increases.
PCls (g) = PCl;3 (g) + Clz (8)

Imol Imol 1 mol

On increasing pressure, the volume of gas mixture decreases; concentration increases.

Again, on decreasing pressure, volume of gas mixture increases; concentration decreases .

[PClg] X [Clz]
Now, from reaction guotient, Q¢ = [PCI5] we know that when the volume is halved,

on increasing pressure, then the concentration is double, but the numerator of Qc is the
- product of two concentrations, so it quadruples while the denominator only doubles. Thus, Qc

becomes greater than K¢, (Qc> Kc). As a result, to decrease Qc, the system forms more PCls

and a new equilibrium position is reached by backward reaction. Hence in this case, with the .
increase of pressure the amount of product or yield decreases.

(2) With decrease in number of moles of product : :

Ifina reaﬁ_:tidi_ilhe_:jjimbefdf moles decreases, then > of pressure on the systerm if
fequilibrium will shift the equlllbnum in the forward directi irection, i.e, towards the products.‘Trer
the pressure decreases at constant ‘voluié) Hence the forward reaction will diminish the effect
of increase of pressure. For this reason very high pressure is used in the manufacture of
ammonia, as it increases the product. :

Na(g)+ 3Hy(g)== 2NH; (g); AH =-922 K
1 mol , 3 mol 2 mol

The balanced equation for this reaction has 4 mol of gas on the reactant side of the
equation and 2 _mol on the product side.

Now we shall explain the effect of change in pressure on equilibrium in the light of Le-'
Chatelier's principle with the value of reaction quotient, Q,._ and equilibrium constant K.. Let
us look again at the reaction quotient fer the equilibrium mixture of 0.50 M Nz, 3,0M I-Iz and

1.98 M NHj at 700K :

Rl
T NIX[Hl S (0:50%(3.0)°

— 0_29:1{(:
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If we disturb the equilibrium by reducing the volume by a factor 2, with increase of
pressure; then concentration of each component like reactant and product becomes double.
Then [NH3], = 1.98 x 2 = 3.96; [N2];=0.5 x 2 =1.0; [H2];=3.0x 2 = 6.0. Now putting
these values in reaction quotient expression, Q¢, we get :

NHsl,  (3.96)?
N2lx [Hz]? — (1.0) % (6.0)3

For the system to move to a new state of equilibrium, Q. must increase. This means that
‘the net reaction must go from reactants to products as predicted by Le Chatelier's principle

[Fig—4.14]. In practice, the yield of ammonia in the Haber process is increased by running
the reaction at high pressure, typically 130-300 atm.

= 0.0726 <K,

Qc=

P increcases

s

V decreases
(A) A mixture of N;, H, and (B)When pressure is increased, (C) Net reaction occurs from
NH3 gases at equilibrium volume decreases, equilibrium is no reactants to product decreasing
(Qc =K¢) more. (Q¢ < K¢) number of mole until equilibrium

is re-established. (Q¢ = K¢)
Fig—4.14 :Effect of pressure on production of ammonia

(3) With no change i moles : When there is no difference between. numbers of moles.of.
}ay@\products ‘no change in volume occurs;  hence pressure change has no effectson

Whﬁmu@ For example. the synthesis of hydrogen iodide and its dissociation :
Hy(g) + L(g) = 2HI(g) ;
~In this reaction each side of balanced equation has 2 moi of gas. It we double the pressure
by making the volume half, the numerator and denominator of the reaction quotient change

by the same factor and Q. remains unchanged. Hence, the is no effect of changé of pressure
on equilibrium : '

o

Q.=

[H2 [HIx[HI
[H2] X [I2] —  [H2] X [I2]

Worked Example- 4.10 : Effect of Change in Pressure (Volume) en Equilibrium :
Does the number of moles of reaction products increase, decrease or remain same when
each of the following equilibria is subjected to a decrease in pressure by increasing volume?

(a) PCls (g) =—PCl3(g) +Cl()
(b) CaO(s) + CO, (8) = CaCO; (s)
(c) 3Fe (s) + 4H,0 (g) = Fe;04(s) + 4H; (g)
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Strategy : According to Le-Chatelier's principle, the stress of a decrease in pressure is
relieved by net reaction in the direction that increases the number of moles of gas.

Solution : (A) In decomposition of PCls, here 1 mol of gas converts to 2 mol of pngduct'
gas; net reaction will go brown reactants to products, on decreasing pressure, thus increasing
the number of moles of PCl; and Cl, gas.

(B) According to given balanced equation, there is only 1 mol of gas on the reactant side
and no gas on product side; so the stress of a decrease in pressure is relieved by net reaction
from products to reactants. The number of moles of CaCOj3 therefore decreases.

(C) According to given balanced equation, there are 4 mol of gas on both sides; so the

composition of the equilibrium mixture is unaffected by a change in pressure. The number

of moles of Fe;04 and H) remains the same.

4.6.3 Effect of Concentration Change on Equilibrium
To know the effect of changes in concentrations on equilibrium; let us cons1der the

equlllbrlum ‘that occurs in the Haber process for the synthesis of ammonia from N2 and Hp

; gases .
No(g + 3Ha(® <= 2NH;(® K =029lat 700 K;
00

Fig- 4.15 : Equation of NHj3 synthesis with molecular
models of reactants and product. ,

Suppose that we have an equilibrium mixture of 0.5 M N; gas, 3.0M Hj gas and 1:'98" M
NH3 gas at 700 K and that we disturb the equilibrium by increasing the No gas concentratlon

-

to 1.5 M. £
Le-Chateliers principle tells us that reaction will occur to relieve the stress of"'ihe.fn%.._

.
o€,

concentranon of N2 by converting some of the N2 to NH3. As the N concentration decreases

vet, men S 3 - e bkl o et . R o e -'""j'
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the Hy concentration must also decrease and the NH3 concentration must increase in accord
with the stoichiometry of the balanced equation. These changes are shown in fig-4.16.

N, and H; conc. decreases,
NH; conc. increases.

IniitLal, New
equilibrium equilibrium
Q.=K; Oc <K 0= K

H,

Sl

2,00 DL e o
I
P N,

1
'
]
1
1
1
3.00 :
1
1
1
1
)

N, N, is added
St this time

time —»
Fig-4.16 : Changes in concentrations when N2 is added to
an equilibrium mixture of Np, Ha and NH3

In general, when an equilibrium is disturbed by increasing or decreasing of any reactant

or product, then Le-Chateliers principle tells that :

*:The concentration stress of an

Le-Chatelier's principle is a handy rule for predicting changes in the composition of an

equilibrium mixture, but it does nct explain why those changes occur. To see why Le-.
~ Chatelier's principle works, Let tis consider again the reaction quotient Qc. For the initial
equilibrium mixture of 0.5 M Np, 3.0 M Hj and 1.98 M NH3 at 700 K, Then Q. equals the
. equilibrium constant K. (0.291). Because the system is at equilibrium :
2_ . . . . . e

B [NH3)t
R Oc= 3
-+ [N2]eX[Halt

_(1.98)2
= (0.5)%(3.0)3

- =0.29 =K,
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When the equilibrium is disturbed by adding Nj to increase concentration to 1.5 M, then
denominator of the equilibrium constant expression increases and Q. decreases to a value less
than Kc.

0ie [NH;]t : (1.98)2
©7 [N2)X [Hal? ~ (1.5)x(3.0)

Hence for the system to establish a new state of equilibrium, Qc must increase. In

3 = 0.0968 < K.

otherwords, the numerator of the equilibrium expression must increase and the denominator
must decrease. This implies the net conversation of N2 and Hp to NH3; just as predicted by
Le-Chatelier's principle. When the new equilibrium is established (fig-4.16), the
concentrations are 1.31 M N, 2.43 M Hj, and 2.36 M NH3, and Q¢ again equals K :

[NH3) { (2.36)2

s [N2] X [H2]§ = (1.3D)x(2.43)3 = 0.296 = Kc

Worked Example-4.11 : Effect of Change in Concentration on Equilibrium :
To improve air quality and obtain a useful product, chemists often remove sulphur from
coal and natural gas by treating the fuel contaminant hydrogen sulphide with O3 :
2H3S (g) + 02 (g) == 28 (s) + 2H20 (g) \
What happens to : (a) [H20], if Oz is added?  (b) [H2S], if O3 is added?
(c) [O3], if H2S is removed? (d) [H2S], if sulphur is added
Strategy : We write the reaction quotient to see how Q. is affected by each disturbance
relative to K. This effect tells us the direction in which the reaction proceeds for the system

to re-attain equilibrium and how each concentration changes.

[H2012
[H28]1%x [02]

(a) When O, is added, the denominator of Q. increases, so Q¢ < K. The reaction proceeds

Solution : Writing the reaction quotient, Qc =

to the right until Q; = K. again, so [H,0] increases.
(b) As in part (a), when O3 is adeded, Q¢ < K¢. Some H,S reacts with the added O3 as the
reaction proceeds to the right, so [H,S] decreases.
(c) When H,S is removed, the denominator of Q. decreases, so Q¢ > K¢. As the reaction
proceeds to the left to re-form H3S, more O, is produced as well, so [O;] increases.
(d) The concentration of solid S is unchanged as long as some is present, So it does not
appear in the reaction quotient. Adding more S has no effect, so [HS] is unchanged.
R
i

Tl
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Worked Example—4.12 : Effect of Different Factors on Equilibrium.

* (@) A(g) + B(g) = 2C (g); this reaction at a particular temp. is in equilibrium. In this

reaction, (i) by adding catalyst, or (ii) increasing pressure at constant temp. whether the
product (C) can be increased?

Solution : (i) By adding catalyst amount of product (C) can not be increased; because
catalyst has no effect on equilibrium. (ii) In this reaction, molar volumes in both sides are
equal; hence, pressure has no effect on equilibrium of this reaction. So at constant temp.,
amount of pioduct can not be increased by increasing pressure. |

* (b) CaCOs3 (s) é CaO (s) + CO; (g); this reaction is in a closed chamber. At constant
temp. if CO, gas is added from outside then what will be effect on equilibrium?

Solution : In this given reaction, K, = Pcog; because CaCOs(s) and CaO (s) are solids. If
CO; gas is added from outside, then partial pressure of CO, will be increased. But at constant

temp. value of Kp, is constant. So added CO, gas will react with equi-molar amount of CaO to
form CaCQsj till the partial pressure becomes as before.

* (c) C (s) + O; (g) == CO; (g); this reaction occurs in a closed chamber. If C (s)
powder is added in this reaction, what will be effect on equilibrium?

Solution : Here C(s) is a pure solid substance. Such substance has constant 'active mass'

and value of 'active mass' does not depend on amount of substance. So by adding C(s).
ilibrium of that eaction will not hane

S ——— —— S e o
E

4.7 Application of Le-Chatelier's Principle on Industrial Productions

There are important applications of Le-Chatelier's Principle in industrial productions.
Here two important applications have been discussed.

(A) Synthesis of ammonia : Jifific

1 41 i} ren Using naper-o 0SC. 1 D

Hp(g) == 2NH3 (g); A
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(1) Effect of Pressure : In this reaction the number of moles is reduced from 4 moles to 2
moles. Hence according to Le-Chatelier's Principle an increase in pressure should increase the
production of ammonia. Experimentally it has found to be true and a pressure of 200 atm is
used in industry to get a reasonable and economically profitable production of ammonia.

Quantitative relation between yield and pressure in synthesis of ammonia

The synthesis of ammonia from N, and H, gases may be represented as follows :

Ny(g) + 3Hy(g) == 2NHj (g) AH = -92.2 kJ mol-!
At initial stage : 1 mol 3 mol 0 mol
At equilibrium : (1-x) mol (3-3x) mol 2x mol

According to Le-Chatelier's Principle the higher is the pressure, the higher will be the
yield of ammonia. This is found experimentally. Here this will be established mathematically.

The total number of moles at equilibrium = (1 — x + 3 — 3x + 2x) = (4 —2x) mol

i (PNH,)? o
- Equilibrium constant, Kp = ———"-—; If total pressure on gas mixture is P atm
(PNz)X(PH2)3

Partial pressure of NH3, PNH, = (432 7 Bi= z(g_x) xP= (gfx) xP

Partial pressure of N, PN; = E(4—_2)3 x P; Partial pressure of Hp, PH; = [——)-(i:;:) x P

(2—x" B ) _x2x sz 22-x) _82-x) _ 16x2(2- x)2
J T @-x2" (1=)x P " 27(1—x)3P3 ~ 27(1x)* P2

3 3x

4—2x P)[ -2x
64 x2

If x << 1, then (2—x) = 2; (1-x) = 1; So K =37 P ; OI, X3 "64 Kp x P2

X ,27 K !
or, X = %"- x P; Since K, is a constant (at a particular temperature),

<« X P, or the yleld of ammonia is directly proportlonal to the pressure apphcd

Chemistry—First—57
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of reaction is slow at lower temperature. Hence to increase the rate of reaction, a favourable
‘emperature is selected at which the rate of reaction and total production become profitable.

This temperature is known as optimum l::_
Qemperature. In Haber's ammonia %0 - e
§ynthesis  process -thew optimum’ o7 600
{femperature is then 400° - 500°C with' Sl Industrial
He-powder as catalyst and MgO, SiO; and' > S il
{A1203 mixture is used as a promoter: ﬁ:g

As the reaction occurs with decrease 20 4
of volume of reaction mixture, the 10 -

0 — — T T —

ercentage yield of a ia i
perceniage .y mmonia is expected 200 250 300 350 400 450 S00 550 600 650 700

with high pressure, and it is supported by temp €C)

the equation of Kp. Fig. 4.17 : Percent yield of ammonia Vs. temperature
P (°C) at five different operating pressures.

So, to extend equipment's life
and minimize cost, modern
cool ammonia plants operate mostly at
pressures of about 130 atm to 300
atm and temperature of around
400°C; together with catalyst
cousisting of 5 mm to 10 mm

R"’Y;j}t‘;ﬂ chunks of iron crystals embeded in

.!i B Wi ‘ : NeandH; ) fused mixture of MgO, Al;03, and
' ' Si0,.

(B) Oxidation of Sulphur
dioxide : In industrial manufacture

of sulphuric acid by contact
process, an important step is the
NH; outlet to oxidation of sulphur dioxide (SO,)

Storage tank to sulphur trioxide (SO3).
Fig-4.18 : Haber's process for industrial production of ammonia

1/8 Sg (s) + 05(g) —>S02 (g) AH = -297kJ
2802(g) + Oz(g) == 2S03(g); AH =-99X2 = - 198kJ

2mol Imol 2mol
(1) Since the reaction is.exothermic, according to Le Chatelier's Principle the lower the
temperature the higher is the production. However since the rate of reaction at lower

temperature is very slow, it is necessary to use a high temperature.
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(2) Using V205 or Pt as catalyst rate of the reaction is increased . Thei
gtemperaturc can be used as optimum temperatur

3) §1ncc oxygen from air is easily avaﬂable and as 01;‘-'_{-'_ (

Lmtroduced in the reaction vessel; then more amount of SO is
(4) Since in this reaction the number of moles of product decreases, according to Le

Chatelier's Principle the production of SO3 will increase with increasing pressure. Her

@9@ 862 is oxidized, by applying 1 — 7 atm as optunum p
(5) Each of the three steps in manufacture©f HoS O4si _
of sulphur AH® = —297kJ/mol; oxidising SO, AH"— - 99 kamol hydratmg SO3, AH® = -132

ki/mol. So the heat is a valuable by-product in contact process. Three-quarters of the

produced heat is sold as steam, and the rest of it is used to pump gases through the plant.

4.8 Law of Mass Action
I 1864, two Norwegian chemists, Cato Maximilian Guldbergand P

@'nany, reversible reactions in which reactant. and.mpmducw_‘o icentrations.

found that, for a particular system and temperature, the same equilibrium state is obtained
regardless of how the reaction is run. Such a reversible reaction is the interconversion of
colourless gas dinitrogen tetroxide (N204) to the dark brown gas nitrogen dioxide (NO,).

Here is an experimental observation data with NoO4— NOz system at 25°C.

Table-4.4 : Molar concentration data at 25°C for the reaction : NO4 (g) == 2NO3 (g)

Expt. No. | Initial concentration (M) | Equilibrium Equilibrium-const.
concentration (M) Expression

[N204] [NO2] | [N20O4] [NOz] |Kc = [NO,JY[N,0,]
1 0.04 0.00 0.0337 0.0125 4.64 X 10-3
2 0.00 0.08 0.0337 0.0125 4.64 X 103
3 0.06 0.00 0.0522 | 0.0156 4.66 X 103
4 0.00 0.06 0.0246 0.0107 4.65 X 103
5 0.02 0.06 0.0429 0.0141 4.63 X 103

From table-4.4 it is clear that the equilibrium mixtures, in experiments 1 and 2, have
identical compositions because the initial concentratioﬁ of N204 in expt-l' is half the initial
concentration of NO2 in expt.-2; that is, the total number of N and O atoms is the same in
both experiments, In expt.-3 to 5, different initial concentrations of 'Nz'O; and/or NO, gjve
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different equilibrium concentrations. In all the experiments, however, the equilibrium
concentrations are related. The last column in table-4.4 shows that, at equilibrium, the
expression [NO,]%[N,0,] has a constant value of approximately 4.64 x 10-3 M. This coustant
value for the expression [NO;]%/[N;04] appears to be related to the balanced equation for the
reaction N204 (g) == 2NO2 (g) in that the concentration of the product is in the numerator,
raised to the power of its coefficient in the balanced equation, and the concentration of the
reactant is in the denominator. .
On the basis of experimental studies of many reversible reactions, €.M. Guldberg and:Pas

posed, infl864, a law known as Law of Mass Action regarding the rate of chemigal

tial pressu -ﬁf%’cﬁﬁts\aﬁthat mstant takmg part in the reactmn;,
(A) Mathematlcal expression of equilibrium constant, K,

Let us consider following general reversible reaction :
‘ ‘A+B= C+D
If [A], [B] are the molar concentration of reactant A and B, then according to the Law of
mass action, the rate of forward reaction, R¢ = kj [A] x [B]; here k; = rate constant of the
forward reaction. Similarly [C], [D] are the molar concentration of product C and D, then
rate of backward reaction, Ry, = k; [C] x [ D], here k, = rate constant of backward reaction.
At the equilibrium, rate of forward reaction = rate of backward reaction.
So, Rf Rp; -« ki [A] x [B]=k; [C] x [D]
k;  [Clx [D]
'kz [A] x [B]

or, K. = [[ill = [}3)]] : Tl.ais is cglled “Equilibrium Equation'

cons:dered to be concentration ratios in which the molarity of each substance is divided by its

molarity (lM) in the thermodynamic standard state. Because the units cancel, the

concentration ratios and the values of K¢ are dimensionless or Unitless..

For experi-ment-l in Table-4.4, for example,
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(0.0125M)2 [Thermodynamic standard states are IM concentration for
< h [NO;J2 \ IM
€T [N2O4] — (0.0337M)
IM

solntion, 1 atm pressure for gas and temp. 25 °C are used.
Here K, and K, each represents the ratio of the measureable

quantity of substance (molar concentration or partial pressure) to
the thermodynamic standard state quantity of the substance]

=4.64 X 10-3; (at 25°C)

Equilibrium constants are temperature-dependent, So the temperature must be given when
citing a value of K¢, Similarly like Kc, Kp, Ka, Kb, Ky, are unitléss!
4.9.1 Equilibrium Constant K¢ and K,

Equilibrium constant, K., : Equilibrium constant, Keq is a ratio of the product of active
masses of products obtained in a reversible reaction to the product of the active masses of
reactants at equilibrium, each being raised to a power indicating the number of moles of the
substances of that reaction. Every reaction has its own eqauilibrium constant.

The equilibrium constant Keq is expressed in two ways depending on unit of active mass
of the reactants : I

(i) When active mass is expressed in molar concentration, then Keq is expressed as’K§.

(ii) When active mass is expressed in partial pressure, then Kegq is expressed “Kf

[The characteristics of Keq : |/ '

1. It is independent of the amount of reactants and catalyst.

2. It depends on temperature of the reactions. ‘

3. The greater the value of Keq, the greater is the amount of product obtained in the
reaction.

4. Small value of Keq, indicates the small amount of product in the reaction.

Equilibrium constant in molar concentration, K¢ : When in a reversible reaction the
concentration of reactants and products are expressed in moles per litre, then the equilibrium
constant is expressed as K.

