- ) H - X \k m"J'
5. Copper’ crystallizes in a f.c.c, .lattice with- the edge length, 4=360 pm. l_fl the density of [,(i:]sls gg;—{( 1:_)323 %n o
" calculate the Avogadro’s number. - (Molar Thass of copper = 63-54 g mol". [Ass. 6095% el
6. Calcﬁlate the'iatt'icéj'éﬁergry of cési_um iodide which’ crystallizes in the cesium chloride structure an

: ; o - [ are 1-76 and 12, respectively.
interionic distance of 395 pm. The Madelung constant and the Born exponent for Csl are [Aus. = 5648 &I mol‘¥]

7. The only metal that crjstailizes ina primiti\}é cubic lattice is polonfum which has a unit Ce;lnjidgl‘;; 334-5 pm.
.What are the perpendicular distances between planes with Miller indices (110), (111), (210} ( ?

- -[Ans: 236-5, 193-1, 149-5. and 1366 pm] . .
o T, . A . : e
8. Calculate the interplanar spacing (djy) for a cubic system between the following sets of planes : (a) |

i he unit cell.

b) 111 (c) 222. Assume that a is the edge length of t _

v ( [Aus. (a) dyo=a/ [ (b) dyu=a/{3 (c) dypp=al2 3]
9. Calculate the angles at which ﬂrSt. second, and third order reﬂectio_ns are obtain?d[ Afnr(;msP;zxzesli(.);)“ ‘P,ml 7a|;a6r:i

using X-rays of wave length 100 pm. . 3 A
10. X-rays of wave length 154 pm are diffraction by the 200 plane of AgCl crystal. At what[ :r}lsg.leewgull% ; oc}:

maximum reflection occur ? Given : a = 555 pm. o e o 6 i of

ize i i hows diffraction lines
ttern of MgO, known to crysiallize in the cub}c system, R e o

t (?ll;%\;’dg 1%20?%2801,%-2801, 0-2935 and 0-3697. Deterrine the lattice type of MgO. [Ans. f.c.c.]

H i 9

12. NaCl has a face-centred cubic lattice ? What is the coordinatioq number of (a) the §oddllum. ::nl?e r(bo)f t;z :Ogn d

. {c) What are the individual lattice structures of sodium and ions in NaCl ? (d) What is the n;) Nt o4 Cled]
Cl- ions in the unit cell of NaCl ? fAns. (a) 6 (B) 6 (c) f.c.c., ( s

"13."A compound alloy of gold ahd coppér erystallizes in a cubic lattice in which gold atoms occupy the lattice points

. What is the
at the corners of 'a cube and the copper atoms occupy the centres of each of the cube faces

[Aus. AuCuy]

formula of the compound ? - © . ) . v o

14. Ag crystallizes in a cubic lattice. The density is 10-7x10° kg m=>, If the edge length of the um[tAc:lesl.l :c.c.]
pm, determine the type of the latice. -

| i -(6) 111
15. Calculate ‘the iriterptanar spacing (dpy) for a cubic system between the following sets of planes :(a) 110- (b)
(c) 222. Assume thz_lt a is the édge length of the unit cell.

[Ans. (a) duo = a/ﬁ (b) dlll=a/ﬁ © d:ZZ = a/ZE]
16. The density of NaCl at 25°C is 2-163x10° kg m®, When X-rays from a palladium target having a wave length

o y .91° the number of Nat and
of 58-1 pm are used, the* 200 r_eﬂejct_lon-of MNaCl ocours at an angle of 5:91°. Calculate {Ans. n = 3999 ~ 4]

CI” ions in the unit cell.

- break into particulates of matter of colloidal range. The |

» We may say that the system is a-colloidal dispefsion.

There ‘are two classical subdivisions of colloidal systems : (1) lyophilic or solvent-loving colloids

(also called gels) and () byophobic or solvent-fearing colloids (also-called sols). _

The lyophilic colloids are invariably polymeric molecules so that the co
of a dispersion of single molecules. The stability of the Iyophilic colloid i

lloidal solution consists

particularly effec

tive because of the large amouint of water than can be bound by the lithium-ion. The
charge of the jon

is not a primary determinant of its effectiveness as a precipitant,
The Iyophobic colloids are invariably-substances that are highly insolu
The lyophobic - colloj

not defined, such as

ble in the dispersion medium.
ds are usually aggregates of small molecules (or in cases where a molecule is

Agl, they consist of a large number of units of th formula).

_l_’reparation of Lyg_phobic' Colloidal Solu_tions .

