SURFACE CHEMISTRY

61 INTRODUCTION

Surface chemistry is the branch of physical chemistry which deals with the
study of phenomena occurring at interfaces. The study of interfaces is of great
significance for chemists because it finds applications in our daily life and industry.
Mainly, surfaces play an important role in catalysis, colloid formation,
chromatography ete. This chapter covers the fundamentals and applications of
surface chemistry. Adsorption is the process of attachment of adsorbate molecules on
the surface of adsorbent. This chapter explains the adsorption isotherms, adsorption
of a gas and its catalytic reaction on solid surface. Adsorption of two gases and their
catalytic reaction on solid surface and retardation process is also explained with the
help of Langmuir adsorption isotherm. Eley-Rideal mechanism and Langmuir-
Hinshelwood mechanisms to study some organic and inorganic reactions have been
described in this chapter. Catalytic decomposition of ammonia is also described by
the Tempkin adsorption isotherm in detail. The gas-solid interface is of great
importance in catalysis. The current chapter also covers some basic physical aspects
of catalysis, autocatalysis, enzyme catalysis and enzyme inhibition. Moreover
comparative analysis of competitive, uncompetitive and non-competitive enzyme
inhibitions is also discussed in this chapter.

62 ADSORPTION

When molecules of a substance come in contact wij;h any Sghd rFaee iin
molecules get attached on it, this process of attachment of molecules is nimtd as
adsorption, In other words,/attachment of particles of a substance fm the m:fal:,e ﬁ.f
another substance is called adsorptions” Adsorbate and. ad}::m:be}?:t‘ ;:1:; 1 };1::}?
mponents which are necessary for adsorption. M:ng.aI.thq (11: ert,;m_] ‘: ; ieq e
¥et attached to the other surface and the substance on whic ab ::gr pti_on bem_use =
5 called agsorhent., Adsorption can be distinguished fm.i;:_]a__ {‘Ese R il
dsorption adsorbate moleci:,ies will attach at the surfacesw |“; ::u 'En_pgmlmn i on,
lecules Wiﬂ penetrate into the body of udsqrbeut. l.;._' pr'),ﬂ‘ﬁoﬁ,” 3
Molecules of  sibstance into the other substance 13 called absor] ¥
‘ ce at same time thlfln the process 18
sorption.

When adsorption and absorption takes pla

v z xam le Uf
known as sorption. The dyeing of cotton fibers is a0 €% -

465




466 Modem Physical Chemisty ____—————

Types of Adsorption

: :on 1.6 physical and chemical adq.,
There are two types of adsorption 1.e. pRysict £ 8Gsorpt

distinguishing characteristics are given below " Vg
Physical Adsorption = Chemical Adjorp*.ig,,i B
e e R e | . . — _
| Physical adsorption occurs through 1. Chemical adac_up[.m; 1 oc 1
van-der Waal's forces. So, it is also through ch(amlcfii bm_h‘,"“”--. 1t 15 g4,
| known as physiosorption. known as chemisorption. i
9 Physical adsorption is fast process. | 2. Chemical adsorption is slow
g process.
3. This is relatively weak adsorption. | 3. This is relatively strong adsorption
4. It has low value of heat of 4, It has h_igh value of heat of
adsorption. adsorption.
5. Physical adsorption is mostly | 5. The process of chemisorption may
exothermic process. be exothermic or endothermie,
:l 6. It is not specific. 6. [t is highly specific.
| 7. It depends only on the nature of 7. It depends on the nature of
adsorbate. adsorbate and adsorbent.
8. It is usually multilayered 8. It is monolayered adsorption
adsorption i
9. It decreases with rise of 9. Itincreases with increase of
temperature. temperature.
10. It is reversible process. ; 10. It may be irreversible or reversible
process.
11. Heat of adsorption is less than 40 11. Heat of adsorption is greater than
kd/mol. 80 kJ/mol.
12. For example, Adsorption of oxalic 12. For example, H2 adsorbed on _
acid on charcoal. Ni/Fe/Pt. —
6.3 FACTORS AFFECTING ADSORPTION
(i) Nature of Adsorbate and Adsorbent =
s e varios
Adsorption depends upon the nature of adsorbate and adsorbent. ‘Th e

groups of adsorbate and adsorbent are responsible for adsorption. For
polarity of both can cause force of attraction between them.

(ii) Surface Area
Of ad{-m

Surface area of the adsorbent has pronounced effect on the rate .
Adsorbent with greater surface to volume ratio possess greater extent of @

. i -2 BEY
and vice versa. If substance is divided and subdivided further then ¥* very &7
particles. This process will increase the surface area to volume ratio ¥ &
extent.
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i) f[‘wu'speratur{! affects the process of adsoypt
€ . raATragERg -3 - &
adsorption increases with the incre:

«al , i
nemic e decreases with the increase of temper
1 S5

1se of

a
¥ . ature
i, ature,
_uJJorp
Preggurefconcentl'atlon
i) A ilibrium exists betwesn
{ D'."'n‘m,n(' eqm. li U'L.b.th—. between the adsorbed and desorbed gas
jecules during adsorption process. So, according to Le-Chatlier’s piincinle s
mo™ ads to higher rate of adsorption. When o S rincy necrease
i presﬁu"e lea g : ption. When pressure is decreased it causes

{es0P t1o1

;gDS()RPTION ISOTHERMS

Adsorption of a substance on the surface of another substance can be
qestigated under various conditions of temperature and pressure but in most
judies relation between extent of adsorption and equilibrium pressure has been
explored. When a gas starts to adsorb on a surface, initially its rate of desorption
gepends upon number of molecules adsorbed. With the increase of number of
molecules adsorbed, rate of desorption increases. “When rate of adsorption becomes
equal to the rate of desorption this state is called dynamic equilibrium.” At dynamic
gquilibrium, the pressure is called equilibrium pressure. The process of adsorption
and desorption in a close vessel is shown in Fig. 6.1 (a) at equilibrium. “The relation
between extent of adsorption and equilibrium pressure ot constant temperature is
wiled adsorption isotherm.”

541 Freundlich Adsorption Isotherm

Freundlich gave an empirical relation between extent of adsorption and
pressure of gas at constant temperature in the form of an empirical equation which is
given below
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Where, P is the equilibrium pressure and x/m is the extent of adsor,

f adsorbent. k and n 3

sorbate adsorbed per unit mass o
end upon the nature of gas, solid and temper:
but k has dimension of inverse of pressure

f adsorption is a function of equilibrium pressure of 4.,
I Bag a8

amount of ad
constants which dep
dimensionless quantity
equation (6.1) extent 0
shown in Fig. 6.1 (b).

6.1) can be written in the form

Equation ( of equation of straight line ag

X 51
lc-gE = E1::»gP’-i~11:>g]~:

: According to equation (6.2) log (x/m) is a linear function of logP whose g
and intercept are 1/n and log k respectively as shown in Fig. 6.2. This ]’l]{'-t.;";mie
used for the determination of values of empirical constants n and k. -

A
/ \1 ™~
[ } //" /\}/Multiia_\-'cr
b5l
T e
P

log x/m

Single layer

logP —

Fig. 6.2 Pl - g
g ot of log x/m versus log P with slight curvature at high pressure

When wvalue of 1/n
porsasare; aud 3K ﬂPproacheaat%p;E:c&? to zero, then x/m becomes independent of
gas as shown in Fig. 6.3. n x/m becomes a linear function of pressuré®

Freundlich adsorption i

; ption isotherm fo !

can be written by replacing P with C in eqi:fii:?;l?;l o solution to 5 4ol sl
1) as '

X
X _yoh
oy (6.3)

By taking log of equation (6.3)

vy
logE =logk + -II:I‘IOgC

This equation can be
biosorbent in agueous ; used to study the adsorpti = origl 08
medium. Water purification can b:l'-‘ dtl;(:; t?; tli'{t1 ib}r:lalczk'df ot
suitable ads
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Fig. 6.3 Plot of x/m as a function of pressure when n =1
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Fig. 6.4 Plot of log x/m Ver
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ﬁ.-ﬂl/Z/Lungmuir‘s Adsorption Isotherm

. A shemist who worked
v/ Langmuir was an American physical (.h_eir:ll_%f wh 4 on 0ol
W le also derived “adsorption isotherm” and got n
gases on solid surface. He also de ; ir's adsorption isothepm, ;.5 -
chemistry in 1932, The postulates on which Langmuirs p Sotherm jg 1, t5eq
are given below.

Postulates _

(i) Each adsorbent has specific equivalent sites for adsorption.

(i) Adsorbate molecule attach to these sites.

(1) One molecule of adsorbate can adsorb on one site of adsorbent.

(iv)  There is no interaction between molecules of adsorbate adsorbed.

) Rate of adsorption is relatively T A
high as compared to rate of :
desorption at initial stages, & & @8 E

5 ‘ ; )

(vi) Rate of ad=erption becomes equal
to rate of desorption at dynamic & Q@
equilibrium as shown in Fig. 6.5. .

iq 7S - Desorbed gas ——@ ® o ;

(vit}  Fractional surface coverage (8), 2  molecule |
new dimensionless gquantity is
equal to the ratio of number of |L
gites covered to total number of j
gites ie, :

. 0 — A S

g = DO of sites occupied Ada;.orb?d ghs 5 9 9 V VY
ey molecule R

total na. of sites e T z

(viii) - Rate of adsorption depends upon s

the equilibrium pressure of gas ; 2 E BELY e
T ; g ; rium exist
{(adsorbate} and fraction of Fig. 6.5 Dynamic equilib

< AN e ¥ OIbed
available sites and rate of between adsor b'—d‘aﬂd desor
desorption depends’ upon the molecules

fraction of sites covered.

6.5° LANGMUIR ADSORPTION ISOTHERM FOR ADSORPTION OF

_ /" SINGLE GAS SYSTEM

; Adsorption of a gas on solid surface is described by Langmuir ﬂdrm{":i:
isotherm which is a relation between fr ye of 8

! . actional surface coverage and pressu! o The
The adsorption of a gas on solid surface may be non dissociative and dissociat¥e
Lan

uir adsorption isotherm for hoth type of adsorption is described here.

) Langmuir Adsorption Isotherm for Non Dissociative Adsorpt®”

The adsorption process during which gas molecules adsorbed as guch W1

any dissociation is called non dissociative adsorption. Non dissociative 845"
hydrogen on a solid surface can be written as

Hlim‘ HI_IKAM}
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and fraction of

(6.4)
R = (1-8)
(6.5)
On combining equation (6.4) and (.5)
Ry =k (1-0)P, ©6.6)
kads, is the rate constant for adsorption,
According to Arrhenius equation kads is the function of temperature and can
be written ask,,, = bie ¥ . Then equation (6.6) will become
Esa
R,\:-.s, = b]e i [ 'BJF'__,L 6.7)

Rate of desorption iz 4

At dynamic equilibrium, rate of adsorption becomes equal
desorption. So,

R

ads = Rpy,
By comparing equation (6.7) and (6.8) we get,
Evi B
be ® (1-8)P, =be 57 .0
P T Epu
be ¥ P, —b,e FOP, =bye # .0

Bt ——ibe
B BT RT
be ™ P, =be *6P, +b,e T O

Ep

Eun 11" !

TRT Pn

Epe

; ation by b,e” 7
Multiplying and dividing right hand side of eat :

irectly proportional to fractional surface coverage 1.e.

(6.8)

to the rate of



4?2 Modgfﬂ Phyb‘fié'_" Ch‘inﬁtfz‘_J_'_._—-_-_-_. =

/ ~{E u-En.)
{ h_l \I‘l) RT s P
b, ) *
B2 i (6.9)
B e )
1+ ! e e PA
b, /

AI‘!d, AH.‘M:\ i E.-'\.iﬁ = ErJr_'s\/ ”‘“I ]-l.!.