For a general reaction; aA + bB == cC +dD
[CI°x [D]4

“[A]x [B]P
Here [A], [B], [C] and [D] are the molar concentration of A, B, C and D of the reactants

According to Law of Mass action; K¢

and products respectively.
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Equilibrium constant in partial pressure, K, : When in a reversible reaction all the
reactants and products are in gaseous state, the equilibrium constant can be expressed in terms

of partial pressures, K. Here active mass of each substance is its partial pressure. Hence the

rate of reaction is directly proportional to the partial pressure.

For a general gaseous equation : aA(g) + bB(g) == cC(g) + dD(g)
d

P X P
According to Law of Mass action, Kp —g

PA XPp
Here P,, Pg, Pc and Pp are the partial pressures of the substances A, B, C and D

- | Is the value of Kc and K, equal to zero or infinity?
The equilibrium constant K. or K, is related to a reversible reaction.
Let us consider a reversible reaction: A+B<— C+D

C]x[D
According to the Law of Mass action, Kc = [[K]]T[[B%

Where [A], [B], [C] and [D] are the molar concentration of A, B, C and D of the
substance.

(i) The value of K¢ w111 be zero, when the product of the molar concentrations of the

products will be zero i.e., [C] X [D] = 0, then K¢ = [A]OW =0

But, at equilibrium of a reversible reaction, [C] X [D] can never be zero. So, the value of
K¢ will never be zero.

Similarly for a reversible reaction
[A] and [B] can not be zero, If [A] x [B] =
then KC =M —

= o< (infinity). But it is not possible, because [A] x [B] is not zero.

1e value _EI;;__;-'_;i"mnot zero or infinity at any time.f
4.9.2 Relatlon between Kp and K¢

Let us consider a general reversible gaseous reaction as follows :

aA+bB+..—IL+mM +...

If molar concentration of A, B, and L, M, etc. at equilibrium are represented by [A], [B]
and [L], [M] etc., then molar equilibrium constant K¢ is given by :
[le x [M]™Xx..
= AT X (BIP.
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Again if the partial pressures of A, B and L, M etc. at equilibrium are represented by Pa,

Pg, P. and pp etc., then partial pressure equilibrium constant of the reaction is :

l
P X Plrvn[ X

Kp= b
PAYEBIxY
We know that if in an ideal gas mixture, the partial pressure of n mole cﬁf a gas be p and if

the gas occupies a volume V at a temperature T, then we get :

pV =nRT; or,p = % RT = CRT; where, C = % = molar concen;ration (L)

Putting the value of p from (1) in the following equation for Kp we get :

! m 1B .
PLX PM*- (CLRT)'x (CMRDMx .. _(CpxCy x.) X DMt

P by ' B b
pAX ppy  (CARTE X (CBRT)Px:":: (CAxCpx.) X (RT)2 b+
= K, x (RT)(I +m+...) - (a+b +...)

£-Kp=Kc RT)AD \

where, An = (1+ m +...) —(a + b...)
= (Total mole number of products) — (Total mole number of reactants)
= Change of number of moles in chemical equation of the reaction.
When total number of moles of products is equal to total number of moles of reactants in
a chemical equation, then An = 0; so, Kp = K¢ (RT)° = K¢ x 1; or, Kp = K¢

How To Solve Equilibrium Problems :
Many kinds of equilibrium problems arise in the real world, as well as on chemistry

exams, but we can group most of them into two types :
1. In one type, we are given equilibrium quantities (concentrations or partial pressure)

and asked to solve for K.
2. In the other type we are given K and initial quantities and asked to solve for the

equilibrium quantities.
493 Appllcatmn of Law of Mass action to Homogeneous Equilibrium
The reaction equilibrium, in which all reactants and products are in the same physlcal

State or phase, is known as homogeneous equilibrium. To know how much product may be
obtained from a certain reaction, the value of K¢ and K are calculated for the reachon Some

examples of homogcncous equilibrium are given below.
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(A) When numbers of moles of reactants and products are equal, then K. = K,,.
(1) Synthesis of hydrogen iodide : Synthesis of hydrogen iodide from hydrogen and
iodine is a reversible reaction and it may be shown as follows : _

AN
Hy(g) + I(g) =" 2HI(g)
At initial stage : a mol b mol 0 mol
At equilibrium : (a-o)mol (b - a)mol 20 mol

Calculation of K, : Let us suppose that 'a' mole H; and 'b' mole I, are taken in a closed
flask of volume V L and are alloweds to react. At equilibrium, let o mole H; and & mole I,
react to produce 20 moles HI. So at equilibrium the amounts of H; and I, are (a — ) mole

and (b — o) mole respectively.
(a-o0)
Vv

(b-0)
A

.. Molar concentration of H; = (molL-1)

Molar concentration of I = (molL-1)

Molar concentration of HI = 27(1 (molL-1)

(2_0L 2
B HI2 S v N 402
c_[HﬂX”z] = (a-\—{o&)>< (b;a)‘(a-a)(b—a)

Significance of K¢ and Kp:

(1) Since, K, = Ko x (RT)AN and since here, An = (2 - 2) = 0, [Kp = K, (RT)° = Kc|

(2) Since here both K, and K. are not related to volume V or pressure P, so in this
reaction they will remain unchanged, even if V and P are changed.

(2) Dissociation of hydrogen iodide : When hydrogen iodide is heated in a closed flask,

it dissociates to H; and iodine. It is a reversible reaction and is expressed as follows :

2HI(g) ‘é H(g) I(g)
At initial stage : 2a mol 0 mol 0 mol
At equilibrium : (2a — 20.)mol o mol 0. mol

Calculation of K¢ : Let us suppose that '2a mol HI is taken in a flask of V litre and

heated. At the equilibrium 2o mol HI is decomposed to produce o mol Hy and o mol I.
(2a - 20)

-1
v (molL-!)

. Molar concentration of HI =

; o '
Molar concentration of Hj = % (molL-1); Molar concentration of I = v (molL-1)
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() (v) @

-~ Equilibrium constant, K¢ = (2a 200, — 4(a—0)2

Calculation of Kp : From above equation, we get at equilibrium number of moles of HI,
H, and I, like (2a — 2ct), o and o. respectively. Therefore total number of moles in mixture =

(2a - 2a1) + 0. + o = 2a. If total pressure of the gas mixture be P, then at equilibrium,

Partial pressure of HI, Py =(2a__2;2_9t_l xP

Partial pressure of Hy, Py; = % X P; Partial pressure of I, Py, = 2a xP

ox P ox P
PH, X P12 2a % 2a o?

. Equilibrium constant, Kp = P [(Za _ 20)x P]z =4(a- o)

2a
Significance of K. and Ky :

(1) In this case,

(2) K, and K¢ do not depend on the volume V or total pressure P.

Worked Example-4.12(1) : In a 1L flask 4.05 mol and H; and 4.65 mol 1, were heated
to 444°C and at equilibrium 6.75 mol HI was produced. Calculate K¢ and K, for the reaction.
Solution : The required reversible reaction is :

Hig)+ (g = 2HI(g) Here,a=405mol .

At initial stagé : amol b mol 0 mol b = 4.65 mol
At equilibrium : (a—a) mol (b—o) mol 20.mol o= 62£ mol = 3.375 mol
. At equilibrium, V=IL

[H,] = (a - @) = (4.05 — 3.375) = 0.675 molL~!
[13] = (b - @) = (4.65 — 3.375) = 1.275 molL~!

[HI] = 20 =2 x 3.375 = 6.75 molL-!
S (HI 2 (6.75)2 45.5625
“ Ke =101 % (8] = (1.275) % (0.675)  0.860625 = 52.94

Ans. Here number of moles of reactants and products are same, .. Kp =K¢ = 5294

Worked Example-4.12(2) : 40 g HI was taken in a 2 L flask and heated to 327°C. It is

given that for the reaction 2HI == Hj; + I; the molar equilibrium constant at 327°C 18'5

0.0559 and the total pressure of gas mixture is 1.5 atm. Calculate conoentratlon and ': rtial

pressure of Hy, I, and HI at equilibrium.
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Solution : The required reversible equation is :

A
2HI(g) = Ha(g) I(g)
At initial stage : 2a mol - 0 mol 0 mol
At equilibrium : (2a — 20.) mol o. mol o. mol

40 g HI = ?208 mol = 0.312 mol [Molar mass of HI = 128 g]

Here, a = 0: 312 = 0.156 mol; o =?

Since volume of flask is 2L, so by dividing mole numbers of HI, I; and H; by 2L their
concentration in molL-! unit are obtained.

o Halx ] _ @)xG) - o2
S N | HT1Z (2a 20.) 2~ (2a-20)2 ~ (0.312-2a)?

2
or, 0.0559 = 1 35— 2y [Ke = 0.059]

Since o is very small, (0.312 — 2a) may be taken as 0.312

az :
.. 0.0559 = 0.312)2

or, 02 = 0.0559 x (0.312)2 = 0.0559 x 0.097344 = 0.0054415
- 0.=v0.0054415 = 0.0738

Total number of moles at equilihi‘ium = [2a — 20 +0a+ o] =2a=0.312

; _ Number of moles of HI  (2a — 2a.)
Mol fraction of HI = Total number of moles — 2a

(0.312 -2 x 0.0738)

0.312-2 x 0.0738
Concentration of HI = (Za 20 = ( ) )

= (0.312 —20.1476) — 0.0822

o 0.0738
Concentratxon of hL=[L]=[H)]=5= —-—T—- - 0.0§69

Again partial pressure of HI, Pyy = mol fraction of HI x total pressure
= (0.526923 x 1.5) atm = 0.79 atm

Similarly partial pressure of I, PI; = mol fraction of I X total pressure
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=_-20—'x 1.5 atm = %%1328 x 1.5 atm = 0.355 atm.

Similarly partial pressure of H,, Py, = mol fraction of H, X total pressure

_2ax15 atm = 0.355 atm.

Ans. Concentration; [H] = [I;] = 0.0369 molL-!, [HI] = 0.0822 molL-!

Partial pressure : Py, = Py = 0.355 atm, Py = 0.73 atm.
(B) When numbers of moles of reactants and products are unequal,thenKE#Kﬂ

(3) Dissociation of dinitrogen tetroxide : When dinitrogen tetroxide (N2Oy) is heated in a
closed flask, it dissociates to nitrogen dioxide (NO,). The equation of this reversible reaction:

N,04(g) ;_‘» 2NO,(g)
At initial stage : a mol 0 mol
At equiliprium : (a-a) mol 20. mol
Calculation of K, : Let 'a' mol of N204 is heated at initial stage and that at equilibrium o
mol of N,O4 has decomposed. So at equilibrium amount of N2O4 is (a — &) mol and that of
NO, is 2 & mol. Total number of mol of gases at equilibrium = (a — o + 20) = (a + &). If the

total pressure of gas mixture be P, then at equilibrium —

-« The partial pressure of N,Oy, _PN204 o ((aa:_c;)) xP

20

. The partial pressure of Noz, PNO; =@+ X P
2(1 i
2% P2
(PNOy)? (a va) X P 4 (at+a) 4‘12x L

- Kp= PNOs ( P) “(a+ a)2 (a-— a) X Bs @Z-a?)
ata
Significance of Ki, of this reaction : From the following equation it is seen that :
_ 402x P = ksl
P~ (@%-0a?) ’ e RS
(1) If o, and P are known, K, can easily be calculated.
(2) If the pressure P is increased, the amount of dissociation, o will decrease to keep, Kp

constant. Conversely if P is decreased o will increase. ) ol Sk
(3) If the amount of dissociation, 0. is very small then a2 may be neglected in compmson

' to a? and the equation is reduced to as follows :
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402 2K a ,R
Kp= TXP —TX‘PE; La=x —PI‘Z

So amount of dissociation (@) is inversely proportional to the square root of pressure (P).

Calculation of K : Let us suppose the reaction carried out in a flask of V L.
. At equilibrium concentration of N;O4, [N;04] = (a \—lOL)

and concentration of NO,, [NO;] = 2—0'

. [NOJ2 - (2705)2 Srdore
~ Ke=[N;0,] ORI

Significance of K and K of this reaction :

(1) Since Kp‘ = K¢ (RT)A" and in this reaction An = I, so here Kp = KcRT.

Worked Example — 4.12(3) : At 318 K the equilibrium constant Kp of the dissociation
reaction of N;O, is 0.668 atm. If the total pressure P is 15 atm and amount of dissociation of
N;Oy is 0.1238 mol, then calculate the partial pressure of N;O and NO,.

Solution : The dissociation of N;Oj is a reversible reaction and it is as follows : -

N0 == 2NOxe)

At initial stage : a mol 0 mol

At equilibrium : (a — &) mol 20 mol

Where, a = initial amount of N,O,4 =

Amount of dissociation of N;O4, 0. = 0.1238 mol

At equilibrium total mol = (a — o + 20) = (a + @)

According to the equation, amount of dissociation is o, we know :

0.668 |
=5 = or,oms_z‘\/ 15 )—%\1(0.0443)

_ 0.2476 0.2476
or, a X 0.0443 = (2 X 0.1238) = 0.2476; or, a = — = 1.18 mol
) V0.0443 021

1.18 - 0.
2 Paral presue o N,0,, P, = 25 xp - (LIE=01290) s
7 iggggx 15 atm = 0.81 x 15 atm = 12.15 atm (approx.)
Pt 180, 10, o« X
¥ _0.2476

=1.3038 X 15=0.19 X 15 atm = 2.85 atm (approx)
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Ans. The partial pressure of N,O,4 = 12.15 atm (approx.); that of NO; = 2.85 atm.

Worked Example-4.12(4) : The partial pressures of N;O4 and NO; in eguilibrium
mixture at 25°C are 0.75 atm and 0.25 atm respectively. Calculate K, and K. of the
dissociation of N,Oj,.

Solution : The required equation is : N;O4(g) == 2NO;(g)

e (PNO,)?
P PN204
= @0?:%)2 = 0.0833 = 8.33 x 102
Now K=K x (RT)An From question :
or, 0.0833 = K. x (0.082x 298)! = 24.436 K, R = 0.082 L atm K-! mol-!
r Ko = o33 _ 3,40 x 10°3 T = 25°C = 298 K
An=(2-1)=1

Ans : K, = 8.33 x 10-3; Kc =3.40 x 103
Worked Example - 4.12 (5) : At 298K and 1 atm pressure dlmtrogen tetroxide is 18 5%
dissociated into nitrogen dioxide. What is the degree of percent dissociation of N,0O4 at that

temperature and 0.5 atm pressure?

Answer : The reaction : N2O4(g) —\i‘“ 2NO(g)
At initial stage :  a mol , 0 mol
At equilibrium : (a— o) mol 20 mol

Let us suppose that 1 mol N,O4 has been taken i. €, & = 1 mol

According to question at 298 K and 1 atm pressure, when a = 1 mol, o = 0.185 mol.

Here, o =% EPE; or, 0.185 = %\/ Kp s or, Kp = (0.185 x 2)2 = 0.1369

VOS
. 0.136
or, 0. =2 0.5

or, 0 =35'X 0.524 = 0.262

a x 100 0.262 x 100
a T 1

Ans, At 298 K and 0.5 atm pressure the degree of percent dlSSOClat.lOI'l 2.6 2%

(4) Dissociation of Phosphorus Pentachloride (PCls)

Now putting P = 0.5 (in above equation); o

| = N]n—

=

= 0262 % 100 = 26.2%

So degree of percent dissociation, f =

:A

On heating, phosphorus pentachloride dissociates reversibly as follows :

.
ST T

FIIN A
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PClyg) == PCh@ +  Cl)

At initial stage : a mol 0 mol 0 mol

at equilibrium : (a - o) mol o mol o. mol
Calculation of K, : Initially 'a' mole PCls is heated in a flask of volume V litre and at

equilibrium o mol of PCls dissociates to produce o mol PCl; and o mol Cl,.

Concentration of PCls, [PCls] =@
Concentration of PCl;.[PCl3] = % ; Concentration of Cl,, [Cl;] = %
o o o?
RIECIHIICLIe v Sy VI - o2
R 2C15] T (a-a) (@a-9) (@a-a)x V
Vv Vv

Calculation of Kp * At equilibrium of the above reaction, the total number of moles in
mixture = (a — o) + o + 0. = (a + o). If the total pressure be P, then at equilibrium —

Partial pressure of PCls, Ppcl, = mol fraction of PCls X total pressure = ((: ; g; x P

X P; and Partial pressure of C:lz," Pcl, = (a%o:)- X P:

O

(a+a)

. _ O e X )

. k.. Ppei3xPciz @+ i@+a) #@?xP

e T - (a-a)xP = (at-a?)
N <. (a+o)

" Partial pressure of PCls, Ppcl, =

-Significance of K. and K, of this reaction :

(L) If pressure is reduced, then to keep K, constant, the amount of dissociation (C.)
increases.

(2) If the volume of the container is increased, keeping constanlt'init'ial_ amount ‘a' of PCls,
then to keep K. constant, the amount of .diss_n_:uciatio'l'l ‘o inqreases. '

Worked Example - 4.12(6) : At 25°C and 1 atm pressure 80% PCls dissociates in PCls.
and Cl,, Calculate the partial pressures of PCls, PCl3, and Cl, Kp and Ke.

Solution : The reversible dissociation of PC15 may be represented as follows :

PCls(g) <=~ PCh(e) + Ch®

<At initial stage : 1 mol 0 mol 0 mol
At equilibrium :  1- 80% 80% - 80%
o,  02mol’ 0.8 mol 0.8 mol

. Total number of moles at equilibrium = (0.2 + 0.8 + 0.8) = 1.8 mol

-
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Partial pressure of PCls, Ppcis, =% X latm = 0.11 atm;
Partial pressure of PCl3, Ppcis, =% X 1 atm = 0.44 atm and

partial pressure of Cl,, Pcjz =%§ X 1 atm = 0.44 atm
_Ppci3xPclz _0.44%x044 0.1936

G = O e O
Now, Kp = K¢ (RT)A" Here, Kp = 1.76
- 1.76 = K¢ (0.082 x 298)! = 24436 K, R =0.082 L atm K- mol-!
or, K, = 75 a9z = 7.20 X 10°2 T=(273+25) K =298 K
o Ke =720 x 10-2 AnSiZSlied

Answer : Partial pressures of PCls, PCl; and Cl; at equilibrium are 0.11 atm, 0.44 atm and
0.44 atm respectively. The values of K. and K, are 7.20 X 10-2 and 1.76 respectively.
Worked Example—4.12 (7) : At 50°C temperature calculate the total pressure needed for

50% dissociation of PCls, when dissociation constant, Ky is 1.8. \
Solution : The required reaction : PCls(g) = PCl3(g) + Clx(g)
At initial stage : 1 mol 0 mol 0 mol
At equilibrium : 0.5 mol 0.5 mol 0.5 mol

Let required total pressure be P atm.
At equilibrium total moles = (0.5 + 0.5 + 0.5) = 1.5 mol.

We know, partial pressure = total pressure x mole fraction.

Partial pressure of PCls, Ppcis =P x% = g
Partial pressure of PCl3;, Ppois =P x%g = %
Partial pressure of Clj, Pcl; =P x% = 13—,
| B SR
Now, from Law of mass action Kp = Ppcﬁ:é]icb 23 P e %
3

From question, K, = 1.8, .. 1.8= g*; or, P = 1.8 x 3 atm, or, P = 5.4 atm.

Ans. Total pressure needed = 5.4 atm.
(5) Dissociation of Nitrogen Pentoxide (N2Os)
On heating, Nitrogen Pentoxide dissociates reversibly as follows :

ik =
DU W

s ——
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] A
2N;05(g) = 4NOx(g)+ Oa(g)
At initial stage :  2a mol 0 mol 0 mol.

At equilibrium : (2a — 2a) mol 4o mol o. mol

Calculation of Kp : Initially 2a' mol N,Os is heated in a flask of volume V litre and at
equilibrium '20' mol of N,Os dissociates to produce 4a. mol NO, and a mole O, gas. At -
equilibrium total number of mol in the gas mixture = (2a — 20. + 40 + o) = (2a + 30.). If the

total pressure of gas mixture be P, then at equilibrium —

2a-2a)x P
Partial pressure of N,Os, PN,Os =-(_(75_+3{T

40 X P
Partial pressure of NO, PNO; = 755y

. (F15% 1Y
Partial pressure of Oy, Po; = 2a+3)

' 40P ]4 I:GP
(PNO2)*x PO, SRR (2a + 33]:|

Equilibrium constant, K, = (PN20s)2 a-29 X P’
"2a+30 -

_ 2560°PS X (2a+3a)? 6405P3
P~ (2a +30)5% 4 (a— )2 P2 (2a +3a)’ (a — a)?

Significance of K, : Here if pressure is increased, then to maintain K, constant

dissociation amount o will be decreased.