The’ priinary consideration in the preparation of colloidal solutions is that the dispersed particles
hould be Within the size range of | mp-200 my. The Iyophilic sols can be readily prepared since

'oIl'oid§1'materials such as starch, gelatin, acacia, etc., when added to Wwater swell up and spontaneously

yophobic sols, however, require special

own as dispersion and condensation methods, respectively.
al Dispersion. The most obvious method of dispersion-
1213 -

A. Dispersion Methods. 1. Mechanic
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consists in breaking down the coarser solid particles by mechanical grinding. This is done in’the so-
called “colloid mill’ which generally consists of two metal discs held at a very small distancé-dpart
from one another which are capable of revolving at-a high speed (of the order of 7000+rpm) iin
opposite direction. The material to be ground is fed in between the two discs in the form-of a wet
slurry. The particles get broken to colloidal dimensions by the operating shearing force. However;-it
is doubtful if this method produces particles uniformly of colloidal dimensions. Can o

Some sols can alternatively be prepared by mechanical dispersion in a high intensity ultrasonic
generators operating at a frequency of 20 kHz (not audible to human ear) and above. This technique is
effective only if the substance being dispersed is of low mechanical strength such as sulphdr, graphite,
resins and gypsum. Ultrasonic vibrations are usually obtained by piezoelectric osciflations which
convert electric vibrations of high frequency into mechanical vibrations. Ultrasonic waves of vibratibng
of | MHz frequency are obtained from quartz oscillators whereas those having vibrations of 50 kHz
frequency are obtained from magnetostriction oscillators whose working component is a ferromagnetic
rod. Ultrasonic vibrations cause local, rapidly alternating contractions and expansions of the solid

substance resulting in the formation of minute cavities which disappear immediately under the action of

" external pressure thefeby destroying the solid and converting if into a colloidal’ dispersioii.

. 2. Electrical Dispersion. In this method an arc is strick
between two electrodes of a metal like platinum, gold, silver or
copper, in wat€r containing traces of an alkali, when the metal
passes into colloidal solution of a reasonable, though not high
concentration (Fig. 1). It is believed that in this method, introduced
by G. Bredig in 1898, the metal first changes into vapours (molecular
state) on account of the heat of the spark and the vapours then
condense in water to give aggregates of colloidal range. The function-
of the alkali will be explained shortly in this chapter.

- - Electrodes of metal + .

e

T. Svedberg devised a method'to obtain organosols of metals
and non-metals. In Svedberg’s method, the electrodes are usually
of iron or-aluminium and alternating curreht (instead of the direct
- current used in-Bredig ‘method) is ‘employe .. The material to be’

Fig. 1. Bredig’s arc methiod.
dispersed is taken in the form of granules and'pasted on the electrodes —
(immersed in the organic medium) through which the electric arc is passed. Electroputtering oceurs
as the electric spark gets through the granules of the material pasted on the electrode. Electroputtering
technique is used for obtaining organosols of several metals and non-metals. :

Organosols of metals are used (?) in the hydrogenation and reduction of organic compounds, (i) as
catalysts for combustion of liquid fuels in rockets, (iif) as fillers. of plastics, glues, anticorrosive

lacquers and paints and (iv) in medicine.
3. Peptization. ‘Certain freshly formed precipitates, such as silver chloride, ferric hydroxide,
aluminium hydroxide, can be converted into colloidal solutions by the addition of a small amount of a
suitable electrolyte. An electrolyte having an ion in common with the material to be dispersed is
required for sol formation. The peptization action is due to the preferential adsorption of one of the ions
of the electrolyte by the particles of the material. As would be illstrated a [itle later in this chapter,
as'a ‘tesultofythie ‘préfeteiitidl adsorption-of the ion which s moré :closglyzrelated -chemically: o the
¢ partitlescdifite #positive of 4:hiegative' éharge depending upon the charge enthe-ion
s 1 ehige OF e:type. Of charge; thé particles:of the precipitate are pushed

use

‘apatte persed fresulting -in’ the-formation of. a stable’ sol: Thus; ferric
ﬁy‘: a‘sjall -quantity, of: ferric ‘¢thlride -solution is added.- The peptization

(0 ‘e préfereiitial adsorption -of Fe*-fons. Similarly, an-aluininium hydroxide sol is
endilute: Hydgoetitotis- acid is added:to-freshly precipitated-aluminium hydroxide. The jon
‘preferentiallys dsorbed;: vizs-the: Al jon; is generated by the -agtion-of ydrochloric acid on ANOH);, ¢
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B. Condensation Methods. Colloidal systems can be obtained by various chemical reactions
such as double decomposition, oxidation, reduction, hydrolysis, eic. It should be noted th oic
-Systems are not always formed in reactions capable.of producing sols ; they dre. foriied nhder specific
conditions, as for example, at definite concentrations of the initial substances, at 3 d&Taite temperatuie
and a definite order of their mixing, etc. R

. 1. Dou'ble Decomposition. A sol of arsenious sulphide is prepared by passing H,S gas through 2
dilute solution of arsenious oxide and removing the excess H,S by boiling. .