The quantity Ead-Epes is the heat of adsorption as shown in energy
Fig. 6.6.

Putting value of (Eas— Epes) from equation (6.10) into equation

6.9), we ge
Pt T
[ by le Rt p,
L b, ) ;
O W B e R
||/ y .\_:]\_,;
B e
\ Mo
AH,,
([l\]e L.
(5.
So, above equation becomes
Batiy in
1+bP, -

b is the_ af;ianrption coefficient which depends upon the nature of 0%
and adsorbent, it ig temper s

ature dependent and its units are Pa-!
Equation (6-11)_ is"a relation between fractional surface
pressure of gas. According to equation (6.11) 6 is a function of pressul

6.7 gives dependence of § on pressure. The value of 6 increases with the 17

rire

ssure of gas for small range of press

ure and it becomes independent of P©
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very high value of pressure. At this stage, all -

; sites are pecupied |
pat i WhY further increase of pressure hag ng effect on '»-L;. ];;z";'d e
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4
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05 pe==-uf
\ r'll.l
Unastsorbed \ T .-". Linear relation (B « Pay
{reactants) \ -AHa 5 f

/

Adsorbed {products) ¥

Process coordinate sy P

Fig. 6.6 Energy profile of adsorption and Fig. 6.7 0 as a function of pressure of gas A
desorption processes#”

Special Cases

() When P4 is low, then 1 + bPa= 1. So, equation (6.11) will become
=P,
6 P‘
S0, 8 is a linear function of Pa
(ii)

When Pais high, then 1 + bPa= bPa. Then, equation (6.11) becomes
B=1

So, fractional surface coverage is independent of available pressure. At T—!’“-‘
stage, adsorption or value only depends upon value of b. If weak adsorption
occurs, then b has low value and if strong adsorption occurs, then value of b

will be high.
By taking inverse of equation (6.11)
1 1+bP,
6~ bp,
S
8 bP,
WIVERN
B bR, )

ith intercept 1 and slope 1/b.

This is an equation of straight line W
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-

D =

Fig. 6.8 Plot of 1/ versus 1/Px

Fig. 6.8 shows that 1/0 is directly

proportional to 1/Pa. From the slope of thig
graph, value of b can be determined.

6.5.2 Langmuir Adsorption Isotherm for Dissociative Adsorption of a gas

The adsorption
is called dissociative a
directly proportional
1.e.

process during which dissociation of gas molecules takes place
dsorption and for dissociative adsorption rate of adsorption i8
to pressure and square of fraction of vacant sites of adsorbent

Rm 55 (1 o B)z
R
On combining above hoth equations we get,

RM. Ty kAda (1 i 9]2 PA

(6.12)
Eﬂrll
According to Arrhenius equation: k A =be ET
So, equation (8.12) becomes
B‘h‘:
R, =be ¥ P, (1-6) (6.13)

Rate of desorption
coverage becauge two vaca
formed from adsorbed

is directly proportional to square of fractional ¢

1 ,d
nt sites are formed when a molecule of desorP
gas. It means it is second order reaction. Thus
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Ry 6°

Hl\l-u = ki\es[:}z

E 4
According to Arrhenius equation: ke, =h o H
s = Dy

Go. equation (6.14) will become

Efe

s T ol
R[I'es = bEC 2, B {:6]_5)
Eads 18 the energy of activation for adsorption while, Enes is the energy of
sctivation for desorption process.

[nitially rate of adsorption is greater than rate of desorption according to
Langmuir, but rate of adsorption decreases with the passage of time because number
of vacant sites decreases. Rate of desorption increases with time because number of
occupied sites increases.

At dynamic equilibrium, rate of adsorption become equal to the rate of
desorption as given below

R = Rpe,

L Es.

be * (1-8)'P, = bye ¥ 0°

Byt Eps

bl2e 3R (1-0)BJ = bte #7 0

B Epue

% -merph _pt 'E%ep}i — bt T®TH
b']'E" PA‘—b]‘E' i ge

Ena _E_.,_,! s ;
blée 2 + blfe FTOR’ = blte 2T P2

; _Epw Baa TS
B[}_,i’ze'_zm' +b;"('je zn'rpi"z\j:bize_ ZRT P/

z Eis
6= plie WTRS 6.16)
SRR ) Y
1 / ]
byte T +b]}ie T Py
B
: Y5 TERT
Divide above equation numerator and denominator by bj*e
[E; Er..,]
PL * E"_h:FT'_ pj‘é .
b (6.17)

2 .
=t e

Yo (BawBim) 4
1[0 ] o P
b,




L

476 _ Modern Physica)
/
; /
| Nonlinear
| | ED.:.:
[}
Energy | f
b conglin bt SR B bl
Case |
| Unadsorbed
| species Alags
Adsorbed species Ratice .
Process coordinale ——— pal? =
Fig. 6.9 Energy profile of adsorption of a gas  Fig. 6.10 Plot of 6 as a function of p
AHaus denotes enthalpy of adsorption according to Fig. 6.9. AHags is equal to
(6.18)

P

AH,, =E,, - Epes
utting value of (Eass— Epes) from equation (6.18) into equation (6.17)

(6.19)

If,
b,
Then equation (6.19) will become
b'pf:
s
1+l:|'Pf2
actional surface coverage is the functior :

(6.20)

0=

According to above relation, fr

pressure of gas A as given below

0=f(P,)

Special Cases
When Pais low, then 1+ bp/? ~ 1

So, equation (6.20) becomes

@




@

r }l
g=bP’
I
0 x Py*

ans O is directly proportion: B
1t means Y 18 Y proportional to p;? (Fig. 6.10).

. 1/ ,
non Pais high, then 1 + bP/2 =~ p2 o ;
When £ i 8 I"' - 90, €quation (6.20) becomes

g=1
1t means 0 is independent of pressure when Pais high (Fig. 6.10)
By taking inverse of equation (6.20) :

o g Pi';’-
0 b'p‘i”ﬁ

=]

1
0 b'P_ig

According to above equation 1/0 is a linear function of UT‘,E": whose slope
equal to /b, and intercept®qual to 1 as shown in Fig. 6.11.

On comparison of equations (6.11) and (8.20) of non-dissociative and
dissociative adsorption respectively, it is concluded that 6 is more dependent on
pressure for non dissociative adsorption but 6 is less dependent on pressure for
dissociative adsorption as shown in Fig. 6.12.

non-dissociative gas
i

| o g

M

Dissociative gas

0 0 PA ———*
e e
m ing dependence of 6
Mg g G - 6.12 Plot showing dep
5-6.11 Plot of 1/0 versus 1/Pa12 with Bt ?:Pa for dissociative and non-
intercept 1 ¢ cii ssociative adsorption

Lie
Iinj tati Ons

: itative explanation of the
: . ves a quantita _ _
gy The Langmuir adsorption isotherm & n can also be explained with the

DHDU_ T SDI'Ptm

D of he mechanism of chemical f’d dsorption isotherm gives a satisfactory
* Langmy;; equation. The Langmutr 8¢
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a large number of experimental results, B, -

dsorption isotherm assumes that surfy,

layer. But in actual practice, there gy,
to this theory, the saturation value .

ture, But experiments show that satyy..,. P

This theory holds good only at 1oy, H

theoretical explanation of ;
some limitations as Langmuir &
adsorbing one molecule thlck

multilayer formation. According
should be independent of tempera
decreases with the rise of temperature.

Tty :

"al Ui

Ure
Example 6.1
Adsorption of ozone on solid surface takes place according ¢, foll:

Ing
scheme ;

Opigun =200, + Ojaier

Write down Langmuir adsorption isotherm for the adsorption.

Solution

According to the reaction given above, ozone is dissociated into two epecis;
therefore Langmuir isotherm for the adsorption of ozone will be

L
L s
1+b'BJ?

Example 6.2

Adsorption of ozone on solid surface takes place according to following
scheme

Oaggn: =230,
Write down Langmuir isotherm for the adsorption of ozone.

Solution
Ozone is dissociated into three oxygen atoms as given in above equati®
therefore Langmuir adsorption isotherm ig
p
LA
"pla
1+b"Pg3

gl
Comments: If a gas dissociates into greater number of atom® P
dependence of 8 on pressure of gas decreases.

6.6 APPLICATION OF LANGMUIR ADSORPTION ISOTHERM FOE
SINGLE SYSTEM

usrﬁd W"

dy of 8"

The Langmuir adsorption isotherm for single system can be

determination of isosteric enthalpy of adsorption (AHs) and for the stu
reaction of gas on solid surface.




Hence,

it has been proved that 1/[S] 1s equal to -1/kuy.

6.13 B.E.T EQUATION =3
The various types of adsorption isotherms could not be explaineg =

molecular layer adsorption theory of Langmuir, IBrunauer. Emett g4
developed a theory of multi-molecular layer adsorption of gases and -
theory is known as B.E.T theory. These workers extended Langmuir theory o ni
layer adsorption and derived a mathematical equation called B.E.T equatioy bl
isotherm, which explained satisfactorily all the five types of experimental adsorty
isotherms. :

Postulates of B.E.T Theory
This theory is based upon the following assumptions

(i) Adsorption involves the formation of multi-molecular layer, rather
mono-molecular layer. This is represented as follows

Vapour + Free surface = Single complexes
Vapour + Single complexes = Double complexes
Vapour + Double complexes = Tripple complexes, etc.

(ii) Langmuir’s idea of fixed (localized) adsorption sites was retained.

Sy : ; : .
(i)  The interactions between the adsorbate molecules in the adsori®”
were neglected. i
: y ) ur
(iv) For the formation of single complexes, the assumption made 10 Lang?
theory is adopted. o
(v) The ™|

There iB‘ dynamic equilibrium between the successive 1ayer™ the it

evaporation (desorption) from the first layer is equal ™

condensation on the preceeding layer.

pilae for!::es that produce consideration are responsible for b
Successive multilayers,

indiné ©

i : - 911""I ot

(vii)  Heat of adsorption of first layer is different from that of subsed¥ = 4

ew con /!

(viii) After the first 133'31-. the heat of ﬂdBDI'pt.iOl‘l is equal to heat of
vapours,

(ix)

Adsorption and desorption occur on surface only.
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ement of B.E.T Equation

\_-'ut;if

On the basis of above postulates, Brunauer Emmett and Tell lerived
3 <Hinet al eller agrived ‘-:':"

following equation

P e (e B
AR e = |
Vip’-p) V.C |V

o (6.159)
m - w- P oL

This equation is called B.E.T equation. In this equation

Here V is volume, reduced to standard conditions of the gas adsorhed
pressure p and temperature T, p° is saturated vapour pressure of :a.d.'-ul'i_:;l!:-- n_w:-:
pour) at temperature T and Vg, is volume of gas, reduced to standard l-:'-z'u':;ﬂ
(ie. at NTP), adsorbed to form a saturated monolayer per gram of the adsorbent
While C is a constant equal to €~ ™" 4t any given temperature. Here E; is heat
adsorption of first layer, EL is heat of condensation of the gas and E,
heat of adsorption. 7

Derivation of B.E.T Equation

If at any time 61, 02 and 03 ..... are the fractions of the surface covered by
single, double and triple complexes respectively, then the extent of adsorption is
given by the volume of the gas adsorbed on the surface, Ther

V= \Irm{e] o 202 e 38% 4 } (6.1 Hﬂ)

Where Vi is the volume of the adsorbed gas to form unimolecular layer or it
is the capacity for one dense layer.