Calculation of K, : Suppose the reaction is performed in V litre flask. At equilibrium-—

(2a - 2a) 4a

Concentration of N;Os, [N;Os] = v concentration of NO,, [NO2] = <

concentration of O3, [O;] =%

mogix o1 _ (V)3

S 02] X [02] V 256(15 V2

.. Equilibrium constant, K¢ = [N,O512 = Za) =7Vs X d@-o)y
Vv

640’
or, K¢ = @—0)2V3

Significance of K : Kp =Kc (RT)A" and here An = (5 - 2) = 3; So K, = K¢ (RT)?
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(6) NH3 Manufacture : Manufacture of ammonia from N, and H; is as follows :
Na(g) + 3H,(g) —;é 2NH;(g)
At initial stage : a mol 3b mol 0 mol
At equilibrium :  (a — a)mol (3b - 30)mol 20, mol
Calculation of K¢ : Suppose in V litre flask ‘a' mol N gas and 3b mol N, gas are taken.

After their reaction 2. mol NHj is produced at equilibrium. So at equilibrium (a — &) mol N

and (3b - 3a) mol H, are present in reaction mixture. Then concentration of Nj, [N]

Z & 2
= (x); Concentration of Hj, [H;] =—*—*(3lj V3a) and concentration of NH3, [NH3] = Ta_

\'
20y,
it . [INH;2 ( V) - wERdgya
- Equilibrium constant; K¢ = N, (HoP (a = a)x(Sb . 3(1)3 =27(a - a)(b - 0)3
A A

Calculation of Kp : At equilibrium, according to above NHj production reaction, total
moles in equilibrium mixture = (a — o + 3b — 30 + 20) = (a + 3b — 20). Total pressure of gas

mixture is P, then—

Partial pressure of Ny, Pn2 = @%.:j“g)_fi%’

s Bb-3a)x P
Partial pressure of Hj, PH> =" + 3b-20)

_ 20. X P
Partial pressure of NH3; PNH3 = (a+ 3b-20a)
i 20P e
(PNH:;)Z a3 (a +3b-2 03

. Equilibrium constant, K, = =
PT(PN2) X (PHp? = _(-dP " 3b-39P 3

@+3b-20) | (a+3b-20)

_ _40%(a +3b - 20)?
P=27 (a—a) (b— )P?

Significance of Kp & K : (i) Kp = Kc(RT)A™; here An;= (2 -4)=-2.
- Kp = Ko(RT)2, or, K¢ = Kp X (RT)?
(2) From relation of Kp' with P (pressure), at equilibrium if pressure is increased, amount

or, K

of product (o) increases to keep K, value constant.
Worked Example-4. 13 : Writing Equilibrium Equations :
Write the equilibrium equation for each of the following reactions :
(a) N2 () + 3 Ha (g) =— 2NH3 (g)
(b) 2NH3 (g) = N2 (g) + 3H2 (g)
Chemistry—First—59
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Strategy : Putting concentrations of the reaction products in the numerator and that of

the reactants in the denominator of the equilibrium constant expression; then raise the

concentration of each substance to the power of its coefficient in the balanced equation.

Solution : (a) N2 (g) + 3H2 (g) == 2NH3 (g)
K. = [NH3]?
°7 [Nalx[Hp)3

(b) 2NH3 (g) == Nz (g) + 3H2 (g)

e - No] (]

[NH3)2

1
Here K’ Kc

Because the balanced equation in part (b) is the reverse of that in part (a); the equilibrium
constant expression in part (b) is the reciprocal of the expression in part (a) and the
equilibrium constant K'¢ is the reciprocal of Kc.

Worked Example-4.14 : Calculating Equilibrium Constant K, :

At 500 K, the following concentrations are measured for an equilibrium mixture : [N2]=
30 X 10-2 M; [Hp] = 3.7 X 102 M; [NH3] = 1.6 X 10~2 M. Calculate the equilibrium
constant at 500 K for each of the reactions in worked Example-4.13.

Strategy : To calculate the value of the equilibrium constant, substitute the equilibrium

concentrations into the equilibrium equation.

'[NH3]2 ¥ (1.6X10-2)2

Solution : (a) K¢ = = = 1.7 X 102
(@) Kc [N2]X [H2]® ~ (3.0 X 1072)X (3.7x 10-2)3
[N2IX[H2]®  (3.0X10-2) (3.7% 10~2)3
b) K'c= = = 59x 1073
(b Ke ~ [NH3)2 (1.6X 10-2)2
Note that K’ is the reciprocal of K. That is, 5.9 X 10~3 =m

~ Worked Example — 4.14 (1) : At 700 K and 20 atm pressure at the equilibrium state of
the ammonia synthesis reaction Ny(g) + 3H,(g) == 2NHs(g); 21% N, and 16% NHj are

present in the gas mixture. Calculate K; and K, of the reaction.
Solution : According to the question in the gas mixture 21% Nj and 16% NHj are
present. ‘So.amount of Hy = (100 —21-16)% = 63%

Ni(g) +3H(g) == > 2NHy(g)
21%  63% 16%
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Let us suppose that there are in total 100 moles in the gas mixture. So, amount of N, Hp
and NHj are 21, 63 and 16 moles. Since the total pressure is 20 atm. we can easily calculate
their partial pressures.

& PHo = % % 20 atm = 12.6 atm; PNy3 = -1% % 20 atm = 3.2 atm;

Pno = 1—201—0 X 20 atm = 4.2 atm

(PnH3)?

te (ng x (Pro)’ —
(32 1024
=@2)x (126p ~BA0L6- L2x10=

We know, Kp = K (RT)A"; = Here An =2 — (1 + 3) =—2, R =0.082 L atm K-! mol-!

=3
© 382;2 17%0)‘2 = 1.2 X 10-3x (0.082 x 700)?

= 1.2 x 10-3 x 3294.76 = 3.9537
Ans. K, = 1.2 x 103 and K¢ = 3.9537
Worked Exariiple-4.15 : Relating Equilibrium Constants Kp and Ke:
Hydrogen is produced industrially by the steam-hydrocarbon re-forming process. The
reaction that takes place in the first step of this process is : e
H,0(g) + CHy (g) == CO(g) + 3H, (g)
(a) If K¢ = 3.8 x 10-3 at 1000K; what is the value of K, at the same temperature?

(®) If Kp = 6.1% 104 at 1125°C; what is the value of K¢ at 1125°C

or, K¢ = or, K¢ =

_Kp
(RT)A“ 2

Strategy : To calculate K, from K¢ or vice versa, use the equation, K, = K¢ X (RT)An,
where R must be in units of (L.atm)/(K.mol), T is in kelvin, and An is the number of moles of

I 11 AENETE T

gaseous products minus the number of moles of gaseous reactants

= R

Solution :
(a) For this reaction, An = (143 — (1+1) = 2.
Kp = K X (RT) An = K, x (RT)?
= (3.8 X 10-3) x (0.08206 X 1000)2 = 2.6
(b) Here solving the equation Kp = K¢ X (RT)2,

we get the value of K :

i Kp) il 6: 108 S
(RT)2 ~ (0.08206X 1398)2 ~

Note that, here T = (1125 + 273) = 1398K

C
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~[CB! 2015]
- [R.B: 2015]
"_"Z'[C B. 2015 Di.. -2015]

Knowmg the value of the equilibrium constant [ine gy
for a chemical reaction we get the following | <"
bener" s :

_ : The numerical value of the equilibrium constant for
a reaction indicates the extent to which reactan(s are converted to products; it means how far
the reaction, proceeds before the equilibrium state is reached. A large value of K, neans that

e
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the equilibrium ratio of products to reactants is very large. In otherwords, the reaction
proceeds nearly to completion. For example, the reaction of Hy with Oz forms HzO; here at
500K (227°C), the value of equilibrium constant of the reaction is very large, K. = 2.4 X 1047

at 500 K. 2H3 (g) + 02 (g) == 2H20 (g)
i . [H,0]2
. For forward reaction (at S00K), Ko = ————— = 2.4 x 1047 ;
[H2]% x [02] |
) _ : , _[Hpl2x[0g] _ 1 _ 1 i 438
. For backward reaction (at 500K), K'¢ = (H,012 Kot 2——-4 0T 42 x 10

Here the value 4.2X 1048 is very negligible; that is actually HoO does not dissociate to
give H; and O,. Hence it is an irreversible reaction.

Now let us judge two reversible reactions like (i) Synthesis of HI and (ii) dissociation of

N204 with their equilibrium constant values.

s
i
|
|
!
|
:
1
i

(i) At 700K, Hp gas and Ip vapour react to form HI and here K¢ = 57
Hz (g) + I2 (g) == 2HI ()

[HI]2
__[Hzl x (o] 57.0 (at 700K)

If the equilibrium concentrations of Hy and Ip are both 0.01M, then the concentration of

HI at equilibrium is 0.075 M from the following calculation :

Kc=

[HI]2 = K, x [H2] x [I2]

(HI] = vV (Kcx [Halx [I2])
=v(57.0) x (0.01)x (0.01)

= 0.075M

Thus, the concentrations of both reactants and products such as 0.07M and 0. 07M are
appreciable and calculable. .

(ii) The gas-phase decomposition of N2O4 to NO3 is another reaction with a value of
equilibrium constant K. = 4.64 x 10-3 (at 25°C), which is neither large nor sma'li !
Accordingly, equilibrium mixtures contain appreciable concentrations of both [N204]
0.0337 and [NOq] 0.125, as shown previously in Table-4.4. 7
1 Conclusions) : We can make the following generalizations concermng ‘the

A

composition of equnllbnum mixtures :
@ If K, is in the range 10-3 to 103, then appreciable concentrations of both reactants and

;3

products are present. RO R {,

1 |
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@1)If,Kc>103§ then products predominate over reactants. If K. is very large, the reaction
proceeds nearly to completion.

(Lu)IfK¢<§0“3, then reactants predominate over products. If K is very small, the
reaction proceeds hardly at all.

These points are illustrated in Figure -4.19 :

very small K¢

K. very large
Reaction proceeds 10-3 1 103 ‘Reaction proceeds
hardly at all Appreciable Concentrations nearly to completion

of both reactants and products
are present at equilibrium

Fig. 4.19 : Judging the extent of reaction with the value of K¢.
2. Predicting the Direction of Reaction !
Let us look again at the gaseous reaction of hydrogen and iodine :
H; (g) + I, (g) == 2HI (g); K. = 57.0 at 700K
Suppose that we have a mixture of H; (g), I, (g), and HI (g) at 700K with concentrations
after time t, from the reaction starts :

[H2]t = 0.1M; [I2]; = O.2M, and [HI]; = 0.4M. At this time the reaction is not yet at
equilibrium.

If we substitute these concentrations into the equilibrium constant expression, we get a
value called the reaction quotient, Qc.
2

Lo 0
[(Hzlex [I2]e — (0.1)x(0.2) ~ ™

.". Reaction Quotient, Q. =

The reaction quotient Q; is defined in the same way as the equilibrium constant K. except

~ that the concentrations in Q. are not necessarily equilibrium values.

From the above calculation, the numerical value of Q. (8.0) does not equal K. (57.0), so
the mixture of H(g), Iz (g), and HI (g) is not at equilibrium. As time passes, though, reaction
will occur, changing the concentrations and thus changing the value of Q. in the direction of
K. After a sufficiently long time, an equilibrium state will be reached and then Qc = K.

Thus the reaction quotient Q. is useful because it lets us predict the direction of reaction
by comparing the values of Q. and K.

Thus we carl make the followmg generallzatlons concerning the dlrectlon of the reaction :
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Worked Example. 4.16 : Predicting the Direction of Reaction :
A mixture of 1.57 mol of N3, 1. 92 mol of Hy, and 8.13 mol of NHj is introduced into a
20L reaction vessel at SOOK. At this temperature, the equilibrium constant K for the reaction:
N, (g) + 3Hp (g) = 2NHj3 (g) is 1.7 X 102: Is the reaction mixture at equilibrium? If
not what is the direction of the net reaction ?
Strategy : Calculating value of Q. and then compare it with equilibrium constant K.
Solution : Initial molar concentration of N2, [N2] = 1.57 mol/20L = 0.0785M
Similarly, [Ha] =1.92 mol/20L = 0.096M; [NH3] = 8.13 mol/20L = 0.406 M. Substituting
these concentrations into the equilibrium constant expression, we get;
[NH3]t2 (0.406)2
£o [N2lex [Ha)? ~ (0.0785) x (0.096)®

= 237 x103.

(ii) Because Q. is greater than K¢, then net reaction will proceed from right to left,
decreasing the concentration of NH3 and increasing the concentrations of N2 and Hp until
Qc =K¢ = 1.7 x 102, '

3. Calculating Equilibrium Concentrations from Initial concentrations :

Worked Example—4.17 : The equilibrium constant K¢ for the reaction of Hp with I at
700K is 57.0. H, (g) + In(g) = 2HI (g); K = 57.0 at 700K. If 1.0 mol Hj and 1.0 mol I
react in a 10L reaction vessel at 700K; what are the concentrations of Hj, I, and HI at
equilibrium? What is composition of equilibrium mixture in moles?

Solution : It will be solved in following 5 steps.

Step-1 : The balance equation is : Hp (g) + I2 (g) == 2HI (g)

Step-2 : The initial concentrations are : [Ha] = [I] = 1.0 mol/10L = 0.10 M.

Suppose, after time t, x mol/L Hp and x mol/L I, react to produce 2 x mol/L. HI. Then
concentrations of H, and I, reduce to (0.1-x) mol/L each. e 4

Hz (g) + 2 (g8) == 2HI (g)

Initial concentration (M): 0.1 0.1 : 0

Change in concentration (M): —x —X + 2x

Equilibrium concentration (M): (0.1—x) (0.1-x) +2x

Step - 3 : Substituting the values of concentrations into the equilibrium equ

oo e [HITR sl ek (20) AN
Qe =Ke =57 =1, 1x W] = (0.1-x) X (0.1x) _ (0-1-%)%

-
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2
Taking square root of both sides : 57 = £7.55 = (—0-1’(?{)-
Taking positive value : Taking negative value :
e & XA WXL
or, 7.55 X (0.1-x) = 2x or,-7.55 X (0.1-x) =
or, 0.755 = 2x + 7.55x or. -0.755 = 2x — 7.55x
or. x = 0.755/9.55 = 0.0791M. or, X = (-0.755)/(-5.55) = 0.136 M

Because initial concentrations of Hy and I are 0.10 M, x can not exceed 0.10M. So
discard x = 0.136M as chemically unreasonable and choose value x = 0.0791M.

Stpe-4 : Calculate the equilbrium concentrations from the calculated value of x :

[H,] = [I3] = (0.10 — x) = (0.1- 0.0791) = 0.021M

[HI] = 2x =2 x 0.0791 = 0.158M

Step — 5 : Check the results by substituting them into the equilibrium equation.

2 _ . [HEgp I~ (0.158)2 2
Ke =570 = o1 LI~ (0.021) x (0.021) >

Calculation of number of moles of each substance in equilibrium mixture :

Mole number = Molarity X Volume of reaction vessel in litre
. Moles of Hy = Moles of I3 = (0.021 mol/L) x 10L = 0.2Im'ol.

Moles of HI = (0.158 mol /L)) x 10L = 1.58 mol

Worked Example—4.18 : In a closed vessel at 440°C, 2 mol HI (g) is heated till it goes to
-about 22% HI dissociation at equilibrium. Calculate equilibrium constant of it.

Solution : Equation of dissociation : 2HI(g) = H,(g) + I;(g); From question, 22% of 2
mol HI (g) = 2 x 0.22 mol = 0.44 mol HI dissociates. So undissociated amount in
equilibrium mixture = (2—- 0.44) mol = 1.56 mol HI. From equation, 2 mol HI (g) produces
1 mol H; (g) and 1 mol I(g). So 0.44 mol HI (g) produces 0.22 mol Hy(g) and 0.22 mol

I;(g). If volume of closed vessel be V litre, then molar concentration of each component will

be as follows :

0.22
[HI] = !-5—6- molL-"; [Hp] = [I2] ==~ molL-!
0.22, 022
[Hp]x [L] __V

& [HIIE (

= 0.018
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Worked Example — 4.19 : At 470°C, compound AB(g) dissociates 45% as :
2AB (g) = A,(g) + By(g). Calculate equilibrium constant of it.

Solution : Related equation : 2AB(g) == A, (g) + B2 (g)

From question, 45% AB dissociates; then as per equation, from 2 mol AB (g), 2 X 0.45 =
0.90 mol AB (g) dissociates. So undissociated amount in equilibrium mixture = (2 -0.90) =
1.10 mol. From equation, 2 mol AB (g) produces 1 mol Ax(g) and 1 mol B; (g). So 0.90 mol
AB (g) produces 0.45 mol A,(g) and 0.45 mol B,(g), If volume of closed vessel be V litre,

then molar concentration of each component in equilibrium will be :

2AB (g) = Ay(g) + B(g)

At equilibrium, concn. (M) ITIO % 9% :
0. 45 0.45 45
A2] X [B
. Equilibrium constant, K¢ =[ [LB]E 2l = El 10) =2.066 x 103

- K¢ = 2.066 x 10-3

Worked Example - 4.20 : At 444°C 4.05 mol H,(g) and 4.65 mol I (s) are heated in

1.OL flask producing 6.75 mol HI (g). as Hy (2) + I (g)—£—) 2HI (). Calculate K, and

K of this reaction.

Solution : H,(g) + Ly (g Ti_\ 2HI(g) a = 4.05 mol

At initial state : a mol b mol 0 mol b = 4.65 mol

At equilibrium : (a—c)mol ~ (b @) n.ol 2amol o= = 3375 mol
“ V=1L

At equilibrium, [Hy] = (a — o) = (4.05 —3.375) = 0.675 (M)
[I,] = (a - o) = (4.65 —3.375) = 1.275 (M)
[HI] =200=2%3375=675 =6.75M)
For K, calculation, molar concentration of each component is dmded by lM

& [HI]2 (6.75)? 45.5635
Ke=M0,1TH,] = (1.275) (0.675) — 0.860625 — 52.94

Mole no. of reactants and product are same; soAn=0, .. Kp = K¢ = 52.94
Worked Example - 4.21 : At 298K, in equilibrium mixture of N2Oy4 dissociation, partial
pressure of N0, (g) is 0.8 atm and K, of the reaction is 0.008. C_alculatc K¢ and partial
pressure of NO(g). :
Chemistry—First—60
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Solution : Related equation : N;Oy4(g) == 2NO;(g)

_ (PNOy)?

Kp= PN,0, 7 ; T (PNOR)% = Kp X PN;O4 [by cross—multiplication]

(PNO,); = 0.008 x 0.8 atm = 0.0064 atm
<. PNO, = \/0.0064 = 0.08 atm

Kp = Kc (RT)An « Here, Kp = 0.008
Kp Ke=?
7 Ke= An 0.082 L atm K-! mol-!
(RTL 008 Here, R = L mol-! atm
Ke=10082K1 x 208K)] s 298K
_0.008 _ An=(2-1)=1

-4
- Ko =3.274 x 104

[Note : In equations of K¢ & K, related component is divided by related 1M and latm
term; because K¢ and Kp are unitless. ]

Worked Example- 4.22 : At 25°C and latm pressure N,O, dissociates 18.5% into
products (NO,). Calculate K, of it. What will be degree of dissociation at 25°C and 0.5 atm?

Solution : Related equation : N;O4(g) == 2NOy(g) Note : Kp is
At equilibrium : (a — ) 20 unitless, so only
Suppose, 1 mol N;Oy, is taken, then a = 1 mol. number for
So at 25°C and 1 atm pressure, a = 1 mol, & = 0.185 mol pressure will be
402P used without 'atm’
We know from N30, dissociation, Kp = —7—;

Ko, or K, = (0.18 x 2)2 = 0.1369
1 P

At P = 0.5, amount of dissociation, 0 =7 K o= 1, [01369 1369

or, 0. 2><0524 0.262

a_ [Kp borl:
a=-2- 13,01',0.185.-2

Degree of dissociation, p=—==—7—; B =0. 262 = 26.2%

. at 25°C and 0.5 atm degree of dlSSOCIﬂtlDﬂ [3 26.2%

Worked Example—4.23 : At 25°C and 3.0 atm. pressure PCls dissociates 80% to PCl; and
Cl,. Calculate Kp and partial pressure of PCl; and Cl,.
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Solution : Related reaction :

PCls==— - PCl + Cl dissociation, o = 80% = 0.8 mol!