A8203 + 3H28 —> As;S; + 3H,0

2. Oxidatipn. A colloidal sulphur sol is obtained by the oxidation of an aqueous solution of
hydrogen sulphide with air or sulphur dioxide. - :

2H,S + 0, - — 28 + 2H,0
2H,S + S0, —> 35S +2H,0

During_ the oxidation of H,S to S, complex oxidation reactions occur simultaneously resulting in the
formation of polythionic acids. These' acids readily get associated with the colloidal particles of
sulphur to foqn bigger. colloidal particles called miscelles which are thermodynamically more stable
than th.e constituent species. In other words, polythionic acids act as stabilizers for the sdiphur sol.
There. Is experimental evidence that pentathionic acid, -H38504, formed during the oxidation reaction
acts as the stabilizing electrolyte, converting ‘the sulphur colloidal particle into a miscelle having the
formula : (m[S]nS,05%.2(n - X)H )2xH*, :

3. Reduction. Sols of metals such as silver, copper, gold aiid platinum are obtaiged by reducing
the aqueous solutions of their salts by non-electrolytes such as formaldehyde, tannin, phenyl hydrazine,
ca‘rbq'n monoxide and phosphorus. Zsigmondy prepared the gold hydrosol by reducing potassium aurate
W}th fqrmalc_l_ehyde. In this reaction, chloroauric acid, H[AuCl,].4H,0, first formed, is made to react
with potassium carbonate in an aqueous solution to yield potassium aurate :

2H[AICK] + 5K,CO;  —»  2KAUO; + 5CO, + 8KCI + H;0

Tl_le,resu'lting solution is heaied_ and a dilute solution of fo}maldehyde is added dropwise'wheil
reduction occurs according to the reaction : o »

2KAUO; + 2CH0 + KpCO; A5 24u (sol) + 3HCOOK + KHCO; + H,0

Pota§sium aurate, KAuO,, acts as the stabilizer of the red gold sol obtained. The miscelle of the
gold sol is represented by the formula : ) ’

(m[ AulnAuO; . {n - XK )K*

) 4. Hydrolysis. Colloidal sols of heavy metals are obtained by the hydrolysis of the solutions of
their sglts. Thus, when a small amount of ferric chloride is added to boiling water, a red-brown sol
of ferric hydroxide is obtained :

Fe(OH); + 3HCl = *

: Boiligg, promotes the reaction because HCl formed is removed aldng with water vapours from the
system, . o

FeCl; + 31,0 4,

. In this reaction, iron oxychloride, FeOCI, formed as a result of incomplete hyd'folysis of FeCl,
is believed to act as the stabilizer : : o ’

CFeCly + B0 —>  FeOCl + 2HCT

'Ih&-s.tabilizer. can a}so‘ bc; FeCly" or HCI. ‘The stabilising action of feCl; is‘ev.idently dué to the
Fe>* jons which it yields in solution: ‘Evidence in-faveur of HCI ¢otnes: from the fact that the surface
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f ferric hydroxi : i bing the hydrogen
of ferric hydroxide sol has a number of hydroxyl groups which are capable of adsor 4
ions [frovig,éd by, HCI. Thus, the structure of the Fe(OH); sol can be expressed by any of the following
formulae depending \ipon whiph substance acts as a stabilizer :

* L. (m[Fe(OH);] nFeO*.(n-x)CI) xCI-
2. (mi[Fe(OH);] nFe3* 3(n-x)Cl-) 3xCI”
3. (mlFe(OH);] nH*.(n-0)CI") xCr

ined For instance, when
5. Exchange of Solvents. Sols can also be obtained by exchange of solvents.
a concentrated %olution of sulphur in alcohol is poured in a large amount of boﬂx.ng water, t!he lalcolhol
evaporates leaving behind sulphur particles which form nuclej that rapidly grow into a colleidal sol.

Purification of Colloidal Solutions. The presence of impurities, particul_arly_the clectroF}'y;es‘
renders the sols unstable. The cause of this instability will be discussed shortly in this chapter. These
impurities must: be eliminated by suitable means. Two simple methods are generally employed‘.