Since equilibrium exists between different phases, hence expressions for the
equilibrium constants of the reactions are

Fraction of surface covered a Naked surface x Number of molecules
striking per unit area

Fraction of surface covered a (1 0) x P

Fragtipn of surface covered o o X P

wr IR
b
So
6, = K,Po,
6.161)
K, =S ;
PO,
Similarly
o (6.162)
K=
SRAD

(6.163)
B,
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iffer
Where 0, is the fraction of free surface at eqlllhblhl”thhfF;{l 11 t;' '
n 82 18 due tp g}
Ki and K is usually large because K is very greate; thd B i - dit, i
T H a Ce
reduction in adsorbate-adsorbent interaction with incre +ELATIC

difference between K: and K3 or K3 and K are very small, hence it is assumed that
K, =K, <K, (6.164)
ST g =

Where K, is the equilibrium constant for saturated vapour-liquid transitiop
and is given by

p-aiils (6.165)
K, P
Thus from equations (6.161) to (6.164), we have

6, = K,P0, =K, P9, = [P(ja,

PI

PY P (P
6, =K,PO, =K, P6, :[-YJ?]["PTJH' -LFJ )

P i=1

9 =KP6_ =K./P§ = (F] 0, (6.166)

Using equation (6.166), equation (6.160) is modified as
{e +[P]e+[PJa & ]
PY rpy
V:Vmei{l +[F.—] +(FJ +.J

PY (pV
V=VmK,PBu[1+(FJ +[FJ +J (6.167)

Using binomial theorem, for values P<P, we have
e 1

[“(FJ i) J*“l Py

=

Putting this value in equation (6.167) we have

(6.168)
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The total coverage of the surface
B, 46, 408,40, +..=]
Pkltt-ing values of HL. ﬂ.‘, ﬂ:l veo. INItO above equation

|5 ‘ KPO +..=1

B
6, +K,P8, |i—P |K,Pﬂ i
o : o IJ“ o

\ /4

I 1;, L '-l
|| K,P+...]
1 /

I.r- ; p p \
0,[1+KP+| — |K,P+
\ A\ P J
( Fi PY (PYV \
- 4  } -+ —_— —— -
n:_% K,P|1 | = | +..||=1

\

W i

As l+r+r +....+0= ] , 80 above equation is modified as
_p

N S L R | (6.169)

=}
~

| 55 (6.170)

e
L
S i

Substituting the value of 6, from equation (6.170) into (6.168)

b
Pﬂ

il

KP|l—5—




K,P (6.191)

° K P
As K1P=(K,P)P—s-—‘(f—}sc[~7|
PP K \P P°)

and KPP’ =—h—':c
K,

Putting value of KiP and K\P" into equation (6.171)

T [1—5}}(14«:—1)5}

This is the B.E.T equation for adsorption. It involves vapour presst
vapour pressure (P°) at the temperature of the experimfent. an
nts Vi and c. This equation can be rearranged as

e !

g e

saturated
consta




LTI .
g g -— surface Chemistn 541
= —— 2 emistry 541

P . p N
i i .] (e HI;
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_p\- _[ (e- l)}’
v[1-P) Vac VP
| _11- | i
P
A |_|{;- 1)P
o[B=R) Ve Vb
b }_1“ P
P s El (e-1)P

&PV Vo' Voap

Interpretation of B.E.T Equation

L B.E.T equation suggests that the plot of EPP—)‘V versus —PP— should give a
straight line. This has been found to be so experimentally (Fig. 6.39) which
confirms the correctness (validity) of BET equation.

T l}
SIU e = (__
b V.c
Intercept = — :
ntercept=—— ¢c=———————
b ST V., xIntercept
By adding slope and intercept, we get
Blopetlmerent = e
pe + Intercept = Ve Vi
. : c—1+1
Slope + Intercept = -
m
1
Slope + Intercept = v
i - to form
From ahove two equations, the value of Vm and c (volume of gas
Monomolecular layer) can be calculated. %

2 : : : lar layer is formed on the surface,

It is easy to see that when only unimolecular u};tion
; ir e :
3 the BET equation would reduce to Langmuir eq ry can be

: in BET theo
The scheme of multilayered adsorption followed in
epresented as shown in Fig. 6.40. ;
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BET equation is better to obey by process involving high va,, of § |

4, 3B : 8 i the adsorbate-adsorbent . "' K.
under such condition only ey &
predominant. ¢

For adsorption process, the wvariation of equilibrium
temperature is given by Vont Hoff's equation

AG = -RTInK

AG

“ONstant o
“th

K =g RE
So
E,
I:":1 = g]':)é:r
F
K, =g e

Here E; is heat of adsorption of first layer, B

Lis heat of condensation ang o
and g» are various distinguishable states of adsorptio

T.
E E B, E, E,
4 RT RT RT i 18
= }\] = gle = g1e : =R KT
K E, g =g
T; RT L
g.e

If we ignore the energy states then
(B-B)  (E-B
c=g RT ) = g\ KN,T)
:
‘

J i by

heat of adsorptign The ion is better obeye® *

processes involving high v . f | mustion
adsorbent interaction is D

redominant,
Limitations of BET Theory
1. i
The assumption that adsorbate hag liquid properties is not occurred pt!
2. When the pet hea .
the t.of adsorption (Ei- Ev) is low, the constant
i €quation is small. At C <2, the BE EQuati[gn :ives a congave isatherml L
o 1 35.
fcfgfg fer 20l ond when p/os values lie betweeri 0.05 74 ©
: 1on fails if p/po jg below 0.05 and ahove 0.35. d [hf
. Sr?:jlggnatign number of moleéulea 18 the higher layers gt
; m o the' BET equation in another way. : dsgrb‘-"f;
. ilr?t:’ra ca:_iaorbat,e-adaarbent energies, however | the adsor? atifrﬁsj :
o> CANN0t be neglecteq th the isotherm (-
more complicated i, shape. o

s Thus BET equation is approxi

mate and needg modification.
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= Intercept

pipta=——=

Fig. 6.39 Testing of BET equation

Fig. 6.40 Scheme of multi-layer adsorption

6.14 SURFACE AREA DETERMINATION OF SOLID ADSORBENTS

ents which are used in adsorption are porous and
nts gets increased. This enhances the
face area possessed by finely divided
contact catalysis and many other
use adsorption of gases by such
d thus finished a very powerful

~ Generally the solid adsorb
ﬁd n powder form. So surface area of adsorbe
suligdn'ltuc{e of adgorption. The question of the surta
ﬁEidsls};mt 0}’11_',' important in adsorption, but .3150 di
ma(,e'- ET isotherm showed that it is possible to
ol hn?ls fOF determination of their surface areas an
€ing widely used at present.

The porous solid adsorbents possess tWO type
r surface area of porous particles and (B) innel
Walls of capillaries and cracks in the porous particles.
The roughness factor of the catalyst 18 defined as
Total surface area
Roughness factor =5 4. gurface area

a of surface areas: (A) external
¥ Oute r surface area which is due to
Inpey

= 1 i il roug.
ia i {DI 8 5 faCtOr 18 ulllt_‘f a.nd {]1) f()r h
¥ ( ) moot—h Surf&ce, rnughn& 8

C8, it i very high.

Surface ared
Specific surface ared =y of adsorbent

Feila




p 2 ar =, | ] \_\
6anry, =(p - L. )XW {—1 wr

/

e Vo

9n

. SEAT o rith respect to ti the =
As v¢ is the rate of change of distance with respe time, the g},

a90ve g,
- 4 ligh
: . ;
can also be written as

de _2p-p)awr’

dt 9n

Let the particle be at position x1 and x2 at txmg t1 and t, re@”ﬁ\n;-
Separating the variables in the above equation and integrating beiween the iy
time and the corresponding distance, we get |
) 8 B At
‘jd_‘ e 2(;?-—,0",_}_“ ¥ ].;j;
x 917

X f

- A ;2 2

mx_:rg(f' !’m}_“ & £=1) {11.26)
x, 9 r

Where x1 and x2 can be easil

centrifugation. Hence the value of r ¢
other parameters are known.

¥y measured using optical microscope du:r;ng:
an be calculated using equation (11.26) ifl|

(3) Microscopic Methods

Transmission electron microscopy

|
(TEM) and Scanning electron microst?
can also be used to determine the size of d

roplets of emulsion.

(4) Scattering Methods

Dynamic light scatterin

. ngle ¥
B, small angle neutron scattering and gmall 2
ray scattering are also used to d

etermine the droplet size.

11.10 SURFACTANTS: EMULSIFIERS

“The substance which lowers the interfacial tension between two ,';_rqfi: e
used to stabilize the emulsion by increasing its kinetic stability o ': ; widﬂ%
emulsifier”, These can be classified as: surfactant, lyophillic cnlloid,lflﬂﬁ:l.’wt:mﬁ"
solid particles and polymeric materials. Surfactants are surface active ®
which can be used as emulsifier due to their amphiphilic structure.

adi
. 1. i
ids g

Classification of Surfactants > palt

- nto 13
Surfactants can be classified according to polar head groups’
classes,

(1) lonic surfactants

(2) Non-ionic surfactants
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) Tonic Surfactants

The surfactants that have the ability to dissociate in water are called ioni
. | - j wonie
rfactants e.g.;
# | ‘ . : : l e ; [ Y _

Clag e e i ECH}{_CH:}MS()_‘ +Na*

Sodium dodecyl sulfonate

CH,(CH,), NH;Cl" &= CH,(CH,), NH +CI-
Lauryl amine hydrochloride

{onic surfactant is further divided into three classes,

{a} Anionic Surfactants
Anionic surfactants contain anionic functional group at their head e.g.

sodium dodecyl benzene sulfonate.

CH (CH,),,C.H ,50; Na* &= CH,(CH,), C,H,50; + Na"

(b) Cationic Surfactants

Cationie surfactants are those in which hydrophillic portion contain cationic
functional group e.g.; trimethyl dodecyl ammonium chloride.

C\ H o N™ (CH,),Cl” == Cy Hy N* (CH,), +CI

(c) Zwitterionic or Amphoteric Surfactants

The surfactant which contains a head with positive and neg:_ative charges is
called amphoteric/zwiterionic  surfactant e.g. dodecyl betaine [CisHzsN*
(CH 1:CH2C00.

2) No n—lonic Surfa-cta nts

Non-ionic surfactants are those surfactants that have no charge group and
an’t he dissociated in water. Block copolymers of oxyethylene and oxybutylene are
Xamples of non-ionic surfactants. Further non-ionic surfactants may be of two types

2t : :
&r polymeric or non-polymeric surfactants.

1
11 PROPERTIES OF SURFACTANTS

| fmy)g; Some important properties of the surfactants
Sifiers are discussed below

(§1)

due to which they act as

Amn'hiphill ic Structure

hyd-l‘nc: Surfactant molecule has amphi;_)hiﬂi_
Shoy, 3rbons chain which is hydrophobic tai
nFig 1111,

¢ structure, because it has a large
1 a;nd hydmphﬂic head in nature as
nj




806 __Modern Physical Chemistry . s

Hydrophillic head

\N\N\NVVVV

Hydrophobic tail

Rk

Fig. 11.11 Amphiphillic structure Fig. 11.12 Surfactant adsorption
of surfactant, on air-water interfaces.

Adsorption or Surface Activity

When surfactant is added into water it forms a layer at air-water interface hy
adsorpticn process as shown in Fig. 11.12. Surfactant adsorbs in such a way that its

olar head is directed towards the aqueous phase and non-polar portion towards air
e and become adsorb on air-water interface.