At initial stage :  1mol 0 0 P = 3.0 atm; Equiv. const,. K, =?
At equilibrium : (1-0.8) mol 0.8 mol 0.8 mol Partial pressure of PCl3, Ppciz3 =?

Total mole no. at equilibrium = (0.20 + 0.8 + 0.8) =18

Partial Pressure of PCls, PpCls-(i'—zg X 3 atm = %:?E = 0.33

Partial Pressure of PCls, Ppcy, =% x 3 atm = 1.332 atm = -14%2%!2 =1:332

Partial Pressure of Cly, Pci, =% X 3atm = 1.332 atm = 1'—313;%'3&“' =$11332

; . PpCl3 x Pcl,  1.332 x 1.332

.. Equilibrium constant, Kp =~ PrCis = 033 =533

. K, = 5.33, Partial pressure of PCl3 = 1.332 atm, Partial pressure of Cl = 1.332 atm.
Worked Example-4.24 : At a particular temp. for reaction 2A + B = 2C, the
equilibrium constant,K. = 8.0 x 10-4. If rate constant of backward reaction =1.24Lmol-!. s71;

then calculate rate constant of forward reaction.
rate constant of forward reaction
Solution : Equilibrium constant, K= = rate constant of backward reaction

. Rate constant of forward reaction = K, X rate constant of backward reaction
=8 x 104 X 1.24L. mol-!. 57!
=992 x 104 L.mol"! 57!
Worked Example4.25 : At 25°C, 250; (g) + Oz (8) == 2503 (g); if its Kp = 3 X 1024
then calculate K, of this reaction.
Solution : For given reaction, An = [2- (2 + D)] =— L.

From question, K= 30102 and T = (25 + 273)K = 298K

] e
Here AR 0.082 L.atm.. mcll . K1
L.atm.mol-!

- Kp = K¢ x (RT)AR; putting the values, we get :
or,3 X 10¢# = KC(O.OSZK“IXI 298K)-!
o Ko =(3x10%4) x (0.082 x 298)
L =17.33 11023
Worked Example —4.26 : Ax(g) + 3B, (g) == 2AB(g); if at 650K temp. and 25 atm

pressure, the equilibrium mixture of this reaction contains 22%A; and 1‘7%AB;, calculalae Kp g

and K of this reaction.

e e
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Solution : Here total pressure, P = 25 atm.
Az(g) + 3B(g) ==  2ABs;(g)
At equilibrium : 22% 61% 17%

From question, B, = (100 - 22 - 17)% =61%
5.5 atm

2
Partial pressure of Ay, Pa, =T2W X 25 atm = 55.5 atm = {atm = 5.5
Partial pressure of B, Pp, =160—10x 25 atm = 15.25 atm = %ﬁ-:—m = 15:25
Partial pressure of AB3, Pop; = 110—7(’)x 25 atm = 4.25 atm = i’-lg—%%m— = 4.25
; (PAB,)2 (4.25)2 2
Rt I S ssn (15250 o 0
We know, Kp =K. RT)AD .......... @)

0.082Latm mol-1K-!
Here, Kj = 9.25 X 104, T=650K,An=2-(1 +3),=-2,R = TatmmokE]

Kp = K¢ (RT)2
o K¢ =Ky (RT)2 = 9.25 x 10~ x (0.082 x 650)2; or, K, = 2.6278;
-~ Kp=9.25x10-* and K, = 2.6278
[Note : In equation of K, and K, every related term is to divide by 1M for concentration

and 1 atm for pressure term, to make Kp and K¢ unitless.]

Worked Example - 4.27 : At 400°C on heating 0.326 mol N; and 0.439 mol H, in a
1.0L vessel, in equilibrium total mole obtained = 0.657 mol. Calculate K, of this reaction.

Solution : Suppose x mol N, reacts with 3x mol H; to produce 2x mol NHj.

Related reaction : Na(g) + 3H,(g) = 2NHj(g)
Initial mole number :, 3.326 0.439 0
Changé in mole number : -x -3x - 2x

At equilibrium (mole) : . (0.326 - x) (0.439 - 3x) 2x

From questi;on, total mole number in equilibrium :
(0.326 — x) + (0.439 - 3x) + 2x = 0.657

or, 0.765 — 2x = 0.657 -

or, 0.765 — 0.657 = 2x; or, x = 0.054 ;i

. At equilibrium mole no. of N, = (0.326 — 0.054) = 0.272 mol

: 0.272 mol
. At equilibrium molarity of Nj, [No] =——1.— = 0.272(M)
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At equilibrium mole number of H = (0.439 — 0.054 x 3) = 0.275 mol;
0.275 mol

At equilibrium molarity of Hz, [H;] == = 0275 (M)

At equilibrium mole number of NHj3 = 2 x 0.054 = 0.108 mol

At equilibrium molarity of NH3; [NH;] =-Q-'l--?—8LLni] = 0.108(M) 3
[NH;)2 (0.108)2 0.01665

* Ke = [IH,T = 0272 x (0.275)7 ~ 000567 — 2224

———————

[Note : In equation of K¢, every molarity term is divided by 1M, because K is unitless.]
: TR £y o - s X
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PR

1ssqc_:ates PCls (g) PC]3 (g):+'-Cl-; (g) Calculdte partlal pressures- :Tf

o ol A K, = 50. 28]"ré-B‘;, :
Worked Example-4.28 : Calculating Equilibrium Partial Pressures :

During steel production from iron ore, iron (II) oxide is reduced by CO gas tc give iron

metal and CO,.The equilibrium constant K, for the reaction at 1000 K is 0.259.

FeO (s) + CO (g) == Fe (s) + CO2 (g). What are the equilibrium partial pressures of CO
and CO7 at 1000K, if the initial partial pressures are Pco = 1.0 atm and Pco, = 0.5 atm?

Strategy : Calculate equilibrium partial pressures from initial partial pressures and Kbp.

Solution : Step-1 : Balanced equation : FeO(s) + CO(g) = Fe (s) + CO, (g)



Chemical Changes

479

Step-2: Suppose, after reaction partial pressure of CO reduces by x atm. Then from

balance equation : FeO(s) + CO(g) = Fe (s) + CO2 (g)
Initial pressure (atm) : 1.0 0.5
Changes in pressure (atm) = : - X + X
Equilibrium pressure (atm) : (1.0-x) (0.5 + x)
Step-3 : Putting the equilibrium partial pressures in the equilibrium equation for K.
‘Kp =0.259 = °°2 (?150+x")) . [solid FeO, Fe terms excluded]

or, 0.259 — 0.259x = 0.5 + x; or, x = — 0.241/1.259 = - 0.191

Step—4 : Putting value of x into equilibrium partial pressure expressions :
Pco = 1.0 - x = 1.0 — (-0.191) = 1.191 atm.

Pco, = 0.5 + x = 0.5 + (-0.191) = 0.309 atm.

Step — 5 : Check the results by substituting them into the equilibrium equat:on

Pcoy 0.309
Kp =0.259 = oo hi0] =10:259

A negative value of x means that the reaction goes from products to reactants to reach
equilibrium. This makes sense because the initial reaction quotient, Qp = 0.5/1.0 = 0.5, is
greater than the equilibrium constant K, = 0.259. When Qp > Kp, then the net reaction always

goes from products to reactants (right to left)

acceptor or base both. One molecule of water acting as acid, donates

of water, acting as a base :
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H—O: + H—Q: = [P e ¥ MCQ-4.11 : Slgmﬁcances of K, 'are ¥
| | + OH (i @iy expresses extent of reaction '
i = H hydroxide -’(11).expresses dlrectlon,
base acid hydronium ion ion NS s a

of' components at'

——

+ '.(m) concn.
2HO <— H3O +OH- £ e

According to the chemical equilibrium we get :
[H30+] X [OH]
R (E120)2

f'(a)' i-,"i'i'i.- e d) ‘i, ii-and iii*:

However due to slight ionization of water, the concentration of water does not change. So

molar concentration of water [H2O] may be taken as constant.
. [H30%] x [OH"] =K x [H20]2 = K, = constant
= [H30%] x [OH]

Here Ky, is called the ionic product of water. Its value changes slightly with change of

At25°Ciits value:is taken as 1x 10714,

L S S SRR S

There are two important aspects of the dynamic equilibrium in the dissociation of water.

@@Qgthe forward and reverse reactions are rapid : HyO molecules, H30* ions and OH~

ions continually interconvert as protons transfer quickly from one species to another.

Second;ithe position of the equilibrium lies far to the left. At any given instant, only a
tiny fractlon of the water molecules are dissociated into H30% ions and OH-ions. The vast
majority of the water molecules are undissociated.

[H20] = _1%0% 55.5 mol/L at 25°C

From these factsy
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(A) Characteristics of Ionic Product of Water (K,) :
(1) Application of Equation of K, : The equation Ky, = [H;0*] x [OH-] is applicable

to pure water and any other type of aqueous solution like neutral, acidic or alkaline solution.

2H,0 () + Heat == H3O+ (aq) + OH~ (aq)

Hence with increase of temp. molar concentration of H3O* and OH- ions increases i. e.

K, increases. At different temp. different values of Ky, are shown below : [Table-4.4(a)]

Temperature (°C) 10°C 25°C B303C 50°C 100°C

Value of K, 0.292 x 10-14 | 1.0 x 10-14 | 1.465 x 10-14| 5.474 x 10-14 ] 8.7 x 10~14
(3) Relation between Auto-ionization constant (Kgq) and Ionic Product (Ky) :

2H,0 () = H;0T (aq) + OH~ (aq)

H;0%] x [OH~ Ky
Here K, = (M [1_220][2 ] = [HL,0% - Ky = Kq X [H,0]2

lence auto-ionizatior

Now in 1L pure water, mole-number of HZO [H,0] = '1s_g1—ntFT 55.55 mol; [denmty of

. Ky, = Kq X (55.55)2; this is the relation of auto-ionization of water (K4) and ionic

product Kw of water.

[H;0*] = [OH-]. Hence K, = [H301] x [OH"] = [H:;O:"]Z.‘__.;-_ [OHﬂg

1istry—First—61
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. at 25°C, in pure water

[H30"'] = [OH"] - \J 10-'4 = 10-7 M. Here in 1 crore or 10 millions litre pure water, 1 mol

H30% ion and 1 mol OH™ ion are present,

gl JXBI0F4; [from table-4.4(a)]
. at 100°C, in pure water [H30%] = [OH-] =V 8.7x 10-14 =295 x 10-7 molL-!.
(B) Auto-ionization of Water and Acid-Base Relation :

Relation between H>O and OH" ions in aqueous solution : Auto-ionization of water has

two major cosequences for aqueous acid-base chemistry :

(€Y} Acc‘qrding to Le Chatelier's principle, a change in concentration of one ion of weak
electrolyte like water remainilng in dynamic equilibrium, will shift the equilibrium position;
but it does not change the e@’fhilibrium constant. Therefore, if some acid is added, then
[H30*] ions increa'se, and so [OH™] ions must decrease, if some base is added then OH ions
increase and so [H30%] ions must decrease. However, the addition of H30* or OH- ions

merely lead to the formation of HyO molecule, so the value of Ky, is maintained constant.

* A change in [H30%] causes an inverse change in [OH™] and vice versa :
Higher [H307] =Lower [OH-] and Higher [OH~] = Lower [H30%]

(2) Both ions, like H;0" and OH-, are present in all aqueous systems. Thus all acidic
solotions contain a low concentration of OH- ions, and all basic solutions contain a low
concentration of H30 * ions. The equilibrium nature of autoionization allows us to define

‘acidic’ or 'basic' solutions in terms of relative magnitudes of [H;O*] and [OH-] ions.

(3) Calculation of molar concentrations of H30* and OH-" ion in aqueous solution : If
we know the value of Ky at a particular temperature and concentration of one of the two ions,

‘we can calculate concentration of other ion by solving for it from K, expression :
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[H30%] = SRy and [OH™] = Ky ; For example, at 25°C when any one of [H30%]

[OH-] [H;0%]

and [OH™] is known, then other can be calculated from Ky, ; such as

[H30%] x [OH"] =Ky = 1.0 x 10-14

1.0 x10-14 1ix10514
e . || =
[H30%] (OH-] ' and [OH7] (H307] '

Worked Example — 4.29 : Calculating [H30*] and [OH~] From Ky, :

The concentration of [H30%] ion in a sample of lemon juice is 2.5 X 10—3 M. Calculate
the concentration of CH™ ion, and classify the solution as acidic, neutral, or basic.

Strategy : [H30*] is known, then [OH-] = Ky, / [H30*] e

Kyt 1001x510:14

g B 12
[07] 25103 L e

Solution : [OH™] =

Because [H30%] > [OH], the solution is acidic.
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4.10.2 Relation between Degree of Dissociation and Concentration of Acid and Base :
Ostwald's Dilution Law

{Strong acids and bases are almost completely dissociated inl aqueous sOlutions. But weak
acids and bases are partially ionised. The fraction of the amount of a substance dissociated in
a solution is called degree of dissociation of that substance.
Definition of degree of dissociation of acid and base : The fraction of mole number of acid
or base dissociated in aqueous solution is called the degree of dissociation of acid or base. It

' is denoted by o (alpha).
number of mole of substance dissociated in solution
total number of mole of substance in solution

For example, 0.1 M acetic acid is about 5% dissociated. Hence degree of dissociation of
acetic acid in 0.1 M solution = 5% or (0.1x 0 05) = 0.005 molL-!. Degree of dlssocmtlon—o_ff
ﬁ_‘eik,acxds and bases depends on concentration and increases with dilutiony

.. Degree of dissociation, 0. =

The quantitative relation between degree of dissociation and concentration of weak
electrolyte:like weak acid and base was established by Ostwald and the relation is known.as
Ostwald's Dilution Law. ' '

Ostwald's Dilution Law : Theidegree of dissociation of weak electrolytes like weak-agid
and base is inversely proportional tothesquarc root of ceoncentration of that electrolyte..

Let us suppose that HA is a weak acid and its molar concentration in a solution be C and
its degree of dissociation be a. So in 1 L solution from C mole of HA only o.C mole HA will

dissociate to produce 0.C mole H* and a.C mole A~ ion and (1-a) C mole HA will remain as
undissociated.

HA (aq) — H'(aq) + A (aq)
At initial stage : C mol 0 0

At equilibrium : (1-a)C oaC aC

[HY]x [A7] oCx aC. o2C
[HA]. ~(1-a)C T (I-0)

£ For weak acids the value of o is very small and hence (1- o) may be taken as 1.

.. Equilibrium constant, K, =

—1-. Since K, is constant and hence VKa is also constant.

or, Ol o< JC
: 1 1

o : =K} x — ; Therefore, ot &< —.

Similarly for a weak base, o b c c

ld's Dilution L

RN
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Efﬁﬁé’abﬂm (i) Ostwald's dilution law is applicable for weak acid, weak base and weak
electrolyte. (i)} Applicability increases with increase of dilution. {@iD) At infinite dilution,
complete dissociation occurs, then no equilibrium exists and application of Ostwald's dilution

law is not applicable .

4.10.3 Acid Dissociation Constant, K,
According to Bronsted-Lowry acid-base concept, the equilibrium expression for a general

weak acid (HA) in water is : i
HA + H,O = H;30* + A~
acid base
[H30%] x [AT]
At equilibrium, K¢ = [HA] x [H20]

In general, the concentration of water, [HpO], is so much larger than [HA] that it changes

negligibly when HA dissociates; thus it is treated as a constant.

H;0*] x [A~
) ch[H20]=Ka=[ 3 [IK][ ]

Here cquilibrium constant K, is called acid-dissociation constant (or acid-ionisation

constant, ﬁ(a;sumt@ [Note article 4.8, K]

We know that strong electrolyte ionizes in aqueous solution in hundred percent; but weak

electrolyte ionizes partly. Similarly strong acid dissociates about completely producing
maximum hydronium ion (H30*) and anions. For example,
HA(g or I) + HyO (1) = H30%(aq) + A=(aq)
For all strong acids, no undissociated acid molecule (HA) is present in aqueous solution.
Hence [H;0%] = [HA] (initial). In otherwards, [HA]eq = 0 (zero) ;

(o), = JeEelETL
~ [HA] x[H20] °

For all weak acids, very small number of molecules of HA ionize in water. Then [I-Ig@"‘] 3 =

<< [HAJ; and at equilibrium Q¢ = K¢ << 1

then Q¢ = K¢ >>1
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Strong acid HA (g or ) + H,0()) — H;0%(aq) + A~ (aq)
Flg—4 .20 : The extent of dissociation of strong acids
“useful udit of the strength of a weak acﬁ is the percent

Percent dlssoc1atlon is defined as the concentration of the acid that dissociates

dmded by the initial concentration of the acid times 100%.

. -""[BA]dlssoc:ated x100%7
. “[HA] initial

For example 1.0M CH3COOH solution has [H30*] = 4.2 x 10-3 M. Because [H30%]
equals the concentration of CH3COOH that dissocia.es, the percent dissociation in 1.0M

CH; COOH is 042%
P o it [CH3;COOH] x dissociated x100%
ercent dissociation = [CH3COOH] initial
_- 4.2%X10~3 M x100%
‘ 3 - v = 0.42%
Before After
decomposition decomposition
o :
]
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o
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s
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HA H,0" A

Weak acid HA(aq) + H2O()) == H30* (aq) +A"(aq)
Fig-4.21 : Extent of dissociation of weak acids
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4.10.4 Base -Dissociation Constant, Kp

According to Bronsted-Lowry acid-base concept, weak bases, such as ammonia (NH3),
accept a proton from water to give the conjugate acid ammonium ion (NHZ) and hydroxide
ion (OH™) with the following equilibrium expession :

NHj (aq) + H;0() < NHy (aq) + OH- (aq)

The equilibrium reaction of any base 'B' with water is characterized by the following
equilibrium equation. Here base 'B’', accepts a proton' from water molecule to produce
conjugate acid BH* ion and OH~ ion. In this reaction H;O acts as a proton donor or acid :

B (aq) + Hp0 (I) = BH* (aq) + OH" (aq)

[BH*] x [OH7]

At equilibrium, K¢ = ; here [H2O] remains constant almost.
[B] x [Hz0]
+ -
R H0] K E;][OH]

Here the equilibrium constant, Kp is called the base-dissociation constant. Ky has no,
unit. [Note article-4.8, K]

Hence, the fraction of the number of mole of a base dissociated in per litre aqueous

solution is known as base-dissociation constant, Kp. Here K, has no unit.’
4.11 Dissociation Constants and Acid-Base strength

Elniportance of Kaf: The range of values for the K, of typical weak acids give a general
idea of the fraction of HA molecules that dissociate into ions :

{(1) For a weak acid with a relatively high K, (~10-2), a 1M solution has ~ 10% of the HA
molecules dissociated. The K, of chlorous acid (HCIOp) is 1.1X 10=2 and IM HCIO; is 10%
dissociated.

(2_) ‘For a weak acid with a moderate K, (~1073), a IM solution has ~ 0.3% of the HA
molecules dissociated. The K, of acetic acid is 1.8 X 10-3, and 1M CH3COOH is 0.42%
dissociated.

{@)fFor a weak acid with a relatively low K, (~10-10), a 1M solution has ~ 0.001% of the
HA molecules dissociated. The K, of HCN is 6.2 X 10-10, and 1M HCN is 0.0025%
dissociated.

* Thus, for solutions of the same initial HA acid concentration, the smaller the K;, the
lower is the percent dissociation of HA acid.
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> Lower % dissociation of HA => Weaker acid: [

Table-4.5 lists K, values of some acids in water with name, formula :
'I'able —4.5 : K, values of some acids at 25°C

Steucturalformulay| Kag Stronger asid

1. Hydrochloric acid, HCI H-Cl] 2.5 x 107
2. Phosphorous acid, H3PO3 | HPO(OH); 3 x 102
3. Sulphurous acid, H2SO3 O=S(OH); 1.4 x 102
4 Phosphoric acid, H3PO4 O=P(OH)3 7.2 % 10-3
5. Nitrous acid, HNO7 O=N-OH 4.5 x 104
6. Hydrofluoric acid, HF H-F 6.8 x 104
1
7. Formic acid, HCO,H 1.8 x 10-4, PP

s 22 Hets Ot Weaker acid)

L Fig- 4.22 : Acids'-
Factors that affect the strength of acids :
Che strengtl h"f'ig’%’i_‘fi% ﬁjsfdepe,nd on following factors 2

issociation constant of acid (K,)

mlze of negative ion,

xidation number of central atom,
{i¥) Size of the central atom and

ﬂNature of solvent.