1. Dialysis. ‘It has already been stated that while particles in true solution can easily diffuse

- threugh parchment and.other: fine membranes, the colloidal particles, being much larger, cannot do so

readily. If a mixture, containing colloidal particles as well as _particl.es in true solution, is plzgcectir 52
a parchment bag which is then held in a wider vessel con;ainm_g pure-water, 'the subsgan_ces mel e
solution pass out ‘while the Colloids remain in the bag. The dlstllleq water ‘in t_he w1der.vess
renewed frequently.

The process of separatiﬁg substances in colloidal state from those present in true sqlultcx[?n \:111;!;
the help of fine membranes, is known as dialysis and the membrane used for the purpose is know. :
dialyser.

Ofd'naril , the process of dialysis is quite slow but it can be quic.ke_ned by applying an ?Iectr_lc
field if ;he szbStan&:% in true solut)i,ou is ap electrolyte. The process is then called elec(rod;ﬂg:;sl;
The. mixture is placed between:two dialysing membranes while pure water is c;:ontamed na c(;)mplta e
on each side. There is one €lectrode in each comipartment I?y means of which the re‘llxlillueth vgollgidal
applied. The ions of the electrolyte migrate out to the oppositely charged electrodes while the _
particles are held back. ) o

. 2. Ultrafiltration. The separation of solutes from colloidal systems can also be cam;d Olito gg
the process known as ultra-filtration. Ordinarily, filter papers have pores larger than 1 ;:Sen o
my) so that the colloidal particles which are less than 200 -my can readily pass throug oegs e
the ions or molecules in solution.. But the pores can be made smaller by so:%kmg' the ﬁltefi p;pdr .The
solution of gelatin or collodion and subsequently hardening them by soaking in fqrmz:il tgltgre.a o
pores thus become very small and the colloidal particles may-be retameq on the treated i lpt g ié
The treated filters ar¢ known as ultra-filters. This process of separating cofloids from solute s
known as’tiltra—ﬁlt’fz{tion. A series of graded ultrafilters can be-prepared by soaking filter papers i

-~ solutions of collodioft of different concentrations. T pores even in the finest ultra-filters will be

nough to, permi i i jon but these will be small
large enough fo. permit the- passage of ions or -molecul.es in true solution bu € T
enfu'gh to ézithhol% the collojdal particles. By using a series of gra_dcd ultra-fj}tc_rs. 1.t may be lpossgg
to separate colloidal particles of different sizes from one another. f[fl}e:process is very slow
ometinies 4 simall pressure is nceded to drive. the solute particle

wiiKe 7u¢ solutions, are
Hases : the disper ‘nd dispersion mediurn.
nstituting the dispersed phass ily diffuse
articles-‘constituting the -dispersed phas; do not readily ;
jtanes. Tn- fact; it ‘was’this. property which led Thomas Gfaham
‘a§ dlready méntioned.
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3+ ‘Filterability. The colloiil particles readily pass through ordinéfj?'ﬁft;ér papers- along with

any dissolved material. This is because even the finest filter paper hias pores bigger than the colloidal
dimensions. ; o o

4. Visibility. It is not possible to see colloidal particlés even withf_.the:'h’eﬁi -9_' ? most powerful
microscope. A gold sol, for instance, appears to be as, clear as a trie Solut
water. The.reason of the-invisibility of colloidal particles has' already: been disct

Attempts have been made in recent times to use ultraviolet rays or;cathode fays for secing the
colloidal particles. But, these 1ays make no impression on the retina of the eye. However, the images
formed by them can be photographed. The electron microscope, for instance, makes use of a beam of
cathode rays and by combimation of special types of lenses, images of colloidal particles can be
obtained on photographic plates. :

¥
S

5. Colligative Properties. The magnitude of osmotic pressure, loWering of vapour pressure,
depression in freezing point and elevation in boiling point, depend upon tlie number of solute particles
ent in a given mass of the solvent. Now, colloidal particles are not §implé‘-~'__,:’£1’oleculcs. These are

about 1000 molecules. Thus, for a given mass of arsenic sulphide, the number of particles in the sol
will be only ﬁo-th of the number present in true solution. Hence, all colloidal dispersions (unfike

- "true solutions) give very low osmiotic 'pressure and show very small fi‘eezing point depression or

boiling point elevation.