(3) Reduction of Surface Tension

When surfactant adsorbs on the surface, then attraction on the surface atoms

is balanced. Now downward force is balanced by upward force of surfactant. In this
way, surfactant decreases the surface tension of liquid,

{4) Association or Micellization

“The process of micelle formation is called micellization”. When a larg
ntity of surfactant is added in water after covering the whole air-water interface;
surfactant molecules will diffuse into the bulk material and they aggregat®
spontaneously to form a micelle as shown in Fig. 11.13. : -

Y

Surface tension
mMN/m

0

InC
F'ig. 11.13 AdSOl’ptiOD and micellization Fig. 11.14: Gibb's adsorption isotherm
: process i
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- ~[BBS'S ADSORPTION R
12 Ll

Gols ac_z
11

‘QUATION
sRelationship between the amount gf sm:'t'act:-mt adsorbed on intepfac and
g 1 solut; v k terface and
gration Oi surfactant in gol ilon gt Constanpt tem]ﬁeratm-se 18 called Gibb's
a1kl & ” " a o . LLRR
‘_.|-_._|..‘I—]D;_J |_~_<[_|L|l'i'~'-""“'u
i ::-:-Ill P d 3 £
i Plot between surface tension and InQ a4 s}
815 i L ;
ion (1), surface tension decreages with the
i PeE101 L] ; ol i i i
e it"d adsm'ptzon.wg,mn Or lJ.?_m.LQ][
ins constant with change of
rems

_ieelle formation occurs in rhi.\:-.‘
.".]}\—,9-1“ of liquid with increase of
IL;:]:-lb]FOriﬁllhiLEd it in. ﬂ:lt’? fﬂrn
I‘-l=-;-‘.!}19rrn. Mathematically it ¢

10Wn ip
increage in
€r region
InC, this regior
region. Gihh ;
surfactant concentration
1 of an equation which ig
an be written as

dy |

LdinC |

ig. 11,14 has twq regions,
value of InC. This
and in region (2), surfae
118 called mice

DVestigated

region
€ feénsion
ler region because
the change of surface
at constant temperature
known as Gibb's adsorption

RT

(11.27)

Where, T" is surface excess concentration and its units are mole/m? g
¥ o . =
be defined as “no. of moles of sy rfactant ad

ind it can
sorbed per unit areq”

[ ™,
Where I—J--— 18 called the surface activity of surfactant at constant
‘LamcL
temperature.

: dinC |
Since, hillbe

dC C
S dmG e f!;
C

- . B Lk e t
By putting value of dinC in equation (11.27), we ge

[y ] (11.28)
Fa=t d_}, |
RT | dC J,.

: (11.29)
=C [ dy
= By o e
T _ e
re the interfacia
| factant molecules to reduce
|11 i the ability of surfacta
LdinC | -
Eﬂ%ii‘a[‘l betweEn two liquids.
s!gniﬁcﬂnceo

fGibb's Adsorption Eyustion face of a liquid of a
m

> the SUr
orption on
This equation is used tn_st'_»zd}' the adsorp
Substance that dissolves in it.

gurface
Whendyhﬂ]iapoﬁthTrLE‘whentZZye,ﬂndt
With concentration, T’ must b niﬁe ca
Solute than the surface, as 1.n. tive agents.
*Ubstances are called surface inac !

ion of the solution increases
ion is ri in
tenﬂ:)ofév of solution is richer
he body

:h many electrolytes and these
e wib
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However when the surface LL.'IISIOI:l of r..h..t‘ 80 »
\tration, ie. dy/dC is negative, I’ is positive and ¢}, ]
conceniiaiidl, 2.+ E e e i e - IR mgpy,
higher concentration of solute x.hdlll the :-,(__}h..Lst}_n. The latte,
“face active agents. Positive surface activity is therefore b
the adsorotion of solute from the solution by the surface of .
negative surface activity is due to the expulsion of solute from th.
= LI & l||\|
The limiting value of the reduction in surface tension with Eitigani
i o4 ; 4 s !'-!"f-'i“'u\ ;
2 ! is called surface activity of a substance.
Ol
2) (3ibb’s equation can also be used to find out the adsorption of gas ‘:‘»"1-;[
'3 d : Akd . P iyt B T
the surface of a liquid in which it is not soluble, lJ_)’ knm-;m;-__r the var i
with P of the adsorbate.
dp=RTdInP
e sl BB gy
RTdInP~ RTdP
or
ME (WL R
RT élnP RT oP
‘IJSI.. ATen W 1 - = _ .
(3) Area occupied by one molecule of adsorbate (a) can be found by usin

following equation

Gibb's Adsorption Law

it was shown theoretically
® lension of a solvent in wh

by Gibbs's that those substances which e .
ich they are dissolve become concentrated I
ation of the substances which raise the
ayer than in the bulk of the solution.

. while the concenty
€88 in the surface |

Example 11.1

la Iss
Che slope of iy
found to be -TOIEJ (? l;}t of surface tension vs. natural logarithm of gurfﬁcw.m §
m. Calculate the surface excess concentration at 25 °C 17 i

Solution

According to equation (11.27)




glope of the plot of surface te

nsion vs. natural

1 '5'1" nt at a conat: + "
ctant at a constant temperature T and i1z equal

vty -] - - -
> Question. Henee surface excess concentration will

TONmi

(8.3143Jmol 'K ')(298K)

0.0283Nm™ 2 2
S — = 0.0283molm™
Nmmol :

11,13 CRITICAL MICELLE CONCENTRATION

Micelle formation occurs due to assoeiation of surfactant molecules into bulk
“Single surfacianit molecule is called unimer” and by the combir

s micelle formation oecurs. 'ﬂu‘ number of surfactant molecules
-alled aggregation number” If the micelle is in spherical form, then its
us is called hydrodynamic radius.

15

Micelles are formed at a certain concentration of -';m'."av.an'a and “th
wm concentration at which process of micellization starts ts call led critical
conceniration (CMC)”. Below CMC micellization does not occur, Spherical
s two regions, hydrophilic region which is called corona and md:uphuh-
on which is called core as shown in Fig. 11.15. If the concentration of surfactant
than the critical micelle concentration then it does not stabilize the emulsion.

: The value of CMC of a surfactant depends upon temperature, hydrophilic-
lipohilic balance (HILB) of surfactant and nature of solvent.

Corona

Core

AUrtactant unimer il droplet

and micelle structure

Fig. 11.15 [lustration of micellization

oo
“™Mination of CMC of a Surfactant

. . »d below
Different metheds for the determination of CMC are discussed below

] .
rface Tension Measurement
1 are prepared and the

factar
U Solutions of different concentration of sur b 1a plotted between surface
lep.: - tension of each asured and a grap D Fio
Ehigj each solution is me ¢ surfactant s shown ‘n Fig.
" versus natural logarithm of concentration O




tv Measurements

Solubility

S
se with the increas

nsion will decrea

= LI ¢
ration. value of surface tension will becom: Const by
W : tension of solution becomes constan " The
s concentration micelle formation starts. This ""lll-.l|-(!-
determination of CMC of nonionic surfactants 15

surfactant c-_'l]!_'l‘Ijr‘.‘:ltILJE‘-.n' are prepared apg the
A graph 1s plotted between conductivit

: Y Versyg
At ””“"—}J stage, l.‘i.llni.]l“‘[]“ln_‘" and l'll]':L'--HIr'1tJ'3'n
') [

Sk
At certain concentration, eonductivity versus conc. Plot gives
ive the value of CMC. Conductivity _.-[1.5},,”&‘ up:rn_ v

S CMC unimers combine and form micelle. Becayse the
ss than that of unimer so, slope of plot changes at CMC,

A\ Conductvity
\ Slem !

"surface tension versus Fig. 11.17 Plot of conductivity versus
concentration of surfactant

1 CMC %

Concentration

O

Fig. 11.18 Plot of solubility versus concentration of surfactant
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9) Sﬁlllblllt_\ Measurements —‘—-———E-J-M?J_._‘?.‘.i
(i

taken

A substance

cluble

~ations of sur € In water. Solutions of different
£ 2d and the substan 1 . TR
. .dded. At lower concentration of _the substance that is insoluble
water 18 ﬂ"'fh'i ‘]_ E ('f'm*':l_"'”"'-“”e of surfactant the substance i : _Jlubf.!.n
pecalse S“rjxiCbail.;:t p r&-!—j.]r—ﬂt at interface only. But whes ﬁu;‘ce;;r :U:' 18 ;IUL &;O;L:?')le
~ heg the CMC and s e s e gt ation of surfactant
__.roaches the 1C and surfactant molecules snas 3 5 acta
PP . e the substance. As a resul nolecules goes in to the bulk then they can
solubilize t stance. As a result of whic lubility of the substan S
; s O T Ll By fat- ! e BlDstance INcreases
rapidly. Bre ak point of plot of solubility of the substance as function of cone ke :
of surfactant gives the value of CMC of surfactant as shown in 1;1&'-] ILI;:“L Rt i

ctan . e
wctant are preps

concent

1.14 MICELLIZATION OF NON-IONIC SURFACTANT

Micellization is a reversible process. Initially the rate of formation of micelle
is greater than the rate of formation of ru.n'-.mqr.vﬁ\ .f,-r:'nge-ar w.‘mcjh-. rate of b‘;']‘t;
processes .bt:ll_‘t}l?'le‘-"- equal is called dynamic equilibrium -'!'hfl ; '«'aliu.::. ‘;3‘1' the
concentration of the surfactant at the stage of dynamic q_';quii',l:u‘mm.}Jv-'\\'ecrl umu.lwr
and micelle 1s called CMC. Dynamic [El]tli]ibl'i;irll between unimw. ;.,"rld micelle L.}f
surfactant A can be shown as ' AT

NAGT—=—= 4,

Dividing by N, we get
1

A=A,

N
The equilibrium constant can be written as
oA [“L\' LHN
[4]
When N is very large then 1/N

P

= 0 and [A]->CMC then,

[4]
K= 1 (11.30)
[CMC)
According to thermodynamics, Gibb's free energy for micellization is given by
(11.31)

AF,, =-RT InK

By putting value of K from equation (11.30) into (11.31), we get

|
AF  =-=RTI
we ==RIM e
AF, = RTInCMC
is i r :ellization and CMC. Its value .
This is the relation between free energy of miceth will bé spontaneous

e then the process

s ne ativ
£ 1.spontans:aus.

ocess will be nor

Mg s :
a:g -be positive or negative if value 1
if the value is positive then the pr
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n-ionic surfactants and the

of AFmic 18 I‘J(’.gﬂti\"c for no

Valies ;
yalue : 3! g e P i f
micellization is spontaneous. From equation (11.81) we can find relation .
InCMC and temperature.
g i
InCMC = e
RT
Above equation shows that with the increase In temperature for a partiey],§

liquid CMC decreases. Hence CMC is temperature dependant.

11.15 THERMODYNAMICS OF MICELLIZATION
(1) Free Energy of Micellization

AP is called free energy of micellization and it can be determined from the
value of CMC using following relation
AF, = RTInCMC

Its units are kd/mole. If the value of AFmic is negative then the process i3
spontaneous. InCMC is a unit less or dimensionless gquantity so it 1s written in termg
of mole fraction,

AF, =RTIn X, iy

X is the mole fraction of solute or surfactant. If Xcuc is less than 1 then AFnie
will be negative and process is spontaneous.

(2) Enthalpy of Micellization

“Heat absorbed or evolved during micellization when one mole of micelle 18
formed is called enthalpy of micellization”. It is represented as AHmi- and its units aré
kJimole. If AHuic is negative then the micellization process is exothermic and if the
AH i is positive then the process is endothermic. But in case of non-ionic surfactant
it is always positive.