@'soclatwut

stry m They have very large value of

K,. For example, HC] (Ka =2. 5 X 107) I-]Br (K =3.2 x 10%); HI (K, = 1.0 x 1010); H,SO4

(Ka1= 1.0 x 103).

HCI (aq) + H20 () = H30™ (ag) + CI~ (ag);

[100% ionizes in 0.1M soln]
CH3COOH(aq) + HgO(l) = H30+ (aq) - CH3C00" (aq), [5% ionizes in 0.1M soln]
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@ (17)

Stronger is the acid. (For this reason the strength'of hyd

are as follows :

HF < HCl < HBr < HI
Hydracids : Hydracids are those acids which contain hydrogen and some other nonmetal

element generally except oxygen e. g. HCI, HBr, H;,S etc.
Oxoacids : Oxoacids are those acids which contain hydrogen, oxygen and some other

nonmetal element generelly. e.g., H2SOq4. HC104 etc.
r gﬂxidation state of oxo The Lo

m]_gcentra] element The‘hlgher is the oxidation st:
_ n'en_gth of the following acids are as folloy

@ HOATI<HE 105 <Hélos< ‘107
e TG
®) Hy'S'03 <HNO; <H, 504 < HE f07

. For example, in

HNOB and H3PO4 the oxidation state of both same group elements N and P are +5. Since N is

smaller in size or more electronegative than P, hence HNO3 is a stronger acid than H3PO4

Among the weak acids K, of HIO3 = 1.7x 10-1; K, of CH3COOH = 1.8 x 10-> First
K, of HpS = 9.1x 10-8. These values of K, indicate the acidic power.

Chemistry—First—62
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Factors that affect the strength of bases :
o . Ty e R T . ,:— "“'quﬁ‘.lgaﬁé@

ﬂSolublhty of metal omdcs and hydroxides in water,

@Dlssoclatxon constant of base (Kp),

@ Lone pair electron release capacity.

More water soluble metal oxides and hydroxides are strong bases and less water soluble
metal oxides and hydroxides are weak bases.
‘ Strongibasesyy Water-soluble compounds containing 02“ or OH™ ions are strong bases.
The catlons are usually those of the most active metals :

(m@ or MOH, where M = Group IA (1) metal (Li, Na, K, Rb, Cs)

WO or M(OH}g Where M = Group 2A (2) metal (Ca, Sr, Ba)

Pheimictal oxidesiandiiydroxidesihavenlargenvalueofy. NaOH, KOH, CsOH, etc, ionize

st s-ha r'_ng%b?lghﬁsbkuﬁglugs

es : Many compounds with an electron rich N-atom are weak bases. These

have capacity to release lone pair of electrons to accept protons. These bases have lower Ky, .
values. For example, NH4OH solution ionizes in aqueous solution near about 5% only; but
NaOH ionizes 100% in aqueous solution.

NaOH (aq) +aq = Nat*(aq) + OH~ (aq); [100% ionizes]

NH,4OH (aq) +aq = NHj (aq) + OH- (aq); [5% ionizes]

Three weak bases like NH4OH, NH;0H (hydroxyl amine) and 'hydrazine (NH,-NH3)
have their Ky, values as 1.79 x 10-5, 1.07 X 10-8, and 1.7 X 105 respectively. Similarly Kb of

CH3NH2 (methylamine), Ky = 3.7 X 104, Ky, of dimethyl amine (CH3); NH is :
Ky =54 X10~4, These values of Ky, indicate the basic strength.

| 4.11 1 Relation between K, and K}, of a Conjugate Acid-Base

An important relation exists between the K, of acid HA and the Ky, of conjugate base A~
ion, which we can see by treating two dissociation reactions as a reaction sequence and then
adding them together :

HA + Hy0 — H30t *+A-

acid base conjugate base
A- H0 == HA i0H-
base MGl wisacid conjugate :

acid

s + =
Adding, 2H,0 == H3;0" + OH
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The sum of the two dissociation reactions here is the auto—ionization of water.

From the equations of K, and Ky of conjugate si?;* |

acid-base, we get :
i [H;0+x [A-] . [HA] x [OH"]
2720 T [HA]x [H0] ~ [A7] x [H20]
_ [H;0*] x [OH]
~ [H;0] x [H,0]
. KaX Kp=K§

This relation is valid for any conjugate acid-base palr Taking logamhm of both sides and

=Ky

putting a negative sign on all values, we get.
— logKa— logKyp = — logKy, = — log (1.0 x 10-14)

or, pKy + pKp = pKy = 14; .. pK; = 14 — pKj,.
This relationship (K, X Kp = Ky) allows us to find K, of the acid in a conjugate pair
given Ky, of the base, and vice versa. Let us see this relationship to obtain a key piece of data

for solving equilibrium problems. For example Kp for F~ion can be calculated from the-
dissociation constant of HF acid, K, = 6.8 X 10~ (from Appendix Table-1)

So, we have (Kj of HF) x (Kp of F~ ion) = Ky
Kw  loxio-14
Kaof HF = 6.8 x10-4

Notice that, K, of acid HF = 6.8 x 10~4

But, K}, of conjugate base of acid HF, Ky = 1.5 x 10-11
From this solving problem, we can say — as the strength of an acid increases (larger Kj)

the strength of its conjugate base decreases (smaller Kp), because the product K X Kp
remains constant at 1.0 X 10~14 (Ky,) |

Problem Solved : Dissociation (a),_ Ka, Ky, pK;, pKy ilased s
Worked Example — 4.30 : Calculate percent dissociation of 0.02 M CH3;COOH acid;
(K; = 1.8 x 10-4).

Solution : We: know equilibrium constant Ka= (l_z(é) ; in case of we.ak electrolyte
(I-a) =1

{_ 1.8 10 ~ Here, K;=1.8x 107
K =02C . o= :( )_ 9.4868 x 102 mol-! o S

.. Percent dissociation = 9.4868 X 10‘2 x 100= 9.4868% '

=1.5x10"11

or, Ky of F~ion =
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Worked Example—4.31 : At 25°C, dissociation constant of a weak monobasic acid (HA)
is 1.6 X 104 What is the amount of dissociation () of that acid in 0.1IM solution?

Solution : Dissociation of weak acid (a) = I((: ; Here, K = 1.6 X 104 and C = 0.1M

o s 1.6 x 104
~. Amount of dissociation () = v 0.04 mol-!.

.. Percent dissociation of acid = 0.04 x 100 = 4%

Worked Example—4.32 : At 25°C 0.1M CH3COOH dissociates 1.34% in solution. What
is its dissociation constant?

2
Solution : Equilibrium constant of weak acid, K, = (ia i) .
: 02C 134 x 10-2) x 0.1
~ Ka=r—ops or Ka=((1 . )1;2) Here, C = 0.IM
s 1.34 e
OrlKa= 1.8199><10‘5 =537 100 =134 %10

Worked Example-4.33 : At 25°C 0.01M CH3;COOH dissociates 4.2% in aqueous
solution. What is molar concentration of hydronium ion (H;O¥) in acid solution?

Solution : CH3;COOH is a weak acid. For weak acid [H;0%] = a.C. Here o is amount of
acid dissociation and C is molar concentration.

From question, p}csent dissociation = 4.2%

So= %(T% =42x 102 and C = 0.0;M

+ In 0.0 1M CH;COOH solution, [H;0*] = 0.C = 4.2 X 10-2 x 0.01 = 4.2 x 10 molL-!

Worked Example-4.34 :° At 30°C in 1.5 X 10-2 M NH,OH solution 3.5% NH,OH
‘dissociates. Calculate dissociation coustant of NH.;OH in solution

Solution : Molar concentration of NH,OH, C = 1.5 x 10-2 M
NH,4OH dissociation amount. o= ?050 = 0. 035

NH,OH soln, in equilibrium : NH,OH (aq) = NH,t (aq) + OH- (aq)
Equilibrium with concentration : C(1- o) Co. Co.
Molar concentration of NH;OH, [NH;OH] = C(1 — a) = 1.5 x 10-2 x(1- 0.035)
= 1.4475 x 10-2M
Molar concentration of NH4+, [NH4t] = Ca = 1.5 X 10-2x 0.035 = 5.25 x 10~4M
Molar concentration of OH~, [OHT] = Co = 1.5 x 10-2x 0.035 = 5.25 x 10-*M

i
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+ =
NH,4OH dissociation constant, K, = [N}?NIKOI[{C])H ]

_[5.25x 10-4] x [5.25 x 10~4]
0 [1.4475 x 10-2]

= 1.90414 x 10-3

Worked Example — 4.35 : In 1.0 M CH3;COOH acid solution H* ion concentration is
4.2 x 10~3 M. Calculate % dissociation, dissociation constant (K,) and pKa of the acid.

Solution : CH;COOH (aq) = H* (aq) + CH3COO™ (aq)

dissociated mole no x 100 4.25X 10-3x 100
total moles in solution ~— 1.0

.. % dissociation = = 0.425%

». In solution 0.425% CH;COOH dissociates.

H+] x [CH3COO~ =
So for 1.0M CH;COOH, Ky = - gCHE o5 ] Here, [H*] =4.25x 103 M

[H*] x [CH;COO] [CH3CO0~] =4.25% 103 M

Ka= —[CH,COOH]
4.25x 103x 4.25 x 1073
or, K, = (- o) (1 -a)=(1-0.00425) M

1.806x 105 1.806x 10-5
or, Ka = 770-0.00425)= ~ 0.99575

[CH3COOH] = 1.0

=1.814 x 10-3

We know pKa =-log K,
or, pK; = - log (1.814 x 10-5) = 4.74
Worked Example — 4.36 : HF is a weak acid; its K, = 6 .8 X 1074 and its conjugate base
is F- ion. Calculate its K, and pKyp. From these values explain the relation of strength of acid

and its conjugate base.
Solution :

HE + H,0 —— HO§ F=
FF + HO =— HF +OH
Adding : 2H,0 =— H30+ +OH~

From above equations, we get Ky, from K; and K, :

K, X K, ..[-ﬂﬂo["]m" () i [HE ["F_[IOH_]. [H,0] is excluded

= K X Ky = [H;0%] x [OHT] = K,
; S Kax Kb = K\\f
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Ky e 1 0510748

Here for F~ion, Ky, = —— e = oo 109
2 !

=1.5 x 10-!!

K, of HF acid is 6.8 X 10~* and conjugate base of HF is F- ion and its K, = 1.5 x 10-11.
From both the values of K; and K, it is clear that conjugate base of HF acid has Ky with very
low value. So the more the acid strong the more weak its conjugate base. A;gain pK; of HF
will be —logK; = — log (6.81 x 10~*) = 3.17 and pK,, of conjugate base F- ion is = — log Ky,
=—log (1.5 x 10-'") = 10.82. So it is clear from values of pK, and.pKj, that value of pK} of
weak conjugate base will be more than pK, value of strong acid.
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4.11.2 Basicity of an Acid & Acidity of a Base

{Basicity of an Acigg: Basicity of an acid is the number of mole of monoprotic base or
monoacidic base (like NaOH, KOH etc.) required to neutralise completely one mole of that
acid. For example, :

(i) 1 mol HCI neutralises 1 mol NaOH; so basicity of HCI'isf1:0.

HCI (aq) + NaOH (aq) — NaCl (aq) + H,O (I)

(ii) Similarly, pasicity of H3SOy is 2 basicity of H3PO, i518. But ﬁasmitygof*ﬂf_ 3152

because in molecule of H3PO3, two H atoms are as two —OH groups from which H* ion

dissociates in solution.
H,SO4(aq) + 2NaOH (aq) — Na;S0q4 (aq) + 2H,0 (3}
H;POs(aq) + 3NaOH (aq) —> Na3POy (aq) + 3H0 (I)
(iii) Like acids, acidic oxides have their basicity. For example, basicity of €O sl
[basicity of P;05 is8. Note the mole number of NaOH in following equations :
CO,(g) + 2NaOH (aq) ——> Na,COj5 (aq) + Hz0 (1)
P,0s5(g) + 6NaOH (aq) — 2Na3;P0, (aq) + 3H,0 ()
Acidity of a Base : Acidity of a base is the number of mole of monoprotic acid or
monobasic acid (like HCI acid) required to neutralise completely one mole of that base. For

example,

=, P

(i) 1 mol NaOH neutrahses 1 mol HCI; §olacidity of NaOH

in followmg equations :
NaOH(aq) + HCl(aq) — NaCl (aq) + HyO ()
CaO (s) + 2HCI (aq) — CaCl, (aq) + H,O (D)
Al(OH); (s) + 3HCl(ag) ——>  AlCl; (aq) + 3H0 (D)
Al,0,(s) + G6HCl(aq) — 2AIC1; (aq) + 3H,0 (I)

4.12 pH of a Solution and pH Scale

In different experimental works related to biology, biochemistry and medical science,
dilute solutions of acids and bases like decimolar (10~ molL—1) solution and even less
concentration of solutions are used. Again ionic product of water is Ky, =1.0X 1_0‘14; But to
express concentrations of H* and OH~ ions with negative power of 10 is a troublesome
method. In aqueous solutions [H30*] can vary from IM to 10—"5 M. To handle numbers with
negatwe exponents. S B e D

.....
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Definition of pH : The negative logarithm of the molar concentration of hydrogen ions in

a solution is called pH of that solution.

pH == log [H*); or, [H*] = 10-°H/

The higher the concentration of hydrogen ions, the lower is pH. The decrease of pH by

Qne-unit ‘means the increase of hydrogen ion concentration by ‘ten times. Slmllarly:;an

increase of pH by one unit means the decrease of hydrogen ion concentration by 10 times.

Similarly the ccacentration of hydroxide ions may be expressed by pOH.

pOH = — log [OH-]; or , [OH-] = 10-POH

pH scale : At 25°C, the ionic product of water, Ky, = [Ht] x [OH-] = 1014,

/maoﬁpn\

el RO =107

Taking logarithm on both sides we get :

or, log [H*] + log [OH] = - 14

or,— log [H*] -log [OH-] = 14

or, pH#+pOH = 14§

In case of pure water H* and OH~ ions are produced

from water only. Since from one molecule of water, one H*
ion and one OH—ion are produced, in pure water theirJ
) on are equaliy

ie., [H+] = [OH]

- [H+]x [OHT] = [H*] x [H*] = [H*]2 = 10-14

~. [Ht]=10-7

or,— log [H*] = - log 107 = 7

(i) If some acid is added to water, the concentration of
hydrogen ions increases due to dissociation of the acid;

hence pH of that solution decreases below 7; then the
solution will be acidic.

Basic

g
3
2

10713
L 10-12
B lﬁ-“
i 10'10
- 1077

- 1078

- 107

L1076

- 1073

= 10-4

[ 107

107

L 107!
-1

- 107" 14 Je 1.0 M NaOH
13

12 —«Houschold

“'1

ammonia (11.9)

<~ Milk of

10 { magnesia (10.5)

9
8-

Baking soda
<~ Human blood

7 —1%Pure water

0 -

<~ Milk (6.4)

l<—Black coffee
l<—Tomatoes

Wine
::Vmegnr. colas
[“—Lemon juice
l—Stomach acid

<-1.0 M HC1

Fig-4.23 : pH scale and pH values of

some common substances.

If you use a calculator to find the pH from the H30+ concentration, your answer will have

more decimall places than proper number of significant figures.

For example, the pH of the lemon juice of [H30*] = 2.5x 10~3 M is found on a

calculator to be : pH = —log (2:5x 10-3) = 2.60206
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This result should be rounded to pH 2.60 (two significant figures) because [H;0%] has
only two significant figures.

In figure 4.24, pH scale is shown :

Strong Weak Weak Strong
HCI IM acid %, acid Ecuml base base

~r —>—>
[H;07 1000 107" 107 107 10* 107 10° 107 10 100 10° 10" 1072 107° 0™

pHIQREE 1 27 S S8RV A S S O 851 9 108118512 RT3

!
L e
||1|||||7||||31|£

pOH 14 = 13 12" 1151089 a3 67 HESEE4 28|
[oA]10™ 10 102 10" 10™10® 10® 107 10° 10° 10* 10° 107 10" 10°
- - > | <€ o
Gl Neutral base NaOH 1M
Fig—4.24 : pH scale from 0 —14.

Know More : (i) If some acid is added to water having pH value 7, the concentration of

hydrogen ions increases due to dissociation of the acid molecules, hence pH of that solution
decreases below 7; then the solution will be acidic.

(ii) On the other hand if some base is added to water, the concentration of OH™ ions
increases, hence according to chemical equilibrium concentration of H* ion decreases, so pH

of that solution increases to above 7 and the solution wiil be basic.

". If pH of a solution is equal to 7(pH = 7), it is neutral.
If pH of a solution is lower than 7(pH < 7), it is acidic.
If pH of a solution is higher than 7(pH > 7), i!is basic.’
We know in 1 M HCI solution, [H] = 1 mol H* ion L-1.

So the pH of 1M HCI solution will be :

pH = - log [H*] = - log 1 = - log 10° = 0. Since pH of IM HC1 = 0. then, pOH = 14
Agam pOH of 1M NaOH solutlon = 0 then the pH of 1M NaOH solution = 14.

. h ncel sed. So, the
values of pH and pOH of any dilute aqueous soiuuon remains in between 0 and 14. The pH
and pOH of different solutions are shown in Fig-4.24 of pH scale.

Worked Example — 4.37 ; Calculating H30* concentration from the pH.
Acid rain is a matter of serious concern because most species of fish die in waters having

a pH lower than 4.5 — 5.0. Calculate the H30% concentration. in a lake water that has a pH
of 4.5.

Chemistry—First—63
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Strategy : Calculate the [H30%] by taking the antilog of negative of pH.
Solution : [H30%] = antilog (-pH) = 10-PH = 104-5 = 3 x 10_‘5 M
Worked Example — 4.38 : Calculate the pH of an aqueous solution that has an OH-
concentration of 1.9 X 10—3 M.
Strategy : First calculate [H30%] from [OH-], then take negative log of [H30+].
1.0x10-14 '
1.9%10-3

. pH=—log [H30+] = - log (5.3 10-12} = 11.28

Kw
Solution : [H30*] = [oF = =53x 1012 M.

The pH is quoted to two significant figures (0.28) because [H30*] is known to two
significant figures like 5.30.

Worked Example - 4.39 : In gastric juice of stom~ch pH value is 1.4. What will be molar
concentration of H* ion or H;0% ion in that juice?

Solution : Taking antilog of negative pH value gives molar concentration of H;O* ion.
. [H30%] = antilog (—pH) = 10-PH =10-14 = 0.04 M.
~. Concentration of H* ion in gastric juice = 0.04 M
Worked Example-4.40 : Calculate pH of (a) 0.1M HCI, (b) 0.2M HClI, (c) 0.01M HCI soln.
Solution : (a) 0.IM HCl ionises completely, so 0.1M HCI = 0.1 mol H* ion L-!.
HCI* (ag) — H* (aq) + CI~ (aq)
0.1.mol 0.1,mol
. pH = - log [H*] = -log 0.1 = —log 10-! = 1
(b) In 0.2 M HClI solution, [H*] = 0.2 molL-!.
. pH = — log [H*] = ~log (0.2) = - (-0.699) = 0.699
(c) In 0.01M HCI solution, [H*] = 0.01 molL-!
. pH = — log [H*] = - log (0.01) = - log 10-2=2
(*) Note when more. acid is in solution, then its pH value is less.
‘;Vorked Example—4.41 : What is pH of 0.005M stO.;‘acid?
Solution : .In aqueons solution 0.005M H;SOy acid ionises completely to produce double

H* ion as per molarity.
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H,SO0, (aq) — 2H (aq) + SO42" (aq)
1 mol 2mol

- [H*] =2 x 0.005 mol Ht ionL-! = 0.01 mol H* ionL-!
—log [H¥] =-log 0.01 =-logl02=—-(-2)=2
Worked Example-4.42 : Calculate pH of 0.01M acetic acid solution. In this solution acid
dissociates 12.5%. |
Solution : CH;COOH (aq) = CH3COO~ (aq) + H* (aq)
Here 12.5% acid dissociates. So for 0.01M solution of acid
[H*] = 0.01x 0.125 = 1.25 x 10-3 mol H* ionL-!
~ pH = - log[H*] = — log (1.25 x 10-3) = (- log1.25 — log10-3)
. = (- 0.097 + 3) = 2.903
Worked Example-4.43 : Calculate dissociation constant (Kj) of 1.0 X 10-2 M formic
acid (H-COOH). pH of this solution is 2.90.
Solution : H-COOH(aq) == H-COO~ (aq) + H* (aq)

[Ht] x [HCOO- . 13 :
Ko= [}-I—C OOH] ]‘ here, [H+] = [HCOO"] Given, [HCOOH] = 1.0 x 10~ M
e [H*] x [HT] i [H+]2 pH = 2.90
~ [H-COOH] ~ [HCOOH] [Ht]=?