6. thjéal Properties. It was observed by Tyndall, in 1869, th‘_ét when a beam of light is

Howevpr, when the same beam of light is passed through a colloidal dispi;rsiqn, it becomes visible as
a bright streak. This phenomenon is known as the Tyndall effect and‘thé.ﬂluminated patht (streak of
light) is*known as Tyndall cone (Fig. 2). This phenomenon is due t6 the scattering of light from the

surface of colloidal particles. In a trye solution, there are no particles of sufficiently large diameter
to scatter light and hence the beam is invisible. e ‘

enough to scatter light and thus render the path of light visible.

.. The intensity of the scattered light depends on"the diﬁ‘érence bgméen the refractive: indices of -

the dispersed phase and the dispersion medium. In lyophobic sols, this difference’ is appreciable and,
therefore, the Tyndall effect i quite well- : ' :

defined. In lyophilic sols, the particles are T 1
largely solvated. This lowers the difference S

in the refractive indices of the two’ phases ' 3
and hence .the Tyndall effect is much
weaker.' Thus, in the sols of. freshly :
prepared silicic acid, blood serum, .{ - o, Bright -
albumins, etc., there is little of no Tyndall | - Tyndal cote
effect. ' o : - !

. The Tyndall effect has been used by |- [Intense

Zsigmondy and Siedentop in devising the | SomecrE"S

Microscope

ult 0 A strong beam of light | froman
from. an arggam,or any other source is | arc lamp

fised by a system of lenses and passed
through the colioidal solution. The scattered
bear (Tyndail béam) is viewed-through a
microscope-placed’ at right angles to the
beam (Fig. 2). In this way, the -collpidal

/
Colloidal solution

Fig 2. Principle of. ﬁltramicroscope.

51d' chforide. in -
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particles.which are too -small to be- seen-under an-ordinary microscope, can'be-detegfed as: spots of
light-moving irregularly. It-may be.emphasised that we do not see-the actual particlc's they: are too
small to be visible. We see only the light scattered by them. Qur eye prctures various spots of light
as round or spherical particles.

. 7. The Brownian Moyement. Robert Brown, an English botanist, in 1827, observed that pollen .

grams in aqueous suspensions were in constant motion. Later on wien ultra-microscope was invented, it
was found that partrcles of lyophobic sols were also in a state of ceaseless erratic and random motion
similar to’ pollen grains. This kifetic activity of . particles suspended in a liquid is catled Brownian
movement. The Brownian movement is due to the bombardment of colloidal particles by molecules of
dispersion medium which are in constant motion like molecules in a gas. As a result, the colloidal

particles acquire -almost the same amount of kinetic energy as possessed by the motecules of the -

dispersion medium. But, since the colloidal particles are considerably heavier than molecules of the
dispersion medium, their movement is considerably slower than that of the molecules of the medivm.

The Brownian movement is not observed in ordinary suspensions because the riass of each particle
in this case i5 so large that the bombatdment by molecules of the dispersion medium produces little
effect on them. Brownian movement offers a visible proof of the random kinetic motion of molecules
ina quurd ' .

. Propertres of Hydrophobrc Collordal Systems
L. Electrical Prop:rties

Charge on Colloidal Particles. The most important property of hydrophobic colloidal dispersions

_ is that the particles ‘carry electric charge. All the particles in a given hydrophobic colloidal system
““carry the same charge and the dispersion medium has an opposite and equél charge, the system asa
whole bemg electrrcally neutral. The presence of similar charges on.colloidal’particles is largely
responsible in giving stability to colloidal systems because the mutual forces of repulsion. between
similarly charged particles prevent them from coalescing and coagulating or aggregating when they

* come closer to one another. Metalhc hydroxides, some metals (such as bismuth, lead, iron), methyl

" violet and methylene blue, are electroposmve colloids while metallic sulphides, prussian blue, many-

metals (such as silver,’ gold, platmum), siticic acid, tannic acid and mastic are electronegative colloids.

The Origin of Charge on Colldidal Particles. The origiii -of chiarge on colloidal particles has
not-been completely iinderstood. However it has been observed that sols are. ipvariably associated
with minute_quantities of eleetrolytes and that. if the lafter are completely removed by persistént
dialysis, -the sols become unstable. It is believed, therefore, that the charge.on the colloidal particles
is due to preferential adsorption of either positive or negative ions on their surface. If the particles
have a preference to adsorb ‘positive ions, they acquire a.positive charge and' if they prefer to adsorb

. egative ions, ‘they acquire' a negative charge. According to this view, positive charge on.ferric
hydroxrde sol prepared by hydrolysis of ferric chloride is largely due to preferential adsorption of
Fe3* ions on the surface of particles of ferric hydroxrde The ferric ions come from ionisation of

- ferric chloride which is always present in traces in the sol.