AF, =RTInX gy
By differentiating above equation with respect to T

AFi) _ 7810 Xaue
ar ar

+ln.¥m.]

A(AF,.) . 8In X,
mic =pT T
ar ar %

By multiplying above equation with T
OAF,

: oln X,
T—me - BT M L RTIn X,
or ar R
OAF e [
?.GMM,;- e '_IE. A +ﬂFm

ar @
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\F. __R7te = M (11.33)
v pcording to Helmholtz equation
Accoralits
OAF :
AF . —T——=AH (11.34)
aic a7

By comparing equation (11.33) and (11.34), we get

aein Xy
AH_..=—RI =

o=y

Ao 57 = 6In X,
RT*

By integrating above equation, we get

_AH,, I—l AL = J-.-‘.?]n X

R T
E AH, |’ 1y (11.35)
L e

i ith 1 wn in Fig.
This is an equation of straight line with intercept form as sho :

[1.19

Y

Inxcmc

/ X
T
o versus 1T

Fig. 11.19 Plot of InXcM
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b
AHumic can be determined from the slope a8 |
e fﬂlJl-' |
slope==————

|
AH,, =slopex R ;
Slope is positive which shows that AHmic 18 positive which i, o
process 1s endothermic. |

(3) Entropy of Micellization
It is represented by ASmic and its units are JK'!mole! p, |
micellization is zero or positive for spontaneous process {?f_‘tfur'lil.‘;; to 2u |
Thermodynamics). When surfactant diffuse into the bulk, then it breql. ™
structure of water and creates disorderness among the water molecules "eng|
entropy is increased. When micelle is formed, then due to hydrophobic cope atenll
expelled to the surrounding due to hydrephobie core, hence entropy increased Both,
these factors are the causes behind increase in entropy of the system. E i"i._ﬁfd’f

micellization ean be calculated using fundamental relation of thermodynamics 1
AF,, =AH,, -TAS,,

As. o Ao -AF, 7

{
L L

T

151

|
|

The value of CMC of surfactant poly(oxyethylene)-poly(oxybutylene
poly(oxyethylene) [Ex0BioEz] was determined and it was found to be 0.56¢/L at 38
Calculate the value of AGumic and comment on spontaneity of the

Example 11.2

process.
Solution
As we know that
AF,. =RTInX,,,.

Where, X|,,.is the CMC

the number of moles of surfactant
fraction of the surfactant can be ca

art
of the surfactant in mole fraction. If m and ™

and that of water (solvent) respectively. the?
leulated as

Xop = B e 0.00028 s
wes—S___ Dboms _
m+n, 000028+ 555g ~ >-04x10

Hence AF,  can be easily calculated ag

A!‘_wl = (83 143)(298) ]n{5>m xto-d )

=-3.02x10* Jmol™




\.

== e — Emulsions and Gel
—Emulsions and Gels 815

16 TECHNIQUES USED TO STUDY MICELLIZATION PARAMETER
N PARAMETERS

o) gurface Tensiometry
Surface ieu.::inu measurement can be used for the determinati . .
critical curface tension Yeme (f"‘“'f”“"f tension at CMC), surf a r' T -ml‘m“,_mn e
picell ation, enthalpy of micellization and entropy of rl'u-.-L-: Iga*“::uprn(; ._'iwrgl_v of
slot of qurface tension as a function of natural 1r.|ga1‘1:ri'é1}1‘d-:lz .*r-lh{-- 11‘4&- gm?ﬁ-
surfactant- The value of CMC can be determined from [h&.};lnt ,‘” -‘L:!.llit'.l‘lll.-r:_ﬁt‘!?rll qu
surface tension C,;;rresp?nds to CMC can be measured from the f.wlc:rl:h L?ilrh I;tSIZLt;hLI
difference bmween_surta::e tension of pure water and sttr{'a{.-tan: cr'mtainti‘ﬁg ﬁ-at.er .:1:
tration gives value of surface pressure (T = Yo~ Yeme). F ree energy c:ut;

yarious concen
n can be

micellization,

enthalpy of micellization and entropy of micellizatio
(11.11), (11.14) and (11.15) respectively- :

ﬁgtermjned us:ng equations
¥
Teve
Sur e tension | s
{mMin] ‘\ ‘
ﬂl{‘. (pocty s B e gmall ¢hamec
M l E - I :
1 CMC dx
oo o Jewc . —x "
InC

Fig. 11.20 Plot of surface tension Fig. 11.21 Deformation of
versus InC material

(2) Viscosity and Density Measurements

The viscosity and density measuremen
micelles and water contents in core and corond
is associated with rheology which is 8 science of flo

The deformation of material is the change in 8

shown in Fig. 11.21.

The force li
M : applied per
athematically shear stress can

ts give information about elasticity of
region of micelles. The term viscosity
w and deformation of materials.
hape under external force as

unit area is called shear stress and its unit are Nm%

be written as

=

A

The change in length is measure

d in term of shear gtrain which is

DTS
f materials, ghear stress and shear

Straip aﬁecm.rding to Hook's Law of deformation ©
directly related to each other i.e.

Ty

r:G;y
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7 Young's modulyg
1 proportionality constant G is called g
Where pr

il ect to time is called shear rate and its ypj o
hange of strain with ref:lp S :
fnathematiually can be writter
o BF
Shearrate =) = o

shear rate ¢ 4.,

ton gave a relation between shear stress ?ltnd hich i "TT‘ ki

vewton g i which is given |,

it :\;:d thj:re]at-ion is called Newton law of viscosity sl¥enp
ity his re

VISCOS

@

racy

Unit of ) are Nsm2 while in System International (S.I) its unit are Kgm's!,

Tt represents absolute or dynamic viscosity. If material has the ability fo

follow the Newton law of viscosity is called the Newtonian material otherwise No
Newtonian material,

Relative viscosity (1) and specific viscosity (1) are unitless quantities and
represented by followving equations.

"-’m.‘ — ’-?salunon
JI;'mt:ll\n:m
Mg = Mpey =1

] . + . I n of
Red ucecll VISCOSILY (nced) is the ratio of specific viscosity to the concentrati®
surfactant and is represented by l

Bt =2
¥
By blotting a gyg
_ ph between
Fig. 11.22 The intringic v

reduced viscosity when co

‘ ] oWl n
Concentration and reduced viscosity as 8D lué of

1scoaity. [n] can be determined and defined as ‘the *
ncentration approaches to zerg”
[n] can be used

] to estimate
derive an expression for Wwater mnt:
Water contents are de

micelle also deeye

¢ pall
y Wwe ¢
® Quantity of water ingide the micelle: V° ¢

nt ; : sic VISE!
creased by jne § mside the micelle and intrin of

: m,
ases as showp i F'igl.'ela;s lznzg the temperature of the syste
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ing

' Vil
%uﬁpeudum? of hydrated and anhydrate
°d in liquid j.e.

(n A (11.39)
250 ¥

a

=~ 3T

7 llzuf‘l / ittt
2w, ol
l\o }‘ Hydration "‘\.
Interensic .mﬁ_'_-’_/
viscosth Hydrated micelle D‘h'.dlatnd
: X micelle
L Concentration
Fig: 11.22 Plot of reduced viscosity Fig. 11.23 Decrease in size of micelle
yersus concentration due to expulsion of water
Volume of hydrated micelle = Vi
Volume of anhydrous micelle = V.
Volume of water in micelle = (¥, -¥,)
Mass of water in micelle =g, (¥, -V,)
Mass of water in one mole of micelle = pN, (¥, -V.)
1gof waterin 1 ¢ of micelle is called hydration value. So,
o N. (¥, =F
Hydration value = — —'0—~‘—{"—L
Molar mass of micelle
p » N, (V, =V,
Hydration value= _{L_d{_t._ﬁ
M,,
oNV.A(V, )
W=t A b | (11.37)
"l":!m:.- AN I’u J
e Where, o' is called partial specific volume and is determined by following
lation
W
M

By replacing NaVa/Mumic with u'in equation (11.87), we get

w,,=u'p,_[%_ ] (11.39)

ic vi i i cific volume
i trincic viScositYs partial spe
S idering micelles a8 sphere

Einste:
nstein gave a relation amon
4 micelle by ¢on$
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~
g cqualn (11.39) into (11.38), we gey
By pll‘.’-til’lg value of\ihf\ o from Lqu@
e [ ,]
T
; i y san be calculated. The .
By using above equation hydration value can ; tlue (i
can be determined using following equation
o= {l - y'po}f,'.' + 4,
This is an equation of straight line in intercept form whose intercept i , and
: SEiah ia aanal to
slope 18 1-v'p, . And Il i the shape factor of micelle which is equal to u
L iz
- ol
1f micelle is rigid, anhydrous and spherical then v = =
Hence, viscosity and density measurements give information about ela ticity
of micelles, water contents in a micelle and shape of micelles.
(1) Dynamic Light Scattering (DLS)
Dynamic light scattering is used to determine the size of micelles size

distribution of micelles and variation in size of micelles with change in temperatur.

Light scattering is of two types.

{a) Rayleizh Scattering

When size of a particle is smaller than w
Rayleigh scattering occurs. Wavelength of incident an
same in it. This is elastic scattering. If particle
radiations reach the detector with phase difference an

avelength of radiation, then
d scattered radiation remallié
size is larger. then scatteféd
d result in interference effeck

(b) Raman Scattering

¢ an relatively larger particles. Hef®l
tion is not equal tq that of incident one, so if energf 8
Photons will be of lower frequency ;m‘; r
: : then scattered radiation will be of highe
frequency. Fig. 11.24 depicts the scattering of light in micelley solution. .
of scattering vector (q) ca

. 4#;:( ]_nt?
= ——| sifg—
A 2

Where a is the wavelengt;

«i‘flidex of solvent. Fig. 1195 shows
time.

The magnitude n be written as

h of light, 0 i scat

o feactiVe
; tering angle and n is refra
plot of intensity of

. on &
scattering light as a func

F=l
s
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tered
e

y \ /
// Tyndall eflect \ /

Miceller solution

Fig. 11.24 Geattering of light Fig. 11_35 Ifitensity of scattered light 4s a

function of time
4 . 1& f, ] i
I'is the decay rate and t is the delayed péri6d which is the differerice between
the maximum and minimum value of scatteting intensities., Maximum scattering

wcurs when particle is in the path of light and seattering decreases when particles
nove away from light path. Decay rate is related to scattering vector as

F=Dg
Where D is the diffusion co-efficient and q id scattering vector.
According to Stokes-Einstein equation diffusion coefficient is given by

kT

0= (11.40)
6Tk,

Where kp is Boltzmann constant, R is the hydrodynatnic radius of micelle, T
is absolute temperature and 1) is the viscosity of solvent. Equation (11.40) gives the
value of hydrodynamic radius.

1L17 THEORIES OF EMULSION FYPE
Theories of emulsion type fall into two categories
(1) Qualitative Theories
2) Quantitative Theories

1y

(1 ‘1 Qualitative Theories
] -

. Theory of Interfacial Tension

een oil and surfactant
o of emulsion. If the

than that between oil and

ind According to this theory, the interfacial trIETlSion betw
At between water and surfactant determines the P
tension between water and surfactant 18 greater

i¥uy > ¥, then water in oil emulsio

*'il'faw

fuy .
Eautam s q ie formed and vice versa.
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(2) Banseroft’s Rule of Emulsion Type
According to Bancroft's rule

The liquid in which emulsifier is more soluble acts as a continug

us pHaee o
the other liquid acts as discontinuous phase

or

The liquid having more ability to wet the emulsifier acts as cont

. InUOug F’hase-
and other acts as dispersed phase.