We know, [H*] = antilog (—-pH) K="

or, [H*] = 10-PH = 10-2.9 = 1.2589 x 10-3M

(H1)2 (1.2589 x 10-3)2

i = = ) =g
«=THCOORT = Tox joz = |5848x 10

K

K, = 1.5848 x 10-4
Worked Example- 4.44 : Calculate‘pH of 0.1M ethanoic acid at 25°C. [K, = 1.76 x 10-5].

Solution : -~ CH;COOH(aq) = CH3;COO (aq) + H* (aq)

[CH3COO~] x Ht].

. Ka‘ = "‘—m}ﬂ ; Here, [CH3C00 ] = [H+]

Ethanoic acid is a weak acid; it ionises in small amount. So undissociated CH;COOH

concentration is about to 0.1molL-!.

_ [CH,COO ] X [HY] [HH]?
Then Ko = ——(6,COOH] ~ = 0.1
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[H¥]12 =K, x 0.1 = (1.76 x 10-5) x 0.1 = 1.76 x 10-5; from question :
. [HH] =176 x 106 = 1.33 x_10-3 molL-! K, = 1.76 x 10-5
- pH = —log (1.33 x 10-3) = 2.88

Worked Example—4.45 : In an aqueous solution concentration of Ht ion is 3 x 10-3
molL-!. What is its pH? What is the nature of that solution alkaline or acidic?

Solution : From question, [H*]=3 x 10-5 molL‘.l
= pH = - log [H*] = -log (3 x 10-5)
= —[log3 -5 x logl0] = — 0.4771 + 5 = 4.52
. pH of solution = 4.52 which is less than 7; so solution is acidic.

Worked Example—4.46 : Calculate pI'I of (a) IM NaOH: (b) 0.IM NaOH; (c) 0.02M
NaOH; (d) 0.001 M NaOH solution.

Solution : Here NaOH is a strong alkali. So in all the given dilute solutions NaOH ionises
completely. Hence concentration of OH- ion is equal to molarity of solution in each case.
' NaOH (aq) — Na* (aq) + OH- (aq)
(a) In IM NaOH soln, [OH™] = ImolL-!;
~ pOH = _ log [OH] = —log 1 = 0:
- pH=14—-pOH = (14-0) = 14
(b) In 0.IM NaOH soln, [OH] = 0.1 molL-!
v pOH = _log [OH-] =-1log 0.1 = 1; .. pH = (14— POH) = (14— 1) = 13
(c) In 0.02M NaOH soln, [OH] = 0.02 molL-! .. pOH = _ Jog [OH-] = - log 0.02 = 1.7;
- pH=(14-POH) = (14 - 1.7) = 12.3 X
(d) In 0.00IM NaOH soln, [OH-](="10-3 mol OH jonL-!
<. pOH = _log [OH-] = —log 103 = 3; -, pH = (14 - POH) = (14 - 3) = 11
Worked Example — 4.47 : What is pH of 2.5% NaOH solution? s
Solutionll : In 2.5% NaOH solution, NaOH ionises completely. Here 100 mL 2.5% NaOH
contains 2.5g NaOH.
" . 1000 mL contains NaOH = (2.5 x 10)g = 25g NaOH

25g
Again gram mol. mass of NaOH = 40g mol-!; .. 25g NaOH = 40g mol-T = 0.625 mol.
. In 0.6éSM NaOH solution, [OH-] = 0.625 mol OH~ ionL-!
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. POH = _Jog [OH-] = - log 0.625 = 0.204
~. pH = (14 - POH) = (14 - 0.204) = 13.796

Worked Example-4.48 : Concentration of OH- ion in a solution is 8.2 x 104 molL-!,
What is its pH?

Solution : From question, [OH™] = 8.2 X 104 molL-!
- POH = _ |og [OH-] = - log (8.2 x 10%)

= - [log 8.2 — 4 log 10] = (- 0.9138 + 4) = 3.09

. pH = (14 - pOH) = (14 - 3.09) = 10.91

Worked Example—4.49 : Conjugate acid of NH; is NHyt ion, its K, = 5.8 X 10-19, then
calculate K, of NHj3 base.

Solution : From relation of conjugate acid-base, K, x K, = 10-14
10-14

="—5 8% 10__10 =1.72 x 10_5

From question, K; = 5.8 X 10-19; . K

Worked Example- 4.50 : At 25°C temp. organic base dimethyl amine aqueous solution
of 1.0 X 102 molL-! concentration has pH = 7.64. Calculate Ky, of this base.

Solution : Equation for ionisation of this base.

(CH3),NH + H,0 = (CHj3); NH* + OH-

+ = 12 :
- Ky = (CH T L [OHT]__[OHL e, (CRs)oNH;*] = [OFE]

From question, pH = 7.64; .. POH = (14.0 - 7.64) = 6.36

.. [OH™] = antilog (- 6.36) = 4.37 x 10-7 molL-!
(4.37 x 10-7)2

B ))

=1"918x1 0zl

Worked Example-4.51 : At 25°C, PH of a solution is 5.50. What is the molar

concentration of OH~ ion of this solution?
Solution : We know pH + pOH = 14.00
-~ pOH = 14.00 - pH Given, pH = 5.50
or, pOH = (14.00 - 5.50) = 8.50 [OH-]=?
or, — log [OH~] = 8.50 or, log [OH™] = - 8.50
or, [OH™] = antilog (- 8.50) = 3.16 x 10-°M
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Worked Example —4.52 : Concentration of H* ion in the juice of a fruit is 3.3 x-10-2 M.

What is pH of it? Whether the juice is acidic or alkaline?
Solution : We know, pH = - log [H*]; . From question :
s pH=—log (3.3 % 10-2) = 1.48 [H*] =33 x 102M

. pH of fruit juice is 1.48 and it is less than 7; hence fruit juice is acidic.

Worked Example—4.53 : Two solutions of pH = 3 and pH = 6 are given. Which solution
is more acidic and how much times more acidic than other; explain.

Solution : We know, pH = — log [H;0+]

. [H30%] = 10-PH

‘When, pH = 3, then [H;0%] = 10-3

When, pH = 6, then [H;0*] = 10-¢

.. Between two solutions of pH = 3 and pH = 6; the Ist solution with pH = 3 has more
concentration of H;O* ion than other solution of pH = 6. So Ist solution is more acidic,

From calculation, it is clear that the concentrat:on of H30% ion in solution of pH3 is more

than that of 2nd solution and it is %5 = 10’ times more acidic. So strength of st solution is

1 times more acidic.

i



T NS G S T Iy i = i) 5 i L

\

¥es.- pH of a solution ‘may | 14 u :
established on following two basm pomts, such as lM HCl solutlon s pl‘I '—1*0*,3 __dwlM' NaOH

‘solution's pH = 14 - pOH = 14 - 0 = 14

‘So for more than 1M HCI solut_mn :-suc_h-'-'as
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the concentration of more dilute solutions-such

S o A

d to mean .\-:\fqry-'-d_ll_q_tg acid or alkali solut;onsg.;;a

4.13. Buffer Solutions

In the previous article—4.12 we have known that when.a few drops of acid or base

solutions are added to neutral water, then pH changes in noteable range. But there are many
chemical, industrial and biological processes where the restoration of pH of the related

solutions are very essential. For example, how does blood maintain a constant pH of 7.4 in

contact with countless cellular acid-base reactions? How can a chcmlst suslam a nearly

this reason, chemlsts use solutions whlch contain weak acid and its conjugate base. are called

buffer solutions because they resist drastic or more changes in pH.

efinition of Buffer Solution : The solution, whose pH remains unaltered, even after
adﬂlhon of smal amount of base or acid, is called buffer solution.
The strength of a solution to prevent the change of pH is called buffer capacity of the

solution. The mechanism of prevention in change of pH value even after addition of acid or
base is called buffer action.

(i) Acidic Buffer Solution : By dissolving a weak acid and salt of that acid with a strong
base, an acidic buffer solution is prepared. For example, An acidic buffer solution can be

prepared by dissolviné acetic acid and sodium acetate salt in water.
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(i) Basic Buffer Solution : By dissolving a weak base and salt of that base with a strong
acid, a basic buffer solution is prepared. For example, A basic buffer solution can be

prepared by dissolving NH4OH and NH4Cl salt in water.
Buffer solutions of different pH can be prepared by the application of Henderson

Hasselbach equation.
(A) Henderson-Hasselbach Equatipn for Acidic Buffer Solution#
Let us take the acetic acid sodium acetate buffer as an example of acid buffer solution. In
this solution weak acetic acid dissociates as follows party :
CH3COOH(aq) + H20(l) = CH3COO™ aq) + H30* (aq)
Using the Law of Mass Action we can write the equilibrium constant :

[H30%] x [CH3COO™]

Ka = —1CH;CO0H]
K, x [CH3COOH]

H2Ot] =

(D) [CH3COO-]

Acetic acid is a weak acid, hence it dissociates to a small amount. The degree of its
dissociation decreases even more in presence of strong electrolyte sodium acetate. So the
concentration of undissociated acetic acid remains almost equal to the initial concentration of
acetic acid. But the concentration of acetate ion is caual to the concentration of the sodium
acetate salt (strong electrolyte). Hence the above equation may be written as follows

[H30+] = K, x Lacidl

[salt]’ ; Taking log on both sides we get :

alt A B, -
or, log [H30*] or, — pH = - pK, - log [chc% [ log B=-— log K]

br, pH = pK, + log T%ilcil]]‘\’ Itis Henderson-Hasselbach Equ

Using this equation pH of acid buffer solution can be calculated.
(B) Henderson-Hesselbach Equation for Basic Buffer Solution :
Let us take ammonium hydroxide (NH4OH) and ammonium chloride (NH4Cl) buffer as

an example of basic buffer solution. In this solution weak base NH4OH ionises partly :

NH,OH (aq) = NH4* (aq) + OH~ (aq)

. + = ¢ !
Here equilibrium constant, K = [NI-I[4NI]_I:<0¥_IO]H I¢ [OH™] = K}, x %

Now taking log on both sides, log [OH-] = log Ky + log [mﬁ]

Chemistry—First—64
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[NH4OH]
[NH,"]

!
PKs + log [NH%}]I] or, (14 = pH) = pKy + log fiacer

Now multiplying by — 1, we get, —log [OH ] = - log K}, — log
or, pOH =

- pHi= 14 = pKy, = l'og"'[%%{_lt_ is Henderson-Hasselbach Equatiofi of basic buffer.

Using this equation pH of basic buffer solution can be calculated.

(1) Henderson equatlon tells us how to prepare a buffer solution with a given pH.
(2) Henderson equation may be used to calculate pH of a prepared buffer solution.

(3) This equation may be used to calculate the proportion of acid and salt needed to prepare
a buffer solution of definite pH.

(4) Generally the weak acid whose pK, value is very close to pH of the required buffer

solution is selected. Then the ratio of [salt]/[acid] is calculated from the Henderson
equation. For example,

(i) To prepare a buffer having a pH near to 7, we might use the HyPO, - Hpoﬁ' conjugate
acid-base pair, because the pK, for HzPOE is — log (6.2% 10-8) = 7.21 :

(it) Similarly a mixture of NH4Cl and NH3 would be a good choice for a buffer having a pH
near to 9, because the pK, for NHI is — log (5.6 X 10-10) = 9.25. As a rule of thumb, the

PK; of the weak acid component of a buffer should be within +1 pH of the desired pH.
(5) Because buffer solutions are widely used in the laboratory and in medicine, pre-packaged

buffers having a variety of precisely known pH values are commercially available. The

manufacturer prepares these buffers by choosing a buffer system having an appropriate

pKj value and then adjusting the amounts of the ingredients so that the [base]/[acid] ratio
has the proper value.

4.13.1 Mechanism of Buffer Solution or Buffer Action
- ‘Buffer Action : The mechanism of prevention of change of pH of a solution even after
addition of small amount of acid or base is called its buffer action.
A The essential feature of a buffer is that it consists of high concentrations of the both
vl;reak acid (HA) and its conjugate base (A~). When small amounts of H;O* or OH~ ions are
added to the buffer, they cause a small amount of one buffer-component to convert into the

other, which changes the relative concentrations of the two components.
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* As long as the amount of H30* or OH~ ions added is much smaller than the amounts
of HA and A~ present originally, the added ions have little effect on the pH, because they are
consumed by one or other buffer component : the A~ ion consumes added H;0* , and the

HA consumes added OH™ ion.
Let us consider the alkaline buffer prepared.from sodium bicarbonate (NaHCO3) and

sodium carbonate (Na2CO3) to explain the buffer mechanism. In this buffer, weak base is

carbonate (CO32-) ions and its conjugate acid is bicarbonate (HC03_) ions.

Here NapCO3 and NaHCO3 being strong electrolytes (ionic salts) dissociate completely in
aqueous solutions. But bicarbonate (HCOE) ion, being a weak electrolyte, dissociates partly

with reversible process.

NaCO3 (s) + aq — CO32- (aq) + 2Na* (aq)

NaHCO3 (s) + ag — HCO3 (aq) + Nat (aq)

= )
HCO3 (aq) + H,0 () = H3;0* (aq) + CO3 ™ (aq)

The equilibrium constant (K,) of acidic bicarbonate (HCO3) ion is as follows :

[H30*+]X[CO32-] [HCO37]
= s [H;0t] =K X
= HCON) ol s o
Note that because K, is constant, the [H30%] of the solution depends directly on the
buffer-component concentration ratio, [HCO3~)/[CO3%-] = [HAJ/[A~].
(i) If the ratio [HA]/[A~] goes up, [H30%] goes up.
(#) If the radio [HA] / [A-] goes down, [H;0*] goes down:
Now we add a small amount of strong acid (HCI) or strong base (NaOH) and observe the.
change of pH of the buffer, if any, with explanation of the changes. :

(a) Addition of H3O* ions to a Buffer : When a small amount of strong acid like HCl is
added to this NaHCO3 and NapCO3 buffer, then H307 ions produced from given HCI acid
will combine with equal number of carbonate (CO32-) ions from the buffer to form more

bicarbonate (HCO3™) ions.
HCl (aq) +H20 () — H30%(aq) + Cl-(aq)
H30%(aq) + CO32~(aq) — HCO3~ (aq) + Hy0 (0)

R E—
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As a result, [CO32-] ions goes done by that amount of added H30* ions and [HCOE] ions
goes up by that amount, which increases the buffer component ratio [HCOE]I [CO32-], as we

can see in Figure— 4.25, also increases but very slightly

After Original After
Soidadded b baseadded W
% H0" | - 2- [HC
S 3 : o OH G;|
2- |HCQ; | +——— co | HCG, — | CO;

Hz0 + HCO; « H30* + CO32- [ | HCOj + OH-— CO32- + Hp0

Fig —4.25 : Change of buffer-component ratio on addition of H30* or OH- ions.
(b) Addition of OH~ ions to a Buffer : Adding a small amount of strong base like NaOH
produces the opposite result of addition of H30* ions. The base supplies OH~ ions which will

combine with equal number of bicarbonate (HCO;) ions to form CO32- ions and water.

NaOH (aq) + ag — OH(aq) + Nat (aq)

OH" (ag) + HCOj (ag) — CO32- (aq) + H20

As a result, [CO32-] ions goes up by that amount of added OH~ ions and [HCO3~] ions
goes down, which decreases the buffer-component ratio [HCO3-)/ CO32- in equation (1),
also see fig-4.25. The change is very slight in both the cases.

Thus, the buffer components consume virtually all the added H30* ions or OH~ ions.

Because the concentration ratio [weak acid]/[conjugate base] remains close to its original

value, so the change of pH of the buffer is very negligible and practically remains constant.

E%%ﬁ}?l :

HACCO

_,q_g to blcarbonate buffer ‘system of human blood, -at..normal.
7.4; ood'pH value may Mless by pH + 5-f6r

’Alternate Method : Mechanism of Buffer Action : |-
In old or classical method, buffer action of a buffer solution is explained below :

(1) Mechanism of acidic buffer solution
To explain the mechanism of acidic buffer solutions, let us take the example of acetic

acid—acetate buffer. The two components of this buffer dissociate in solution as follows :



Chemigai'!’thanges _ 509

CH;3COOH(aq) = CH;3CO0O (aq) + H' (aq) [It is a weak aeid it dissociates sliglit‘iy]

CH3COONa(aq)—CH3;COO (ag) + Na*(aq) (It is a ionic salt, it dissociates completely]

So, in this buffer solution, three ions like CH3COO ion, H* ion and Na* ion are pres"ént.

(A) Removal of added small amount of H* ions :

When a small amount of strong acid like HCI acid i.e.HT ions are added to this acidic
buffer, then added H* ions react with acetate ions to produce undissociated acetic acid

molecules.
CH3COO (aq) + H'(ag) — CH3COOH(aq)

Since acetic acid is a weak acid, it dissociates to a very small amount, specially in presence

of strong electrolyte sodium acetate. So the concentration of Ht ions does not increase i.e its

pH remains unchanged.

o1
Added H ions « ~ CH;COOH Added H'ions«— —H,0
CH3COONa—| CH3COO" |+ Na* NH,OH = NH4%{OH~
+ =
Added OH ijoms«——— L p,0  Added OH ions« —>NH;OH
Fig- 4.26(A) : Mechanism of a acidic Flg 4.26 (B) : Mechanism of basic
buffer solution buffer solution.

(B) Removal of added small amount of OH™ ions :

When a small amount of strong alkali like NaOH solution i.e OH™ ions are added to this
acidic buffer, then added OH ions react with the HY ions present in solution and produce
H,0 molecules. Then the equilibrium of dissociation of the acetic acid is shifted towards right

side to produce more H* ions. and thus to compensate for the reacting I-I"‘ ions.

OH™ (aq) + H* (ag)— H20 () |

CH3;COOH (aq) ¥ CH3C0O(aq) + H (aq)

So we see that whether an acid or a base is added in small amount to an acidic buffer
solution, due to interaction with the component ions, the concentration of Ht ions or its pH "
does not change appreciably.

" (2) Mechanism of Basic buffer solution :
"To explain the mechanism of basic buffer solutions, let us take NH40H and NI-I4C1 buffer

as an example. The components of thl_s buffer dissociate in solution as follows :
NH4OH (ag)==NH,+ (ag) + OH" (aq) [NH,OH is a weak base, it dissociates slightly]
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NH,CI (aq) — NH," (aq) + CI~ (aq) [NH4 Cl is a strong electrolyte, it ionises completely]

So in this buffer solution, three ions like NH4+ ion, OH ion and CI” ion are present.
(A) Removal of added small amount of H* ions :
When a small amount of strong acid like HCI acid or H* ions are added to this basic
buffer, then added H* ions react with OH- ions to produce water molecules.
OH™ (aq) + H' (aq) — H,0 ()
~ The OHf ions neutralised by added H* ions are then compensated by the dissociation of
weak NH4OH. NH40H (aq) == NH;' (aq) + OH (aq)
{B) Removal of added small amount of OH_. ions :
When a small amount of strong alkali like NaOH solution or, QH ions are added to this
_ basic puffer, then added 9y ions react with NH‘;r ions to produce weakly dissociating
NH4OH molecules.
NH, (aq) + OH (aq) — NH4OH(aq)

So 'whc'ther an acid or a base in small amount is added to this basic buffer solution then
- P o t :
the concentration of H ions or its pH value does not change appreciably.

| Buffer Range : | The Buffer range is the pH range over which the buffer acts effectively
“and it is related to the relative component -concentratiot’lé.‘ The more the buffer component

 concentration ratio is from 1, the less effective the buffering action (that is, the lower the
buffer capacity.) In practice, if the [A™]/[HA] or [salt]/[acid] ratio is greater than 10 or less

than 0.1 — that is, if one component concentration is more than 10 times the other—buffering

at buffers have a usable
log [salt]/[acid] =

T o b g T S g f e
._. 0 a"}‘r"'ﬂ"" ,. ,:IE,*-L.‘:_:_‘;‘.:%..‘.;.:- L:) 4

action is poor. Recalling that log 10 = 1 and log 0.1 = — 1, We find"th:

i o
- — == g Feals ¥ Sk e L T L e e g TRy S F T e
rangege wil f ) U1 31 LINE ¥ g -0 1e-acid compone|

nf. pH = pK, +
5 3

ﬁ;uﬂ’er Capacity :

The Buffer range is the pH range over which the buffer acts effectively
Buffering ability of a buffer solution is expressed by the term buffer capacity. It is a

Ka

Ty o s P e R S e e eyt
yod ertectively. Then 1t will be a 'poor bufie

measure of the amount of mole number of acid or base that the solution can absorb with a :

change in one unit of pH.
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il X no. of mole of acid or base mixed in 1L buffer
{Buffer Capacity = Total change in pH value :

Buffer capacity is also a measure of how little the pH changes with theaddmon'of\a“g‘i@
amount of acid or base. Buffer capacity depends on how many moles of weak acid! an: ¥

conjugate base are present in the buffer solution. For equal volumes of solution; the'n

ic_oméntrated the solution, the greater is the buffer capacityj]
~ Worked Example-4.54 : What will be the change in pH of the alkaline buffer containing

0.10M NaCO3 and 0.10M NaHCOj3 solutions, if 0.01 mol NaOH is added to the buffer?
Here K, of the acid (HCO;) is 5.6 X 10-11?
Strategy : Calculate pH of the buffer before adding NaOH Solution : Bicarbonate

iomizes as follows :
HCO3~ (ag) + H0 = H30" (ag)+ CO32(aq)
(0.10 + x)

Reaction :

Equilibrium concn. (M) : 0.10-x)
[H307%] x CO3%7]

Equilibrium constant, K; = [HCO3]
Ky X [HCO37]
... H O+ =
Lo

\
As NapCO3 is a strong electrolyte, the concentration of CO32- will be equal to NapCO3
such as 0.10 M. Again HCOE is a weak electrolyte and it ionizes slightly and then it will

increase concentration of CO32~ ion slightly.