Similarly, the negative charge on arsenic sulphide sol is due to preferentral adsorption of sulphrde
ions.on. the. surface of arsenic sulphide partrcles The sulplude ions are furnished by ionisation of

-1s pepnsed bya 0t
small “amount of s8d1ﬁm< ydroxide

g

' constrtutmg the particles. This pheromenon is observed mostly
. in the case of acidic and basic dyestuffs. An acidic dyestuff,
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of stannic .chloride, SnCl, is formed and the positively charged Sn** .ion is preferred and the sol
is positively charged. In the latter case, a small amount of sodium stannate, Na,Sn03, is formed and
now-the negatively charged SnQ3-ion is preferred and accordingly the sol. is negatively charged.
The chloride and sodium jons, lmown as counter ions, are directed towards the quurd phase

- Another interesting case is “furnished by the formation of posmvely as well as negatwely charged
sols of silver iodide. If a dilute solution of silver nitrate is added to'a slrght excess of a dilute
solution of sodium iodide, a negatively charged sol of silver iodide is formed. This is due to the
adsorption of iodide ions. The structure of the sol particle is represented as in Fig. 3(a). But, if a
dilute’ solution of sodium iodide is added to a slight excess of dilute solution of ‘silver nitrate, a
positively charged sol of silver iodide is formed due to the adsorption of silver ions. The.structure of
the sol particle is now represented as in Fig. .-3(p). However, if silver nitrate and sodium iodide are
‘mixed in equivalent dmounts, there is precipitation of silver iodide and no sol is formed. It may be
mentioned once again that the ions preferred by colloidal particles are those which are commen to
them. Thus, in the above example, in the first case, silver iodide prefers iodide ion and not sodium
ion. In the second case, it prefers silver ion and not nitrate ion. The counier ion, in each case, is
directed towards the liquid phase.

ten
Na* W 2
. x 0. o
(’sx ! T 'e‘b ) 7 +é° x <
Z ey
Na* I {% I Nat NO; Ag*Ag* NO;
< \ "~
X I- 4 , Y’oa A+ x
& 9 x 5 éow 4'% .
Nat NOj
‘F-ig. 3(a). Negatively charged sol of Agl Fig. 3(b). Posirively charged sol of Agl

Thus, on the surface of a colloidal particle there is an electrical double layer of opposrte charges

-The aspect has been discussed in adequate details in the next sectron

Another possrble way in which colloidal particles may
acquire charge is by direct ionisation of the material

for example, ionises yielding hydrogen ions in solution and | . o
ihereby leaving an equivalent amount of negative charge on | . pariced- H*  pariigled* 'OH~
the particles. The structure of the colloidal particles of the -
dye may be represented as shown in Fig. 4(a).

- + ol
A basic dyestuff on the other hand, ionises yielding | () Anacidic dyestuft (b A basic dyestuff
xyl ions in solutron and thereby leaving an equivalent

't of positive charge on the particles. The structure Fig. 4. Origin of charge in dyestuffs from
romsauon of surface’ gmups

trrcal Double Layer Ceutral to the understandmg .of the electrrcal properties- of colloids
oncept of electrical double layer. Consider once again the formation of silver -iodide 'sol from
e ecomposrtron reaction

AgNO3 (aq) +Nal (aq) — Agl (s) |+ NaNO, (aq)

.
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Let us‘suppose that the electrélyte uls'et‘j.in.ex(:éss’_is sodium iodide. This would result infpreferential
adsorption-of I ions ‘giving a-niegatively.charged sol gfv'si‘lyer, jodide, as. illustrated above (Fig. 3a).

The ions ‘preferentially adsortied on'ithe’ sijrfacé ‘of a particle of a colloidal system are called
potential-determining ions. B A '

The negatively charged surface of Agl- particle attracts the positive ions (Na*) and repels the

.. negative ions (NO3). As a result, the positive Na* fons.tend.to form a compact-layer in the vicinity -
- of the potential~determining I” ion layer., This is called the Stern layer (Fig. 5). The ions present in

the Stern layer are called the couirter fons.

STERN le Electrical Double Layer
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Fig. S. The eléctrical double layer in cé)lloidal systems.