3) Emulsification and Wetting (Theory Based on Contact Angle)

The displacement of a fluid from a surface by another fluid is termed g
wetting. Commonly term wetting is used for displacement of air from the surface of g}
solid by a liquid. Three immiscible phases are involved in wetting process,
these three phases, at least two phases are fluids. Wetting ability of 2 fluid is
measured in terms of contact angle as shown in Fig. 11.26. When the contact :
droplet of liquid with the solid surface is low, its wetting ability is high w
large contact angle corresponds to low wetting ability.

Solid Surface - -

Fig. 11.26 Contact angle and wetting
Measurement of Contact Angle

When a drop is static, then the sum of all the forces along x-axis beCOMESS
ZETO.
According to Young's equation,

Ve =¥+ ¥y o058

Where, ¥, , ¥4, ¥, 18 the interfacial
tension between vapor and solid, solid and liquid
and liquid and vapor respectively. While, 0 ig the
contact angle hetween solid and liquid as shown
in Fig. 11.27.

If the values of the interfacial tengiong
are known then we can determine the valye of
contact angle. From equation (11.41), we get

Yis

cosp= Lo (11.42) Fig. 11.27 Measurementof
Y contact angle
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According to equation (] 1.42) when w _ —510ns and Gels 8§21

aics its surface tension Yiv) and ineyp, : Tlactant intg a liquid. it
deCre=" 1. 2 wrarda mref ue of } 1 » 1

" act angle. In other words, surfacta; i but decreages s
conté A e SR N Such ok o g W ng ; v F :
|nn“!'l‘-’-‘r5 1ts hlfl_f-lti te mfum. -1311~I 1 chemiea)] gy} YCEE 'III 1bilit of a liquid by
. 4 having high wetting ability w ill Rapye are called Wetling agents. The
Jiguad M G ] T ~ #8 cont " vhasg i |
" 1o of contact of the droplet with emuyls Phase in emulsion, If the
angle ¢ e

1 -'i:puz-svd phase and vice verss . JU" then the liquid will act
Wi LA

as

orientation Wedge Theory
L¥) :

In orientation theory, the type of emulsion depe
area of hydrophillic and hydrophobic end of thies e

3 ; 1ac
i h}'drophlllt‘ end of HLIrf-a_ctan[ is ]LU'%_EPI‘ than h

ds upon the cross sectional

it. If the cross sectional area
= N 3 , hydrophobic end then surfactant
adopts configuration in a micelle in such a w ay that hydrophobic portion will remain
gutward to form o/w emulsion as shown in Fig. 11.28 (a). If cross sectional area of
hydrophobic group is greater than that of hydrophilic portion then hydrophobie side
of surfactant will be directed outward to give wio emulsion as shown in Fig. 11.28 (b).

Hydrophillic portion

LAY e Y
Hydrophobic portion
(a)
Hydrophillic portion
A e e R

Hydrophabic portion

(b)

hillic end with large cross

Fig. 11.28 (a) Orientation of surfactant having hydrnpend with large cross section

8eck; . ;
Stion, (b) orientation of surfactant having hydrophobic

d Or exam i mulsion increases from
ple ili tion of wio € g !
L illm_ le the ability of the forma ok ] eaE

: . i urfacta :
oty S8t to aluminum salt in the following 8 o varas i Cross sectional area of
20d aluminium oleate respectively) due to

Yrophops
¢ part of surfactant. ; N
_ e e 'éc H ,%—coo A ;
HSC‘{“C g 00" \ca 4 18 3

1 Hz‘}‘CODNE (H;C —(—CH2+C )
16 19 xg Aluminium oleate

dium oleate Calcium oleate
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g i ot to increasing order of
Artange the folo i S ‘ant A B gWhv-re Eis c}xwth.\.l-._!.—' Tty

ion. F2oBi0Ez, EsoBioEso, It 4sBiokis. ’TE, vethylen ]
form ofw emulsion, F.20D10820, 9

B is oxvbutylene unit of block copolymer.

g accordin

Solution

The ability of the given sur
EsoBioE30 > EzoBisEz0. This is due t
increases with increase of block length o

factants to form ofw emulsion will be Ep
o the fact that solubility of surfactant
fhydrophilic unit e.g.; E.

11.17.2 Quantitative Theory

Kinetic Theory of Emulsion Type
This theory was proposed by Davis and Rideal in 1963.

Postulates of kinetic theory of emulsion type are

@) According to this theory, the type of emulsion depends upon the relative rafes
of coalescence of droplets of opposite phases. If the rate of aggregation of gl
droplets is greater than that of water then, oil droplets fuse together and
form continucus phase, as a result water in oil emulsion is formed. Sim
if rate of coalescence of oil droplets is less than that of water, the
water emulsion is formed, where as in case of equal rates of coalescer
unstable emulsion is formed and phase separation occurs.

(ii) Emulsifier forms a film around the droplets of dispersed phase. This film
prevents the droplet to aggregate and hence, acts as a barrier which may be
electrical, in ecase of ionic surfactant or mechanical in case of non-101ie
surfactant.

The rate of coalescence or aggregation of emulsion depends on particle st
number of particles of dispersed phase and diffusion coefficient. It increases with the
increase .itl particle size due to the greater probability of aggregation. With the
increase in the number of droplets of dispersed phase, due to the greater numbe? of
collision rate u_f aggregation increases, Similarly, higher diffusion coefficigt
Zgg{g;ggﬁisiigfge? speeds and greater probability of collisions, as a result 1%

Davis and Rideal derived -

the followi T Tatir geribe
dependence of the rate of coalesce owing mathematical relation to de=¢

nce on above mentioned factors.
_‘@ =4 i
i xDrn (11.43)

Where, D is the diffusio

n co-effici : e : 1 P
n is the number of particle of dj co-efficient, r ig the Zollision diameter of drople

sperse phase.
p actud) A
]| be

Equation (11.43) ig ap

I : 2 : .
is not possible, therefore a fa pheable only if all collisions are effective but i

ctor e-BAT g ; :
or =18 introduced. Hence, equation (11.43) ¥
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i"’.’.g —dgDrne

df (11.44)
. varis y and Integrati .
o the yvariables anc Erating equation ( 11.4
geparating b L 1L44), we get
: ol v
= “'ri - dxDre ¥ }H’I
- IPJ‘_ p
1_ 4zDre Uive (11.45)
fy e

This is an equation of straight line in intercept form with slope 4nDre &

According to Stoke- Einstein equation we know

kT . ;
e (11.46)

D=-
bana

Where, a is the radius of single droplet and
(11.47)

r=2a
Putting the value of D and r from equation (11.46) and (11.47) respectively
into equation (11.45). we get

#
2ae Yi+c

1
A
" 6rna

e (11.48)
o3
This is an equation of straight line 1n intercept form, the slope of which is
e Eﬂ £ i Hence. E can be calculated from the slope if all other parameters
e known, ’

Mean volume of droplet of disperse phase is given a8 below
(11.49)

i
n
n is the number of

: W : .
droplegs here V jg the total volume of the dis

ta of dispergeq phase.

pu . : ot
ting the value of 1/n from equation (11.48) into equation

perse phase and

(11.48), we get

i—f-y 4k -£ -! '
i e L i e
3n
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SIFICATION)

OF EMULSION (DEMUL
rating the two constituent liquids of emuy i
f emulsion. It is due to the aggregation of th, -
v occur in the form of creaming, sedimen

11.19 BREAKING

The process of sepa
lavers is called the breaking o
of the dispersed phase and ma
coalescence as shown in Fig. 11.30.

ofw Emulsion Coalescence

Sedimentation

Fig. 11.30 Emulsion breaking by coalescence

Coalescence

When droplets of the dispersed phase aggregate to form a single larger drap,
this phenomenon is called as coalescence or coagulation. This coagulation ultimately
leads to phase separation. Creaming and sedimentation are two types of coagulatidl
depending upon position of dispersed phase. When the droplets of dispersed phasé
collect on the surface of emulsion due to small density of dispersed phase. thif
phenomenon is called as creaming. While sedimentation involves aggregation

d;‘oplets of dispersed phase at the bottom of the emulsion due to high density ?
dispersed phase.

Methods of Demulsification
Some of the methods of demulsification are discussed below '

(1) Chemical Method

It involves the addition of a

2
: n l . ﬂt cm!ss
aggregation by the removal of charge o S oiralate. 4o thes emulaion &) ¢

(2) Mechanical Method

Mechanical methods such i
3 as centrifueat; i B
separate the two phases present in an emulsioiatmn Sl

(3) Electrical Method

iné
reﬂj‘tw

Electrophoresis i |
rophoresis is one of the frequently ygeq alsitsionl imsthods 1oF :r i

the emulsions in which the charged pa
oppositely charged electrodes and get

rticles of the emulsifier migrate 1%
discharged and precipitated.




physical Method

pemulsification can also be carrieq | i

carried oyt

rature increases the rate of coalescenee
d ultimately break it.

tempe
gtable 81

;.20 METHODS OF EMULSION PREPARATION
Bmulsiﬁcation

The process of formation of emulsi N E R e S e ;

P be derye tulsion by mixing two immiscible liquids with

sach pther 1n t_ e presence of emulsifier ig called emulsification. It involves the
preaking of the internal phase into droplets by means of mech ;

L et it E : chanical energy and then
stabilizing these droplets in continuous phase with the help of emulsifier,

Methods of emulsification include the cor

wentional as well as advanced
methods.

(1), Conventional Methods

The conventional methods usually employed are

(a) Laboratory Method

In this method an organic liquid iz stirred with water in the presence of
emulsifier for certain period of time to produce an emulsion. -

(b) Industrial Method

In this method, dispersed phase and continuous phase along with an
emulsifier are sprayed from opposite sides. They mix with each other in the centre to
form an emulsion as shown in Fig. 11.31.

Mozzle

Disperse phase

Emulsion
Fig. 11,31 Emulsion preparation on industrial scale by conventional method
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(2) Advanced Methods

; s TR R e, B anced techniques for ..
Membrane emulsification is one of the advanced t ques for pp,

. 3 34 = 3 pal'iu
emulsions which makes use of a porous membrane. It is further divided in¢,q “dil‘ecli

and direct methods.

Indirect Membrane Emulsification Method

In this method, pressure is applied to push the em.ulsjon Prepareg
classical method through a porous membrane to get a monodisperse emulsigy ag
shown in Fig. 11.32. After passing through the pores of the membrane, the dropag of
uniform size are formed.

MMembrane

Maoveable Piston

Pressixe P
==

Poly-disperse emulsion Mono-disperse Emulsion

Fig. 11.32 Indirect membrane emulsification method

Direct Method

Direct method includes stirred cell and cross flow methods.