K,X(0.10 = X) 0.10
H:0*] == Tos) = KaX 0,10~ Ka

. [ H30*] will be equal to 5.6 x 10~11]; because K, = 5.6 x 10~11. Here value of x is

very small, so (0.10-x) and (0.10 + x) each is taken as equal to initial concentration.
- pH = —log [H30%] = - log (5.6 X 10-11) =
.. The buffer has pH value 10.25

Solution : On adding 0.01 mol (x mol) NaOH, neutralization reaction occurs and then

remaining ' [H30%] is to be calculated.
- 100% e
Neutralization reaction : HCO, (ag) + OH~(ag) — H0(l) + CO% (aq)

Before reaction (mol) : 0.10 + 0.01 0.10

Change occurs (mol) : —0.01 - 0.01 + 0.01
After reaction (mol) : 0.09 0.0 0.11
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If we assume that the solution's volume remains constant at 1.00L , then concentrations of
the buffer components after neutralizaticm are :

[HCO3]-0103E)“1?I—009M [cO3 ]_01156'{“’1 = 0.11M

Substituting these concentrations into the expression for [H30*], we can then calculate
the pH of the final buffer solution : -

[HCO3] 5.6x 10-!1 x (0.09 ¢
23_' -t (0.11) 0.5 =4.58 x 10-11M
[CO; ] :

<. pH = log [H30%] = — log (4.58 x 10-11) =

Adding 0.01 mol of NaOH changes [H3O0*] by only a small amount, because the
concentration ratio [weak acid]/[conjugate base] such as [HCOE] / [CO%—] changes by only a

[H30%] =Ky X

small amount, from 1.0 to 9/11 (figure-4.25), which plays the main role for change in pH
from 10.25 to 10.34.

‘Worked Example- 4.55 : Using Henderson Equation :
What ratio of [NH3]![NHI] is required for a buffer solution that has pH = 7.0? Why is a

mixture of NH3 and NH4Cl a poor choice for a buffer having pH = 7.0?
Strategy : Calculate required [NHg]I[NHZ] ratio from Henderson equation

Solution : As Ky, value of NH3 = 1.8X 10"5) then Ka value of NH4 ion will be related as :

B3I 0=00
- pKa = —log (5.6 x 10-10) = 9.25
Again, log Eil = (pH - pKy)
[NH4]
= (7.0 -9.25) =-2.25

-, [NH3)/[NH}] = antilog (~2.25) = 5.6 x 1073,

|Poor buffer : | Fora typical value of [NHI], say 1.0 M, then NH3 concentration would

have to be very small (0.0056M). Such a solution is a poor buffer because it has little
capacity to absorb added acid. Also, because the [NH3] I[NH4] ratio is far from 1.0, addition

of a small amount of H30* or OH~ ions will result in a large change in the pH value.
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Worked Example—4.56 : (a) Calculate pH of buffer solution containing equal volumes
of 0.1M CH3COOH and 0.1M CH;COONa solutions. (b) What is molar concentration of H*

ion of this solution? [K; = 1.0 x 10-]

Solution : (a) From Henderson equation, pH = pK, + log [[;:ilg]

From question, K, = 1.0 x 10-5; .. pK, = - log K, = —log 1.0 X 103=5

Here, [salt] = 0.1, and [acid] = 0.1, putting these values we get,
H=5+log~8%=5+logl=(5+0)=

(b) Again, [H*] = 10-PH = 10-5; ... Molar concentration of H* ion = 10— M.

Worked Example-4.57 : At 25°C, for acetic acid pKa = 4.76. How can you prepare a
buffer solution of pH 5.0 with this acid?

Solution : From Henderson equation, pH = pK, + log [[::,l:]]]
(salt]
r log (S _ pHL_ pK, = (5.0 - 476) = 0.24
[[;f_f: i = antilog 0.24 = 1.738 = L.798

So sodium acetate and acetic acid in mole proportion of 1.738 ¢ 1.0 are to be mixed per

litre solution.
Worked Example-4.58 : What is the pH of the buffer solution containing 0.1molL~1
CH;COOH acid and 0.15 molL-! CH;COONa solutions. Here K, = 1.77 X 10-3.

Solution : From Henderson equation,

pH = pK, + log [[asgxl:i]]' - Here, K, = 1.77 X 1073 ‘
CH;COONa] 2 #n6
. pH = — logKq + log ['C_}ﬂﬁ)ﬁﬂ_ [CH;COOH] = 0.10 M
0.15 [CH3CO0N&] =0.15M
H = AN
p™ =—-log (1.77 X 10 5)+logo'10 pH = 7

pH = (4.7521 + 0.1761) = 4.9282; .. PH =4.93
Worked Example — 4.59 : 10 mL 0.IM CH3;COOH is mixed with 4fnL 0. lM NaOH

solution. What is pH of the mixed solution? [pKa = 4.76]
Solution : 4 mL 0.1M NaOH reacts with 4mL 0.1IM CH;COOH to produce 4 mL 0.1M
CH;COONa solution. '

CH;COOH + NaOH —> CH3;COONa + H,0
0.IM 0.IM 0.1IM

listry—First—65
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- In the mixture residual acetic acid = (10 — 4) mL = 6mL. Here sodium acetate and
acetic acid are in 4 8 6 mol concentration.

From Henderson equation :

pH = pK, + log [[:Tail:i]j = (4.76 +log %) = 4.584

Worked Example — 4.60 : 20 mL 0.2M NaOH solution is mixed with 50 mL 0.2M
CH;COOH solution. What is pH of this mixed solution? Here K, = 1.8 x 10-5.
Solution : NaOH solution reacts with CH;COOH as follows :

CH;COOH + NaOH ——> CH3COONa + H,O
20mL02M 20mL02M  20mL 0.2M

s 20 mL 0.2M NaOH reacts with 20 mL 0.2M acid to form 20 mL 0.2M CH3COONa
salt which is diluted in total volume 70 mL. So at last (50 — 20) mL = 30 mL 0.2M equivalent
CH;COOH is present in total volume 70 mL mixture.

0.2 x 20
<. In 70 mL mixed solution, present mol. number of CH;COONa = —ggg— = 0.004
; - 0.2x 30
In 70 mL mixed solution, present mol. number of CH3COOH = —000 = 0.006
= For buffer solution, pH = pK, + log % = - log K; + log [[aszilg]

- pH=-log (1.8 x 10-) + log%% - or, pH = (- log 1.8 — log 1073 + log 4 — log 6)

or, pH = (- 0.255 - 5 + 0.602 — 0.778) = 4.56787; ..pH = 4.57
Worked Example—4.61 : [R. B. 2017; Di. B. 2017; D. B. 2016]
(a) Calculate pH of solution in beaker—A; [K, = 1.8 X 10-¢4]

(b) If a small amount of HCI acid is added in  [[Ssimyss
‘beaker—C of the given stem, whether pH value of 9

B S e

beaker-A beaker-B | beaker-C

Solution : (a) As per given stem, the solution in beaker-A is a weak acid solution. Because

that solution will change or not; explain.

K, of HA = 1.8 x 10~ as per question. Weak acid ionises partly in solution. From Ostwald
dilution law dissociation amount (c) is to calculate for calculation of pH of weak acid HA.

HA (aq) = H* (ag) + A™ (ag) From question :
At equilibrium : (1-0)C oC oC K,= 1.8 x 104
Here, K, = 02C. . C=0.1M
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Ka 1.8 x 104
=NiCis =0 e = 0.0424

From above equation, [Ht] = aC

or, [Ht] =0.0424 x 0.1 M = 0.00424 M

. pH = —log [H*] = - log (0.00424) = 2.373

Solution : (b) : As per stem, the mixed solution (A + B) in beaker 'C' is an acidic buffer
solution.

HA(aq) + NaOH(aq) — 3 NaA—(ag) + H0()
15mL 15ML 15mL

0.1IM 0.IM : 0.1M

From above equation, 15 mL 0.1M NaOH solution reacts with 15mL 0.IM HA acid
solution to produce 15mL 0.1M NaA salt solution. Beside this in mixed solution (25 + 15)
mL = 40 mL, actually (25-15)mL = 10mL 0.IM HA equivalent acid is present together with
equivalent 15 mL 0.1M NaA salt solution.

", In 40 mL mixed solution, mole number of HA = 1100301 = 0.0010
and in 40 mL mixed solution, mole number of NaA = % = 0.0015

. For buffer solution, pH = pK, + log ‘[LE;%]]' = —log K, + log [E:il;]]

: 15
- pH = - logl.8 x 104+ log %3113; or, pH = —log 1.8 — log 10'4+logﬁ

pH = (- 0.255 + 4.0 + 0.176), .. pH = 3.921
From property of buffer solution, if small amount of HCI acid is added in this buffer
solution, then pH value of it will not markly change. The mechanism for keepmg pH fixed is
explained below. This buffer solution contains followmg ions ui' SOlllthﬂ
' HA(aq) = H* (aq) A7 (ag) .
NaA (aq) — Na (aq) + A~ (aq) .

When:a small amount of dil. HCI acid is added in this buffer solution, it ionises
completely to produce H* ion and CI~ ion. Later H* ion combines with negative ion A~ of
the buffer solution to form weak electrolyte HA acid. In presence of strong HCI acid, weak
HA acid remains undissociated. For this no change in molar concentration of H* ion in that
buffer solution occurs; hence pH of the buffer solution remains unchanged.

HCl(aq) —> H*(aq) + CI~ (aq) [ionises competely)
H*(aq) + A=(aq) — HA(aq) [remains undissociated]
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Worked Example—4.62 :
(a) Calculate pH of mixed
solution (B + C) of the stem.
(b) What will be the nature of
mixed solution (A + B) of given
stem; explain it.
Solution : (a) Calculation of pH of mixed solution (B + C) :
As per given stem, in 'B' container 6 mL 0.05 M NaOH solution and in 'C' container 150

=1.85 x10 =

mL 0.05 M CH;COOH acid solution are present. Following reaction occurs in their mixed

+ H0()

solutions :
—— CH3;COONa(aq)

NaOH (aq) + CH3;COOH(aq)
6mL 0.05 M

6mL 0.05M  6mL 0.05 M
From equation, 6mL 0.05M NaOH solution reacts with 6mL 0.05M CH3COOH acid to

form 6ng0.05M CH;COONa salt solution. Besides this , in mixed solution (150 + 6) mL or
156 mL actually (150 — 6) mL or 144 mL 0.05 M equivalent CH3COOH acid is present

together with 6mL 0.05M equivalent CH;COONa salt solution.
144 x 0.05
1000 = 0.0072

6 x 0.05

and in 156 mL mixed solution, mole number of CH;COONa = —1000 = 0.0003
[salt]

1
[l

. In 156 mL mixed solution, mole number of CH;COOH =

" For buffer solution, pH = pKj, + log % =—log K, + log [acid]
-. pH=-log (1.85 x 10-3) + log-g:gg% Given :
K, = 1.85 x 10-3

or, pH = — log 1.85 —logl0-5 + log (0.04171]

~ . or, pH=(-0267 + 5.0 - 1.379) = 3.354

Solution : tb) Determination of nature of mixed solution (A + B) :
As per given stem, solution ‘A" is 20 mL 0.IM H,SO4 and solution 'B' is 6mL 0.05 M

i ' NaOH solution. Both the strong acid and alkali react as follows :
 H,S04 (aq) + 2NaOH (ag) ——> Na,S04 (aq) + 2H0 (1)

i 1 mol 2 mol
| From question, in comparison to H,S0, acid, both molar concentration and volume of

NaOH solution are less than those of H;SOy acid. So calculation on the basis of less amount
of NaOH, will be more easier. We know, 1000 mL 0.05 M NaOH solution = 0.05 mol NaOH.
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- From question, 6mL 0.05 M NaOH = %_6_ = [0.0003 mol NaOH]|

Again 1000 mL 0.1M H,SO, acid solution: = 0.1 mol H,SO,

». From question, 20mL 0.1M H,SO, soln _ 0-1x 20
; 2RO ==050 = [0-002 mol H;504]

As per above neutralisation reaction :

2 mol NaOH = | mol H,SO,

Ix 0.0003 mol

. 0.0003 mol NaOH = 3 = 0.00015 mol H;SO4

. After neutralisation of NaOH, amount of H, SO4 acid remained
= (0.002 - 0.00015) mol H,SO4 = 0.00185 mol H,SO4

. In mixed solution (20 + 6) mL = 26 mL 0.00185 mol H,SO4 remained.

mole number of H,SO4
volume of solution in litre

.. In mixed solution, molarity of H,SO4, M =

. Molarity, M ___W = 0.071 molL-! (or M)

. Mixed solution (A + B) of given stem is acidic and has 0.071 M concentration.
Worked Example - 4.63 : Following the equation based stem; answer related questions:

HA + H,0 = H;0t" + A—; Ky=1:85C 0 [Ctg. B. 2017]

(a) As per stem, calculate pH of 0.1M HA acid solution.

(b) Prepare a buffer solution with that acid (HA) and explain the mechanism of buffer
action.

Solution : (a) Calculation of pH of 0.1M HA solution :

Here HA is a weak acid; because K, of HA acid is 1.8 x 10-3 given in question. Weak acid
ionises a little in aqueous solution. So by using Ostwald's dilution law, HA dissociation
amount (0 is to calculate and then pH of the acid solution will be calculated :

HA (aq) = H' (aq) + A~ (aq); From question
At equilibrium ; (1 - 0)C oC aC C=01M
Ka = 1-8 X 10-5_

Here for acid HA, K, = a2C

) fKa ."I.SX 10-5
Lo=\TE= _0._1—30'0134

Again from above equation, [H*] = aC; or, [H*] = 0.0134 x 0.1M = 0.00134M
.. pH =2 log [H*] = - log (0.00134) = 2.873.
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Solution : (b) Preparation of a buffer solution with HA :

As per given stem HA acid is a weak acid, because K, of HA is 1.8 X 10-5. So a buffer
solution of a particular pH with this acid (HA) and its salt (NaA) with strong alkali NaOH
solution in proper mole-ratio can be prepared as per Henderson's equation.

As per Henderson's equation, pH of an acidic buffer solution remains near to pK, value
of weak acid 'HA'. Only small value comes from relation log [salt]/[acid].

From given stem, pK, = —log 1.8 x 10 -5 = 4.7447. So a buffer solution of pH 5 will be
prepared using Henderson's equation.

We know, pH = pK, + log [[:;l(tl]]
[salt]
or, log [acid] = p — pKa = (5.0 —4.7447) = 0.2553
[NaA] N
[NaA] 1.8

LHA] = 1.0 So pH 5 buffer solution has prepared by mixing 1.0 molL-! HA acid

solution with 1.8 molL-! NaA salt sojution.

By using pH meter it is confirmed that the prepared buffer solution has pH 5.
Explanation of Buffer Action :

In this prepared buffer solution, related weak acid and its salt ionise as follows :

HA(aq) = H* (aql") + A~ (aq); [weak acid, ionises less]

NaA (aq) —> Na' (aq) + A~ (aq); [ionic salt, ionises more;]

(i) Addition of small amount of acid or H* ion : In acid buffer solution if a small

amount of acid like HCI or H* ion is added then H* ion reacts with negative ion A~ (here) to
produce weak electrolyte HA molecule :

Ht (aq) + A~ (ag) —> HA (aq)
The product HA is a weak acid and it ionises in a very negligible amount in presence of
strong electrolyte NaA salt solution. So added H* ions can not change pH value of the buffer
solution i.e. pH of the buffer solution remains unchanged. ;

(ii) Addition of small amount of alkali or, OH™ ion :

When a small amount of alkali like NaOH or, OH™ ion is added in acidic buffer solution,
then it reacts with H* ion of buffer solution to form H,O molecule. Then equilibrium of HA
(aq) weak acid slightly shifts towards right to supply more H ions to cover the used up H*
jons. Thus concentration of HY ion of the buffer remains same i. e. pH remains unchanged.
OH~ (aq) + H* (aq) — H;0 ()

HA (aq) = H* (aq) + A~ (aq)
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Worked Example—4.64 : In a beaker there is 50 mL 0.1M BOH alkali solution and in
other beaker 0.1M 150 mL HA acid solution, K, of HA = 1.8 x 10-°. (a) What will be pH of

the mixture of two solutions of two beakers? (b) What is pH of above BOH alkali solution?

Solution : (a) When both alkali (BOH) and acid (HA) solutions of two beakers are mixed,
then 50 mL 0.1M BOH reacts with 50 mL 0.1M HA acid to produce 50mL 0.1M BA sait
solution and water as follows :

BOH(aq) + HA(ag)—> BA(aq) + H,O

50mL 0.1M 50mL 0.1M 50mL 0.IM

So unreacted (150 — 50) mL or, 100 mL 0.IM HA acid remains in the mixture; and
molar ratio of salt (NaA) and acid (HA) in the mixture will be 50 : 100 or, 1 : 2.

From Henderson's equation, given, Kz = 1.8 X 10-5

pH = pK, + log [[;;l:l]] For mixed soln, pH = ?

or, PH = _Jog (1.8 x 10-5) + log %; or, pH = (4.745 - 0.301) = 4.444

. pH of the mixed solutions is 4.44 l
Solution : (b) As per given stem, BOH is a strong alkali solution. So in aqueous solution

0.1M BOH ionises completely :
BOH (aq) — Bt (aq) + OH—(aq)
0.1M 0.1M
. pOH = — log [OH-] = - log 0.1 = 1.0; pH of BOH = (14 — p®H) = (14 - 1) = 13.
Worked Example-4.65 : (a) To prepare a 4.0 pH buffer solution how much mL of 0.1M
sodium fermate solution is to mix with 60mL 0.05 M formic acid solution? [pKj = 3.8]
(b) What is molar concentration of H in that buffer solution? [Madrasa B. 2017]

Solution : (a) From Henderson's equation, pH = pKj; + log Easiilltc]l]

_Suppps_e.‘ x mL 0.1M sodium formate (H-COONa) solution. is needed.
valvy

In x L 0.IM H-COONa soln mole number of HCOONa = O—'I—T(%-“il = 0.0001x mol

0.05 x 60 mol _
1000 -

In 60. mL 0.05M H-COOH soln. mole number of H-COOH = 0.003 mol

From question, pH = 4 and pKj = 3.8; putting these values in Henderson's .egniﬁql!__ 2
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4 =38 +log %—; or, 1og% = (4-3.8) = 0.2 = log 1.5849

4

0.003 x 1.5849mL
or, 0.0001x = 0.003 x 1.5849; ... x = 0.0001 = 47.55 mL (approx)

. Required sodium formate = 47.55 mL
Solution : (b) Calculation of molar concentration of H* ion in buffer solution :
From question, pH of buffer soln = 4.0
We know, [H*] = 10-PH = 104

:. Molar concentration of H* ion in buffer solution = 10-4M

Wt’rked Example — 4.66 : How many gram of sodium ethanoate is to mix with 200 mL
0.25M ethanoic acid to make concentration of H;O% ion 1.5 X 10-3 g. ionL-!