The influence of the suffac_e charge decreases with distance and so does the number of ions with

~ the result that at a certain distance from the surface of the particle, the concentration of Na* ions

equals the concentration of NOQj ions and a state of electroneutrality prevails (Fig. 5). It must be
borne in mind that the system'as a whole, is electrically neutral even though there exist regions of
Vi_vmequal.'cg}sgribution of anions ations, The diffuse “between the ‘Stérn layer and the eléctrically
; 2 tj-r s RERGE EA

utface of the partsle, This potential drops
 the-Surfag ending upon the concentration of the counter ions
whifch” the ‘influence ‘of the' charge is appréciable is known as the
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. e pt . . ’
electrical double layer. The double layer consists of two-parts : the Stern layer, the thickness of

which is of the order of ionic dimensiong and the Gouy-Chapman.diffuse layer; the thickness of which
is given by .

n ’ b - ..
Y IR AR
D ZPFZI aee

where p, ‘¢, and [ are, respectively, the density, the dielectric constant and the iogic strength of the
solution. F is the Faraday constant. The value of rp is of the order of 1-100 nm. It decreases as the
fonic strength of the solution increases; more rapidly for counter ions of high valency.

A very important quantity reckoned with in the present context is the so-called zeta potential (£) .

defined as the difference in potential between the surface of the tightly bound layer (called the plane
of shear) and the electroneutral region of the solution. The zeta potential is located at the shear
plane. It determines the stabifity of colloidal- systems.

DLVO Theory of the Stability of Lyophobic Colloids

This theory, involving the concept of zeta potential, was developed by the Russian scientists
D. Derjaguin and-L.D. Landau, and independently, by the Dutch scientists E. Verwey and J.T.G.
Overbeek. According-to this theory, there is a balance between the repulsive interactions between the
charges of the electrical double layers on meighbouring particles and the attractive van der Waals
interactlons between the- molecules in the particles. The repqlsive potential energy of the double layer

on particles, each of radius a, is given by - 2, .
Aa*g? o .
Vep = __Eﬁ_e SIF s g <& 1 ’ Q)

where 4 is a constant, { is the zeta potential, R is the separation of the centres, s is the separation
of the surfaces of the two particles (s=R-2a for spherical particles of radius a) and rp is the
thickness of the electrical double layer. Eq. 2 holds for a thick double layer (¢ << rp). For a thin
double layer (ai>> rp), BRI

2 .
V;-cp = A‘;C ln(l+e—:/’0) ,oa>> rDv - . (3) )

The potential arising from the attractive interaction is given by
Vau = - Bis : L)

where B is another constant.

Treating the electrical double layer as'a simple electrical c_o'ndensér, the zeta potential § is -

given by the expression, ) .
¢ =dmnule, o S .5

where 1} ‘are €, are'the viscosity and the dieléctric. constant, 'respecti'vely, of the dispersion medium
and u is the mobility of the colloidal particles. :

For water as the dispersion medium, .G is found to lie between 0-03 and 0-06 V. The value of §
decreases when an ion of opposite charge to that of the colloidal particlé is adsorbed. This reduces
the mutiidl-repulsion between the similarly charged colloidal particles. As a result, the colloidal
particles easily come closer to one another to coalesce and form bigger dggregates which lie. outside
the colloidal range. This phenomenon of changing colloidal state t0-3 suspended state is known as
coagulation, flocculation or precipitation of colloidal solutions. - -

In the case of lyophobic colloids, the stability ‘is due to the eléctrical charge present on the
colloidal particles whereas the stability of the Iyophilic colloids depends upon both the electrical
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charge and solvation. In order to cause precipitation of the dispersed particles, it is m.ecessary‘that
they coalesce into large aggregates: Since in a lyophobic sol, the charge on all the collfndal particles
is of the same sign, the repulsive forces prevent the particles from approaching sufficiently close to
-one anather. and to coalesce and coagulate. The. magnitude of the repulsive forces depends. upon the
magnitude of the surface charge and the thickness of the electricat double layer. These .factors also
determine the value of the zeta potential which actually governs the stability of the colloidal system.
If ¢ is small, the resultant potential energy is negative so that the van der Waals attraction predominates
over the electrostatic repulsion and the sol coagulates rapidly.

On the other hand, in the case of lyophilic sols, solvation plays a very important role. Si.nce the
colloidal particles are enclosed in a solvent ‘cage’, the cage serves as a_barr?er preventing the
particles from coalescing to form aggregates. Thus, whereas in the case of lyophobic spls. removal of
electrical charge may easily bring about coagulation, in the case of lyophilic go.llmds, the charge
removal may not necessarily result in coagulation though it may decrease the stability of the sol.

When a lyophilic colloid is added to a lyophobic colloid, the latter is rendered less sgnsitlve to
the precipitating action of an electrolyte. This is expressed by saying that the lyophilic colloid protects
a lyophobic colloid from precipitation by the action of electrolytes. That is _wh)f substances _sych as
gum acacia, gelatin, tragacanth, etc., are known as protective colloids. They ptobably function by
getting adsorbed on the solid surface in the form of loops wherein water gets trapped. These loops
prevent the approach of particles to cause coagulation.