(1) Stirred Cell Method

This method employs a cell containing continuous phase, emulsifier and
dispersed phase. The dispersed phase is separated from the continuous phase @nd
emulsifier through a porous membrane. Pressure is applied from the disperse phase
liquid side of the cell and the dispersed phasge liquid is forced to pass through the

porous membrane. Thus dispersed phase enter inta the continuous phase where a

<
~

Disperse phase liguid

M gas

Contimigus phase

ligpaid and emulsif
S, q sifier

Slirrer

Fig. 11.33 Stirred cell method
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these droplets into the contin
< Uous

jrrel mixes : _

st JJsifier and the resulting emulsion is pagg \ phase in

L Sy : 2 8 passec i hid Sreacms p

% ]»ﬂjnel' as shown 1n Fig. 11.33. thh’“ﬁ“ an outlet - presence of an

a-;‘{-‘]" atlet and is colle Sted in
3

) Cross Flow Method

o

l.n this methud., dire_(:ti“—’" of flow of dispersed

JJong -.-,j:th an emulsifier is perpendicular. ,;‘!_lu-; C:}p’h_.‘-_lt':t and continuous phase

-eJ‘Pendl':"ﬂarly FG fO.t'm an emulsion and are c-.a;lle-:: ;l.ﬂf‘ mixed with each utl".E‘_-,.n

qutlet a8 shown in Fig. 11.34. This method Eftnlph@-: ;mm separate cells through an
¥& porous memb

through which small sized droplets of dispersed phase are . eane after passing
se are formed. s

Pressure P

Membrane (e
sperse phase

Emulsion == [ ]

Preasure P

Fig. 11.34 Cross flow method

Tn this method, the particle size depends on the following factors

(1) Pore Size of Membrane

Particle size is directly related with the pore size of membrane as described

by the equation given below
d, =d,
Wherea sl a: represent the average diameter of the droplet and that of

¢ is the constant of pmportinnality. Itis a

0 .
jmé]n {ea of membranes respectively. e
sionless quantity and its value depends on the nature of the material o

mEmbrane ;

(2)
Flow Speed of the Continuous Phase -
continuous phase, the smaller will be the size

the droplet to get it released

oF the p’?he. greater the speed of flow of
frb 1Ed.l't;lClE. Greater Speed appl
Membrane pore and small 8ize

jes greater force on
d droplets aré formed.
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(3) Pore Density

It is defined as the number of pores per unit area of membrgp,
density implies that the pores lie very close to each other. Therefore
the adjacent pores may combine to form larger droplet. A low pore 4

IBLLY g
the formation of small number of droplets. Thus one has to compromige ,, 2 -aia-h:
of droplets to prevent aggregation of droplets. tity
(4) Pressure

Particle size increases with pressure as high pressure causes grea¢,, gl

of liquid to come out in lesser period of time.

(5) Pore Distribution

It affects the uniformity of emulsion. If pore distribution is irregyls, theg
polydispersed emulsion is formed and vice versa.

Table 11.3 Difference between conventional and advanced meth

od 5

Conventional Method Advanced Method F

1. High energy input is required. 1. Less energy input is required |
2. It is difficult to control the droplet | 2. We Cﬂl-l control the droplet size in |

size in conventional method. ¢ advanced method easily. |
3. Non uniform emulsion is formed. 3. Uniform emulsion is formed. |
4. The emulsion formed is less stable. | 4. More stable emulsion is formed.
5. Droplet size distribution is broad, 5. Droplet size distribution is uniform:
6. Macro level emulsion is produced 6. Micro as well as nano level emulsion

can be produced

11.21 APPLICATIONS OF EMULSIONS
(1) Drug Delivery

Drug 1s hydrophobic in nature and hence not completely soluble in water: The
surfactant molecules, after being added, form micelles in the solution and the

gets entrapped in the core of these micelles. When these micelles enter into the bl

they get collapsed at a certain temperature or pH and thus the drug is delive™
the body.

(2) Enhanced 0il Recovery

Three different ways can be employed for oil recovery which include

; ; y ,servol
(i) Primary oil recovery: In this method, oil is pumped out of the rese

! " tho®8
through suction pumps. 6 — 15% of the oil is recovered through this ¢ ing

i
s o
(ii)  Secondary oil recovery: In this method, oil is recovered through -
15 — 30% of the oil is recovered by this method.
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oil recovery: In this
this method, oil is 1
5 ecovered throu
d ugh

) Tertiary
il e 3 i = 0 Y @,
t emﬂlt_-l]‘.i‘-«Jt'}Un- '\nfq”hmlh solution of surfactant i
O T : 3 actant 18 addec 1 ;
which forms anig “Ggmul;mu, This emulsion is t} 1dded to the oil reservoir
L r T4 L g e =14 8 16TY T
suction ]JumPE- JU —bU7% 0 oil is recover B LHED; pumped. Gl thet
s sovomroil e Tt i hrough
v this method. :
9) Enmisiuns as Microreactors
|
- al g are aed f CTOTear W
Emulsions are used as microreactors. For example, wl 1
or example, when two hydrophilic

reactants A and B have been solubilized separately in the pres : :
give Wi0 emulsions, t.hg surfactant forms a film aroun d itr}; he?ie iy éur{aumm :
.:;.‘,11:1191‘-'”15: are ml.‘(t’d‘ Eh(‘!ll".l t.hEI‘O ig an f_!.\'f!h:tﬂge of I:L'":"t'i et '“-r‘mtam& . th{‘ twa‘
water droplets or coagulation of two droplets to form a ’-'|]-I(L :]; ni h leuuf; : r:Uth_wu 'Ot
11.95. Reactants \ and B collide with each other aga}n ;ndL ';ii:lt ::b ;hDWn i

ffect iﬁicre?lse:htlie rz;ate of reaction. Recently, mtthql r1a:::>2:1[3ti£lr::h-];;z
t ¢ method. Size of metal nanope ticles cz 2 ¢ lled by
f droplets of emulsion. We can also ?ti:l?lthli r:::t-ttlalbr:a ;Z;I:'ijfs Ei

This cage ©
prepared using
controlling gize O
this method.

Metal salt of Ag Reducing agent

Metal salt ¢ . Reducing agent
Silver
ST
o J§o [N OO B
0 0 00

Show cage effeet

Wo Emision Mix both Emulsions
Fig. 11.35 Emulsions as microreactor

fication as shown in Fig.
er to remove the oil droplets from the cloth,
drophobic core and on the removal

the surface of the clothes.

4)  Detergents Action

1136 gDELCfgf-‘ntg— also work on t}}e p
]-tfon'nlsuf'f_ﬁctant is added to water 1n order tC
of the micelles that entrap the oil droplets in hy

etergent, oil droplet also g€ om

rinciple of emulsi

ts removed fr

oil droplet

Surfactant +

Fig. 11.36 Cleaning action of 808P
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(5) Food Industry

Food industry also makes use of the process of emulmfmatimll, For exg,
milk is an emulsion which is stabilized by an emulsifier named casein. The foodigt
cook is usually an emulsion containing oil, water and a variety cf sausages, [ L*"Wiae,
the process of baking also involves the addition of an emulsifier named as diagegy)
tartaric (acid) ester of monoglycerides and abbreviated as DATEM.

(6) Cosmetic Industry

Many different emulsifiers are uge sugh

as cream or lotion ete, which help them to spread and get absorbed or adsorheg by

. because skin alsg has hydrophillic and hydrophobic dual nature. Commgpn
examples of emulsifiers used in cosmetic industry inelude emulsifying wax, cety]
alcohol, poly sorbate 20 (Tween 20).

d in cosmetics to Prepare emulsiong

(7 Froth Flotation Process

In metallurgical Process, w/o emulsions are used to concentrate the ore by

froth flotation Process which is based on emulsification, The stirring of ore containing
w/o emulsion causes foaming which is skimmed oyt and used for further
metallurgical processes.

11.22 GELS

mi-solid materia]. Dispersion
! linked polymeric

Watey

; Free water Bounded water
Junction

Polymer matrix
Fig. 11.37 Structure of gel

Structure of Gels

It is a two phase colloidal system in whicl
which may be branchcc! or cruss—hpk_g::d l;;"]:'l_:;l'lil-ler
is liquid and if this liquid is wlzllrl.t‘r }ttlgr.;: te' e:d
entrapped in the network may be o vpes.

h continugys phase is solid material
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Primary bound water: Water houng
ater bound tc

na to nolyrm e

(1) £
bOI!dlﬂg- G 4 I network thronch hvd
7 ” e ¥

@ Secund_ar} _h_cmnd water: Water bound ¢ _

interactions (Vander Waal forces). Primary aed ...

- Imarv a '

total bound water. ry and secong

ey &\ Fres water: Water that can freely enter or |
x - enter or leave th 3
C = n ELWOrk _‘h the time is

called free water.

Classification of Gel

1 o u- ~ I] 5 ks " b
On different basis, gels can be tlassified as listed below

(1) On the Basis of the Size of Polymer Matrix or Dispersion Medium

On the basis of size of polymer matrix, gel is divided into t]

oo ;s SRE ol pomn atrix, gel 1s divided into three types as
sh;]'.ul'lfm l‘!g.ll l..JB. ]f‘pcn‘tmie size of gel is very large then gel system is calluépmc;Lro
8 » i e : : = : "%
ge&..lf parltlc e size of gs.il 18 1n range of 0.1-1 pm, then gel system is called microcgels

and if particle size of gel is in range of 1-100 nm then gel system is called nano gels

Nano gels
Micro gels

Macro gels
Fig. 11.38 Classification on the basis of polymer matuix size

(2
) On the Basis of Nature of Dispersion Medium

ymer then gel sys
licone or silica

and i I:flnelwork is made up of organic pol tem is called organo 5‘_’]
talleq 1t is made up of inorganic polymer (si ete) then gel system 18

Inorganic gel,
(%)

On the Basis of Disperse Liquid

it Water is entrapped in the network
q in the network then gel 1s ca
In the network then gel is called alcogels.

1 is called hydrogel. If benzene is

then ge
ilarly, if alcohel is

r.-[';trappud 3
e i lled benzogel. Sim

irappe
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(4)

(a)

(b)

(a)

(b)

On the Basis of Nature of Cross-Linkage
On the basis of cross-linkage gels are divided into two types.

Physically cross-linked gels are such gels in which vander waal's forpeg are
present in the network

Chemically cross-linked gels possess chemical bonding is present in the
network.

On the Basis of Physical Properties

On the basis of elasticity, the hydrogels can be classified as

Elastic

Neonelastic

“The gels from which liguid can be removed and can be added again with

reversible size variation of gel particle are called elastic gels”. These are also knownas
reversible hydrogels as shown in Fig. 11.39.

Fig. 11.39 Elastic or reversible hydrogel

“The gels from which liquid can be removed from the network bui connot b

added again to the gel network are called non elastic gels” as shown in Figi 11.40.
Most of the gels have elastic properties. The elasticity depends upon cross-linking
density. By increasing cross-linking density, elasticity decreases. Elastic gels ¢4l
awell or shrink with change in conditions like temperature, ionic strength and pH of
the medium.

Fig. 11.40 Non elastic gel
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m On the Basis of Responsive Behavior

fa} Responsive Gels

Responsive gels swell or deswell in response to one or more slight changes in

. environment and are therefore called ‘smart’ materials. It is also called stin;uli
ive gel because they show sudden chs

_ i ; 1 change in their physical structure on
ying external stimulus. The external stimulus may be

(a) pH
(b) Temperature
(c) Ionic strength

(d) Electric field

(e) Intensity of light

: Fig. 11.41 illustrates that at low temperature gel is in swollen form but with
i increase in temperature gel shrinks due to the expulsion of water from the gel
Detwork,

AT

— + Water
P L

Fig. 11.41 Stimuli regponsive gel

(h) ¥
h'':'""R“-‘Sp-onsiwa Gels : t
11 upon absorption of water. These gels do no

in environmental stimuli.

Sho . NUh-regponsive gels simply swe
Variation in size with change 1

'in:rr

(8
) Onth B . . s
e Basis of Stimuli

. ; ssified a8
On the bagig of stimuli, responsive gels can b o

(a) by

A) Temperature sensitive gels
( b

b) Electric field sensitive gels
|" Y

5 Glucose gensitive gels

(d)

| : lonic strength sensitive gels ete.
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(9 On the Basis of Morphology

; 2ls ce . classified as
On the basis of morphology, gels can be cl

; —
(a) Homogenous ge13

(b) Non-homogenuoi. gels

(10) On the Basis of Additional Material
itional material like nanoparticles Such

stly microgels contain some add _ .
Mostly microg alled hybrid microgels. Hybrid Microgely

s which possess nanoparticles are ¢

can be classified as

(a) Microgels covered with nanoparticles
(b) Microgels filled with nanoparticles
() Core-shell hybrid microgels

11.28 METHODS FOR THE PREPARATION OF GELS

“The process of formation of gel by cross-linkage is called gelation®, Some
methods which are used for the preparation of gels are discussed below.