[Ka= 1.8 x 1079]

[salt]
[acid]

Solution : From Henderson's equation : pH = pK; + log

or, log [[:zilztil] = (pH - pKyp) = (- log [H3O+] + logKy) = — log (1.5 % 10-5) + log (1.8 % 1079)

It
or, log [[:zid]] = (4.8239 — 4.7447) = 0.0792

or, tlas-:il—td]]- = log1(0.0792) = 1.2; .. [salt] = 1.2 X [acid] = 1.2 x 0.25M = 0.3M

< 1M 1000 mL solution contains CH;COONa = 82g

X2 0.
. 0.30 M 200 mL solution contains CH3COONa = 82, ?ggo 308 = 4.92g

. 4.92g sodium ethanoate is to mix with the solution.

Worked Example — 4.67 : Each of two solutions, has PH = 9. Between them one is a
buffer solution and other is NaOH solution. How can you differentiate these two solutions;

explain.
Solution : From definition of a buffer solution, between the two solutions, the solution
which pH \;alue remains unchanged with addition of few drops of 0.1M HCI solution or 0.1M
NaOH solution, will be a buffer solution. In other solution if a few drops of 0.1 M HCI or

0.1M NaOH solution is added then pH value of that solution will be decreased or increased

respectively. Thus two solutions are differentiated.
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Déte"of Expt .-'

Principle : To prepare a carbonate buffer, as a weak acid sodium bicarbonate (NaHCO3)

and its conjugate base sodium carbonate (Na;CO3) solutions are used.
Plan : Preparation of 0.5L (NaHCO3 — NapCO3) buffer of pH = 10
Required Chemicals : (1) NaHCO3, (2) Na2CO3. (3) Distilled Water
(4) dil, HCI, (5) dil. NaOH
Required Apparatus : (i) 500 mL measuring flask-2, (2) Funnel, (3) Wash bottle,
(4) Beaker (5) Chemical balance, (6) pH meter
Procedure : (1) Preparation of 0.20M NaHCOj3 solution in a 500 mL measuring flask :
1 mol NaHCO3 = (23+1+ 12 + 48) = 84 g NaHCO3

1000 mL IM NaHCO3 = 84 g NaHCO3

84 x 500 x 0.2
». 500 mL 0,2M NaHCOj3 = g NaHCO3
1000 x 1
= 8.4g NaHCO3
(2) Weigh out 8.4g NaHCO3 on a chemical
balance and make solution in 500 mL measuring
flask. It is 0.20 M NaHCOj3 soln.
(3) To calculate required amount of buffer
component NayCO3 :

From buffer-component concentrations ratio for Fig— 4.27 Weighing NaHCO;

buffer of pH 10, the amount of required [CO32-] in chemical balance.
can be calculated as follows :

HCO3 (aq) + HoO() — H30" (aq) + COZ™ (aq)
[H30%] x [CO5*]

- Ka=""T5c0, 7
L HEO ) :
[C0 1= Kaximah 1) 5

istry—First—66
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Again, pH = - log [H;0"]
<. [H30%] = 10PH = 10-10 = 1.0 x 10-10 M; [HCO5] = 0.20 M (prepared)
[Ka of HCO3 = 5.6 x 10~!! (From table)

Substituting these values in equation (1), we get :

2-  (5.6x 10-1)x (0.20)
CO: ]= =0.112M
(£0 31 1.0x 10-10

*. Required mole of NapCO3 for S00 mL buffer solution :

Moje of NapCO3 = Volume of solution (L) x Molarity of NaCO3
0.5L solution x 0.112

= 1L solution
106g NapCO3 x 0.056 mol Nap CO3

= 0.056 mol NayCO;

= 5.94 g NapCO3 (approx.)

(4) Now weigh out 5.94 g NapCO3 on a chemical balance.
(5) Add 5.94 g NapCO3 through a funnel into the second 500 mL measuring flask. Now

add 500 mL 0.20M NaHCO3 solution through funnel to dissolve NapCO3 into this second
measuring flask Thus 500 mL NaHCO3 — NayCO3 buffer of pH 10 is prepared.

Checking pH of the prepared buffer solution : The electrode or probe of the pH meter is
immersed in 200 mL of prepared buffer taken in a beaker. The pH meter records the pH of
the buffer solution 10. So we have prepared the desired buffer correctly.

Checking buffer action : (i) Now add 2 mL 0.1M
NaOH in 200 mL buffer taken in the beaker and mix
well. This time pH meter shows pH of the buffer very
near to 10. Similarly 200 mL buffer solution is taken in
second beaker and 2 mL 0.1 M HCI is mixed. This time
also pH meter shows the pH of the buffer very near to
10. Thus it proves the buffer action of the prepared

desired buffer. Fig 4.28 : Checking pH of the prepared
buffer with pH meter.

4.15 pH of Human Blood
Human blood and other liquid parts of the body are composed of chemicals in such a

way that every liquid system of a human body can act as a buffer with proper buffer
capacity. As a result, the different aminoacids (H2NCHR-COOH) can take part in definite
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biochemical reactions properly. Among the different liquid systen
good buffer, its pH is 7.4 under normal condition. In'blood, b:carbon.., arbonic ac
[system works effectively. So blood is a mild alkaline system. The pH of blood can vary frorm
7.8 to 7.0 from normal pH 7.4 by increasing or decreasing by + 0.4 pH unit. If it goes’
outside this range by 0.5 or more than + 0.5 unit of pH, then life becomes critical. When the *
change in pH value of blood remains within £ 0.1 pH unit, then blood can carry oxygen’
properly.

#[(i) When human blood pH is more than 7.45; then it is called alkalisis state of blood
in medical term. More alkalisis state causes even to death of a patient.

* (i) When human blood pH is lower than 7.0; then it is called acidosis state of blood in
medical term. More acidosis state causes nervous gradually weak and then to a state of deep
unconsciousness called ‘coma' state of patient.

pH control of a human blood : The following buffer systems involve in the control of

(i) Bicarbonate buffer in blood.
(ii) Inter-cellular phosphate buffery
(iii) Protein buffer in human body]

Here phosphate buffer system (NagHPO
{cellular buffer, it can not play any ‘importan

(1) Bicarbonate buffer system of bloog : In blood serum the effective buffer system is
the sodium bicarbonate-carbonic acid (NaHCO3-H2CO3, pK, = 6.1). It is the most important

buffer system of the extra-cellular plasma liquid of blood. Here decomposition of carbonic
acid (HpCO3) occurs as follows : -
HyCO3 (aq) = H* (aq) + HCO; (aq)

[H*] x [HCO3;
Ka=—tmc05 ¢ Ka=79x1077]
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[HCO3; [salt]
or, pH = pK; + log [H;C03] <. pH = pK, + log Tacid]

ﬁéifé%iﬁéicdﬁcenﬁ%}idn7'of:-bim(ﬁ(:0§) is‘about 24 m mol/L in the plasma liquid
of the blood, and the concentration of carbonic acid (H2CO3) or that of solution of CO;. it is
equal torthe'product of the partial pressure (40 mmHg) of CO2 gas and itsjsolubility product
cgn;t__‘qp&él_e‘fp‘r?{d_lgbiﬁty 'p;_oduc_:t‘-c@pstant of COg:'-*-"O.'OEj:

.". Concentration of HpCO3 in plasma liquid = 40 x 0.03 m mol/L = 1.2 m mol/L

Putting the values in above equation, we get :

pH = 6.1 + log -12-% = (6.1 +log 20)=6.1 +1.3 =74

When excess hydrogen ions are absorbed in blood due to intaking more acidic food like
lemon juice, then following reaction occurs in blood liquid to neutralize the absorbed H*
ions: H* (aq) + HCO3 (aq) — H2CO3 (aq).

Later unstable carbonic acid (H2CO3) decomposes to H2O and CO2 gas which comes out

through the lung during the expiration. On the otherhand, when the concentration: of OH™

ions increases in the blood, following neutralization occurs :
OH-(aq) + H2CO3 (aq) — HCO;3 (aq) + HpO (1)

Many medicines are injected in patient's body for treatment of different diseases. These
injections are prepared in such a way that they can easily reach equilibrium with the blood

and do not change its pH.

Worked Example- 4.68 : The ratio of acid and its salt present in blood serum is 0.05
and pH 7.4. Due to a special chemical mechanism the pH value of blood remains unchanged

after intaking acidic or sour fruits like lemon juice or basic different substance like antacid.
(a) as per above stem, calculate K, value of the weak acid of blood serum.

(b) explain the mechanism of keeping constant pH value in blood as per given stem.
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Solution : (a) Calculation of K, of the acid in blood :

As per given stem, the weak acid present in blood serum is carbonic acid (H,CO3) and its
salt sodium bicarbonate (NaHCO3). From question, ratio of acid and its salt or, ratio HCO3
and NaHCO; concentrations = 0.05 and pH = 7.4. From Henderson's equation.

[salt]

pH = pK; + log [acid] > MOV putting values we get,

or, 7.4 = — log K, + log Olﬁ;

or, log Ky =-74 +log 20 =(-74 + 1.3) =-6.1
or, antilog K = antilog (- 6.1) = 0.000000794
or, Kz =7.94 x 10-7

Solution : (b) Mechanism of keeping constant value of pH of blood serum |

Follow, article-4.15 (1) Bicarbonate buffer system of blood.
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= [salt]l[acxd], anulog ©. 9) [salt]f[amd] _
v 'culate pH of the buffer solutmn contammg 0 1 molL“ ethanmc ac1d and 0. 15
molL-_._l SOdll.]Ill ethanoate so!utxons [Ka 1 77x 10'5] -_f _' CEESIR [Ans. 4. 93]

e)'-‘Calculate pH of the buffer solutxon contammg 0. 10 molL‘ ethanoic acid and 0. 20
mc:ol]'.,"I sodmm ethanoate soluuon [Ka =; 1 8 >< 10-5] : o (o eyl 2 [Ans 5.05]
. (f) Calculatc pH of the buffcr solutlon contammg 0 ZM cthanmc acnd and 0.3M sodium
ethanoate [Here Ka= 1 80 X 10—5] BA g N sl e "~ [Ans :4.92)
(g) In a baszc buffer solutlon 0 015 mo]L"‘NH;;OH and 0. 025 molL-! NH,CI soluuons
prése.nt Calculatc pH of 1t Kb of N'I-L;OH = 1 RS 10'5 p - [Ans. 9 03]

4.16.1 Importance of pH in Agriculture

The control of pH of soil is very important for the production of crops in the agricultural

field. The plants and trees can take their food from soil only if the pH of the soil remains

um pH depefids on the plantg and

). For example, due

to acid rain, pH value of the soil falls and plants and trees die there and the area becomes
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barren and somewhat desert. Eor the acidic soil, basic compounds like lime (Ca0), dolomite
(CaCO3. MgCO3) powder are to be mixed With soil to increase the pH value of the soil: Tri thel
{r'norc acidic soil of Lalmonirhat of our country, lime_ and, or dalomit_e_pqw_de{ arg;fmr _W
the agricultural land where maize, wheat are grown successfully. Again for the more basi¢
soil, having pH value more than 935, the fertility of the agricultural land is destroyed due to
death of the essential micro organism of the soil. Micro organism can grow more in soil when'

its pH value lies petween 6.6 to 7.3, It supplies nutrients like N, S and@.
So to decrease the pH value of the more basic soil different nitrate fertilizers like KNO3

(NH4NO3 and Phosphate fertilizer like T S P or monocalcium phosphate: monohy(w
{[Ca(H2P0O4)32], (NHg);HPO4 and super phosphate powder are mixed with the soilt

Super phosphate is a mixture of mono calcium phosphate monohydrates
[Ca(H,P0,),.H,0] and gypsum 2(CaSO4.2H,0) powder.

4.16.2 Importance of pH in Chemical Industries

In different chemical industries, the control of pH values plays an important role for
quality and stability of the products and to increase the percentage of yield. It is most
essential to maintain definite pH of the reaction mixture to produce individual products such
as different medicines in the pharmaceutical industries; to produce alcohols by fermentation;
to produce bakery foods, sweet substances like chocolate. Besides these, the chemists have to
maintain a definite pH to the related different chemical industries such as during the tanning
of skins and hides, in the preparation of biological cultures, to centrol the soil chemistry of
the agricultural lands etc.

The pH value of the sugar-cane juice is to maintain properly to manufacture cane-sugar
in sugar mills. If it is not done, yield will be less due to the acidic hydrolysis of sucrose into
invert-suger, an equi-molecular mixture of glucose (or aldo-hexose) and fructose (or keto-

hexose). So, to stop inversion process of sucrose to invert-sugar, sugar chemist has to control

pH range in sugar mills.
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In dyeing industries, acidic dye and alkaline dye are used for different kinds of fabrics
such as cotton fabrics, silk-fabrics and artificial polymer fabrics. Each type of dyeing
chemical can combine with fibers of the fabric in a particular pH range to act as fast colour.

Again if pH is not controlled, then more acidic dye will destroy the fibres of the cloth and
thus duration of life of the colour cloth is shorten.

Besides these, pH control plays very important and essential roles in production of pen-
ink, in concentration of sulphide ores by oil-froth floatation process in metallurgy, in CETP

(combined effluent treatment plants) for the purification of harmful wastes of different
industries.

4.16.3 Importance of pH in Toiletries

Now-a-days toiletries mean toilet soap, shampoo, face wash and tooth paste. These
substances are used to wash skin of the body, hair and skull of the head and teeth, gum, inner
part of the mouth regularly. Skin plays a role to control the body temperature. Besides this,
skin protects our body from the attack of fungus, virus and bacteria and other germs that

f. cancreate skin diseases.

To protect the body skin from the attack of these harmful micro-organism, acidic
protective layer is essential on the body skin. For this cause, naturally, skin produces on its
epidermis an oily polish acid-mantle called sebum secreted by the sebacious gland lying
below the skin. m&ofmesklnremaxnsat a range of 4.0 to 5.5 generally. But the soft
MMQ@@@&L@@&:m_éir‘i'tains5'_'a'm'0re;ﬁH,.ra_'ngc.such as'7=8. This acidic mantle of

epidermis maintains moisture on skin, creates softness, elasticity in skin. So when this acid-
mantle is destroyed by any cause, then it causes total harm to the skin protection. For

etergents and soap, used for cloth and utensils. washing, contaifixmore strong g!&gﬂ&
IS ¢ produce pH value 11=13. So this soap with high pH value causes

harm to the epidermis of the hands of the frequent users. Then their skin becomes dry,

uneven and rough. So the pH value must be maintained strictly within the proper range of

each of the toiletries during their production. For example,
To save skin from bacteria, the pH of the skin must be maintained at range of
4.0~ 5.5. In this case, intaking of anti-oxidants like vitamin A, C, E and green tea
plays and important role.
g To maintain pH 7 — 8 in soaps which are used during bathing.
ﬁ To maintain pH 5-7 in shampoo which are used for washing hair and skull.
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K;T/? To maintain pH 6-8 in face-wash producing.

L(vﬂ To maintain pH 8 in toothpaste producing.

4.16.4 Importance of pH in Taking Medicine

We know that different physiological chemical reactions are controlled by enzymes in the
cells of the each organ of a human body and each fluid in each organ maintains a definite pH
value. For example. ]

(1) Tear of eye, pH = 4.8 — 7.5,
(2) Saliva, pH = 6.35 = 6.68]

(3) Mother milk, pH = 6.6 - 69!
@) Humanurine, pH'=4.8'= 7.8,

(5) Human blood; pH=17:4:

(6) After vocal cavity, leading to stomach, m ib | acidic stom
Eilid= 25@ As a result, stomach enzyme, pepsin becomes active. After that, at the begmmng
of the small intestine at dudenum, Bile secreted fromilivericreatesian alkalineime :

We become ill, when any change occurs in physiological system based on pH value for

any abnormal condition. Then we take medicine, a chemical substance, as tablet or injection
for curing our ill body to healthy one. Here, medicine swallowed by mouth and medicinal
drop added in eyes, in each case, medicine is absorbed intercellularly and then mixes in blood

stream which carries the medicine to the affected organ to heal in proper pH medium.

According to the physician advice, medicine must be taken in proper dose. Then that’
medicine can be absorbed by the organ of the body in definite and active pH range to act
properly at the affected part of the organ or on bacteria. The absorption of medicinal
chemical substance can occur in each of the entrance of the human body through the cellular

membrane. The absorption process of molecules -of"di*lig_ or medicine depends on three’

factors :- (i) molecular solubility, (ii) degree of i_oniz"aﬁon'_-éandf(i'i'i)f"pﬁiﬁ{!,ﬁl:ﬁg?

Each and every medicine or drug is more or less water soluble and the degree of
dissociation is also different. Molecules of each drug remain in solution as dissociated ions
and undissociated molecules both.

. Medicine or drug taken = undissociated molecules + dissociated ions

stry—First—67
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Here undissociated molecules of drug or medicine are absorbed more effectively. For
example,

(1) Acidic medicine such as aspirin and paracetamol used as antipyretic and pain-killer

- are absorbed in stomach wall properly in acidic medium. Because in acidic gastric medium

58 fﬁ’those medicines ionize less, but remain as undissociated molecules more.

(2) Again chloroquin used as antipyretic is mild alkaline and it ionizes less in alkaline

TN

' '”“m‘ﬁ—ﬁfmﬁiﬁt&sﬁner(pﬁﬁggs& and remains as undissociated molecules more. So in

s e T

each case the undissociated molecules of medicine are absorbed more effectively as proper
dose. depending on the value of pH range.

So, medicines can act properly in ill-health in definite range of pH of the body fluid
where related medicines are absorbed as undissociated molecules.

4.17 Selection of Proper-pH Cosmetics after Testing
The common and noteable cosmetics of everyday use are the followings :
(1) toilet soap, (2) toothpaste, (3) cold cream/snow, (4) talcum powder etc.
Among these cosmetics, tbothpaste is used to'wash teeth and vocal cavity of the mouth to °
make free from bad odour and germs, if away. Other cosmetics such as toilet soap, cold

cream, snow and talcum powder are used to take care of the skin throughout the year, cold or

hot seasons.

The skins of grown up men and women maintain an acid-mantle with pH range 4 — 5.5
but the skin of baby maintains a pH range near about 7. So the cosmetics, those are used by
the aciults, can not be applied to baby skin. If those are used; baby skin will be injured and
harsh. Again acidic medium exists in the vocal cavity. We use antiseptic mouth-wash, if tooth,
gum is inflammated due to germ attack and bad odour comes out from mouth. The mouth
wash bottle remains labelled with a mark pH 5.5; which is very near to pH 6.35 — 6.68 of the
saliva of the mouth. But after taking food, within one hour, the pH of the sﬁliva_l- .d_cnmcs down

to 3-due to hydrolysis of food particles and oxidation of sugar to carboxylic acid. So
‘ toothpaste contains mild basic substant;es with pH 8 to neutralize partly of the more acidic
-medium present in the mouth cavity. Now let us test different cosmetics available in the

market practically in the chemistry laboratory to determine their pH values and then select

those properly useable cosmetics for ourselves.
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Student's Laboratory Work :

Determination of pH of Common Cosmetics

Expt. No.—- 1

Name of Expt.; Determination of pH of different branded soaps and their use ability

Date ..

A. Aim : To know if the different branded toilet soaps contain pH properly.
B. Required substances : 1. Different branded soaps such as Lux, Tibet, Nirma.

C. Required Apparatus : (1) Beaker, (2) glass rod, (3) wash bottle,

(4) pH meter or universal indicator.

(2) Indicators strip or solution. (3) pH meter

Time : 2 period

Table 4.5 : Different pH colour of the Universal Indicator

pH 3.4 5.6 7 8,9,10 | 11,12 12 13, 14
Universal Red Orange | Yellow Green Blue- Blue Violet
Indicator: green

D. Procedure : )
1. Prepare soap solution of each of the branded soap in water taken in separate beakers.

2. Now dip electrode of pH meter into each of the soap solution and then record pH

value shown on the screen of the pH meter, in the following data-table.

Or, add universal indicator strip or 2-3 drops of indicator into the each soap solution

and then record the colour change with corresponding pH value.

E. Result comparison and conclusion : Now compare the pH value of soap approved

and that of the experimental brand soap. Finally give comment on each branded soap

with its pH value, if it is suitable, to use for adult or baby.

F. Experimental Data :

Sample of | pH of brand | Approved | Sample's pH | Comment on Expt. Result
branded soap soap | pH value more/less
1. Brand-1 7 1. pHis less | 1. Suitable for dry skin
2. Brand-2 8.1 7-8 2. pH is more | 2. Brand 2, 3 are suitable
for oily skin as they contain
| more alkali
| 3. Brand-3 8.2 3. pH is more