(1) By Coagulation Method

When solid particles are dispersed in liquid a sol system is formed. When
coagulating agent (like electrolyte) is added in this sol, particles will coagulateld
form a solid network and liquid is entrapped in it (Fig. 11.42). The process
conversion of sol into gel is called sol-gel transformation. During this proces
physical properties get change. For example, viscosity of the system increases wiet
system moves from sol to gel. A certain value of concentration of sol is required foF
transformation of sol into gel. That minimum value of sol concentration at Whitd
transformation occurs is called critical concentration.

Network
Sol Gel |
e
Fig. 11.42 Transformation of sol into gel
(2) By Chemical Reaction
Gel can be made by chemica] £

react; . 1
each other and two products formed are ::;fr" e.g. if two reactants A and B
18 8O

L ) ;'!:_1'!310
A+B-C+D luble and other is insol
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Here C is insoluble product. Ingolyp)
L]

to form gel at certain concentratign Particle o
at (

Product for
of sol. For uct for

_ m sog] a Xy
example nd then,

aSgregaw
BaSCN + MnS 1¢
. nSOy — BaSO, + Muscn
Barium  Mangnese Bari -
S¢ barlum  Mangnege

thiocyanate sulfate sulfate thiocyanat,
Yanate

Here barium sulfate is water insoluble

When colloidal system is cooled then i i _
i gel is formed. en it becomes inter-linked or cross-linked

() Solvent Exchange

In t_his mlet.h‘od one ]ic.luid in a sol is replaced with another one. If the stability
of sol par‘tlcle$ in liquid B is lower than the stability of sol in liquid A. then sol
particles combine to form a crosslinked network in liquid B and gel is formed.

(5) Gelation Caused by Combination of Oppositely Charged Polyelectrolyte

Polyelectrolyte molecule may contain many jonizable pendant groups like
carboxylic group (-COOH) on one chain. When -COOH ionizes, negative charge is

produced on the chain. If another chain contains such group e.g. amino group that
produces positive charge on the chain on protonation (Fig. 11.43). Then negative and
force of attraction and gets

positive charges attract each other by electrostatic
aggregate to form gel.

0@ AN whs
00¢ 09 Ny
+ N .
.00¢ 00 : b &
00 R ™ G
¢00

; lectrolytes
Fig. 11.43 Gel fo rmation by npposnel}- charge polyelec
i : "
®) Intra-molecular Hydrogen Bond i ponding in @ molecule. In thie
< €81 Ix 4las thimed by intra.mnlecular -h”?gi’:"‘"’rk by self bonding a8 ._ihown
] aEf.a large molecule is converted into cross- 1nk§ n

"Fig. 11,44,
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Fig. 11.44 Gel formed through intra-molecular hydrogen bonding

()  Heating
When miceller solution is heated, micelles interlink with each other to fom

physical gel. The gelation in miceller solution of block copolymers of oxyethylene and

oxybutylene at high temperature is an example of gel formation on heating.

11.24 PROPERTIES OF GELS
(1) Thixotropy

After a long standing time, dispersed phase of sol change into dispersiod
medium and dispersion medium changes into disperse phase to form gel and afie
whaking it again convert into sol as shown in Fig. 11.45. This property of solg
reversible transformation is called thixotropy.

Network

el

Size ingred
K L

Fig. 11.45 Sol-gel transformation Fig. 11.46 Swelling of gel

(2)  Swelling
When gel is soaked in water, gellith

occurs as shown in Fig. 11.46. then size of gel particles increases a7¢

But different forces act on it such ag

(a) Osmotic pressure

ib) Cross-linking force resisting the swelling
At the stage of equilibrium

Crosslinking force = Osmotic Pressure
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The extent of swelling is measured iy ¢ .
erms of

ritten a8 Swelling ratio which can 1
WwI hich can be
L
=

]

o=

Where, Vi is the volume of hydrateq P

; : article in g _
volume of gel particle in shrunken state. € in swollen state

and V, is the
If particle is spherical then ¥, - im?;
3

4

3

R\
So, ta =| —
uwegea[RJ

u

If the value of a is high then the swelling ability will be higher. Rate of
swelling depends upon the gel particle size if size is small then rate of swelling is
high and vice-versa.

(3) De-swelling
(@) Shrinking

When water is removed from gel through some external force then size of the
gel will reduce called shrinking of the gel.

(b)  Syneresis

Gel undergoes a shrinkage in volume on
the spontaneous evaporation of water is called syneresis.

standing in open atmosphere with

(4) Responsive Behavior : 2
Consider an example of poIy(N-isopropylacry]amide) [_IJ{h-lPAMJ] 'llmt;mﬁ,biﬁz

°°“f0rmation_ When heat is supplied it changesiits c?nformatxoq frﬁmw:oiln Figg N

“rm. The temperature-induced coil to globule transition of p{N.IPA-M]' lsl5 (:ution temr;eragure

(TUCSt'?*mPerature at which this transition occurs is called the lower critical so

: (NIPAM) that is

is of structure of p
ba?NIPAM) is highly solvated due to
n the polymer chain and the water
etween the polymer and

This effect can be explained on the
y in Fig, 11.48. At low temperatures, p
fogen bonding between the amide groups ©

i ; bonds b
the":r:les. At elevated temperatures, ﬂ:ir:}-’riﬁgizl ar hydrogen bonds between the

CsQ ook molecules are broken, and i ding to removal of water from the interior of

o = i wop generated ar -mgr. olymer interactions become sr.ronger

tha etwork. Consequently the polymer Ei): . temperature, S0 polymer attains
e polymer-solvent interactions at higher

ation of a globule.

shoy n

E“nfurm
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a4

Fig. 11.47 Coil to globule transformation in Fig. 11.48 Structyr,

I iff

p(NIPAM) P(NIPAM) chain

(a) Temperature Sensitivity

Such gels which show swelling or de-swelling in response to changa j
temperature are called thermo sensitive gels as shown in Fig. 11.50.

Thermo responsive behavior of microgels can be explained on the bags of
change in hydrodynamic radius of gel particle with change in temperature. The valye
of hydrodynamic radius as a function of temperature for p(NIPAM) microgels ag
shown in Fig. 11.50. The hydrodynamic radius decreases with increase of
temperature. The value of temperature at which rate of change of hydrodynamie
radius with respect to temperature is maximum is called volume phase transition
(VPTT). VPTT of a microgel is a function of cross-linking density and hydrophilic and
hydrophobic groups present in gel network. The value of VPTT can be measured from
plot of hydrodynamic radius versus temperature as shown in F g. 1151

¥

iy

i i X
il rVI:'l | 0 i
Temperaiure
Fig. 11.50 Pictorial diagram showin : pTT
5 g F], 4 '‘mination of vi!
temperature sensitivity of gels 8. 11.51 Determina

(b) pH Sensitivity

The cross-linked polymer micro
pH approaches the pKupK, of the . BT thaids D
particles are called pH sensitiye gel. The ; mer mcarpor.dt,e_' ) ik thé
inerease in pH by adding bage as shown i groups become ionized P
due to electrostatic repulgian bEtWEL‘n
Inerease i size decrease

en the

simil Flr]_y ch

arged groups present in 1¢' fpoi
8 water potential in gel g

gve ¥
- 8o water molecules ™
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nto gel, resultantly particle
tent, both play role in incre:

size incn-:-n-:v.-:. Thus

. I]i
;::l‘d]m 28ing size

electrogtatic repul
ter con

of gel. sion and

wial

r<— i o
PH ¢ Base e
iNCreases e
—
n SERET ——3
; pH

“ decreases

Fig. 11.52 Swelling-deswelling in pH re

sponsive m Icroge Is
(@) Glucose Sensitivity

The microgels which respond to the variations in glucose concentration by
gwelling or shrinking are called glucose-responsive microgels. Such smart microgels
are used for quantitative analysis of glucose in complex physiological mixtures as
well as for drug delivery, especially delivery of insulin for diabetic patients.

11.25 APPLICATIONS OF GELS
(1) Drug Delivery

One of the
application of gels is ]\ DiAg e
controlled  drug  delivery.

The open network structure
of microgels can be used to
Mcorporate small molecules
uch as drugs in their
Interiors while their large
Sensitive swelling-
Zn‘welling transitions may

¢mployed as physical and o : :
'ThemicﬂjbtriggeE: }tn direct Fig. 11.53 Drug delivery

Lhe rﬂleﬂse : .
a of the drugs as Gt f oel.
“¥nin Fig. 11 53, Drig delivery depends upon the responsive behavior of g

(2)

Q

Spbri o S field of nanotechnology.

: ! 2 : in the e 7 i
My Mlcmgelg b sxtansiie apph?atlm:ieg:is of different types of mnrgdm]:;
ano© 8re used as microreactors for synthe Hybrid microgels are we

Micrngels in Coating Industry . Al pmperties of Baind
' Mi : in improving I 4 il e
g Q;Cmr';iels F;‘I?J{ ninc;:-t;ar_:: \:t;]l: ::ev are extensively used in coating industr
Ce of films. That 1 b
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They impart shock resistance to the films owing to their flexible Sponge.Jjj,
structures.

(4) Microgels in Heterogeneous Catalysis

Recently, metal nanoparticles containing microgels have been attained g Jop
of attention to scientists working in the field of catalysis due to stability, durabi]jty of
catalyst and open circuit for reactant diffusion to the catalyst. The catalyst can pe
recovered for re-use. Reduction of p-nitrophenol to p-amm::)phenol 18 Wlde!y used ty
study the catalytic activity of hybrid microgels. The kinetics qf : this reaction in the
presence of hybrid microgel can be easily monitored by UV'VLS{ME spectroscopy. p.
nitrophenol in slightly basic medium absorbs at 400 nm. During the progress of
reaction absorbance decreases at 400 nm due to consumption of p-nitrophenol and
absorbance at 300 nm concomitantly increases with the passage of time due fo'
increase of concentration of p-aminophenol (Fig. 11.54). Mathematical treatment oi’
the kinetics of catalysis is given below

Let, p-nitrophenol = A, sodium borohydride = B and p-aminophenol =P

A - B —_— B
t=0 Co bo 0
t=t c bo—x = b, X &
The concentration of B is taken in excess therefore, bo-x = 0 so,
dc
Pt R
dl
de
=
e

By separating variables and integrating above equation will be

dc :
~|—=k__ |dr
I Pl I
~Ine = k,, 1 +constant (11.52)

When t = 0, then ¢ = c,, by putting this approximation on above equation:
get ;

—In ¢, = constant

By putting value of constant in equation (1 1.52), we get

—Inc=k, t-Inc,

Inc, —Ine= kwr

/L_el 5
1%7]4@‘”" (11.53)
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Fig. 11,54 UV-Visible spectrum of catalytic reduction of p-nitrophenol

Since,
A =gcl (11.54)
A=ecl (11.55)
By dividing equation (11.54) by equation (1 1.53). we get
L4
c; Ar
By replacing the coc in equation (11.53) by AdAi, we get
{4
11.56)
1n[%——] = k! (

s i i 1 i lotting a graph of
1“(31;%1‘}”8 18 an equation of st?'alght. line with slope -kayp. So,(zy P; gm:mgt he*.s]o]:m
Versus t we can determine the apparent rate constant (Xapp