Zsigmondy gave quantitative’ treatment of the stabilizing action of the protective -f:olloids. He
introduced a quantity called the gold number of a protective colloid. The gold number is defined a
the largest number of milligrams of a' protective colloid which, when added to 10 ml of a special
standard gold sol, just fails to prevent the colour change from: red to blue upon the addition of one mI
of 10 petcent sodium chloride solution. It must be emphasized that the protective action of a lyophilic
sol depends upon several factors such -as sol dispersity, the molar mass of the lyophilic sol, the pH of
the solution at ‘which the experim::m is carried out, and so on.

It is customary to use sols other than gold sols to determine the protective action of a high molar

mass colloid. Thus, silver, sulphur, prussian blue, etc., sols have been used and the corresponding )

‘numbers’ determined accordingly (Table 1)

: +  TABLE1 .
Protective Action of High Molar Mass Lyophilic Colloids on Some Hydrophobic Sols
" Protective _Numbex:s_ LSS
Colloids Gold Silver - | - Sulphur | Tronowide | Rubin- | Prussian blue
 Gelatin | 0-01 -0:035- 0:00012 S5 2s 005
Dektrin. 20 : 100 0125 . 20 e ' 250
Saponin < | 115 35 0:015 s | . 25
Potato ‘starch 20 S A . W
Haemoglobin 0-03-0-07 R - 08
Egg ‘albuinin 25 ' . 20 L

ts of‘the exi_'sfe;ni:'qfo harge on

e PAHICTES M & 18 "des "ot retuced, ‘the S61 s, precipitated.” The' folloWing riethods

aces, of electrolytés \a:é_es\sgrrxti»élf;_fbir the stability of sols, the
Iytes' cause their coagulation. This due to the fact that colloidal
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. precipitated or coagulated or flocculated. - Based-on the experiments carried out.op ¢
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particles take up ions carrying charge opposite to that present on them as a result of which the charge is
neutralized or reduced'to a certain critical value so that the zeta potential falls below 0-02 V. This
results in the reduction of the repulsion between the colloidal Particlesto such an.extent that the sol gets
lation; Hardy

and Sch_ulze formulated the following rules :

e

1. Coagulation is brought about by ions having opposite charge to that of the sol. Accordingly,

negative jons cause coagulation of the positively charged sols and positive jons causé coagulation of
negatively charged sols. Thus, Fe(OH); sol, which is positively charged, is coagulated by negative ions
such as CI~,NO3, S02-, etc. Similarly, As;S; sol, which is negatively charged, ‘is coagulated by
positive ions-such as Na™; Mg2*, Ba?*, etc. : . . o

2. The efficacy of an ion to cause coagulation depends upon its valency. Thus, the efficacy of
AB*+>> Mg?* > Na* and that of [Fe(CN)gJ*" > > > PO}~ >> 502~ > CI-.

Quantitatively, the efficacy varies directly as the square of the valency of the ion. Thus a Mg?* ion
is 4 times more effective and an AP+ ion is 9 times more effective than a Na* ion in flocculating a

negatively charged sol.

3. The minimum ¢oncentration of an electrolyte required to cause coagulation or flocculation of a
sol is called its flocculation value. This is usually expressed in terms of millimoles per litre of the

electrolyte. The flocculation values of a few electrolytes for arsenic sulphidé and ferric hydroxide sols
are given in Table 2. .

TABLE 2 ‘
Flocculation Values of Different Electrolytes -

Arsenic Sulphide Sol Ferric Hydroxide Sol
. Flocc. Value ) Flocc. Value
Electrolyte Cation (millimoles Electrolyte Anion (mnillimiotes
Valency per litre) Valeacy per litre)
NaCl 1 52 HCl | 1 - -1
KCl g .5 | -kBr 1 138
Aci 1 30 KNO,4 a1 132
K50, 1 64 KBrO; . 1 31
MgSO, 2 7} K;CrO, 2 0315
CaCly 2 069 . | . K;SO4 2 0210 . -
ZnCl 2 068 - KGO0, 2 0238
AlCl 3 0-093 1. Ks[Fe(CNyg) 3 0096

“We find significant departures from the Hardy;Sehixlzc rules- in this Table. For éxamijle,’ ‘the
flocculation value of HCI for As,S; sol and that of KBrO; for Fe(OH); sol are-relatively low. This

can be attributed to strong adsorption of H* ions in the first case and that of- BrO5 ions in the
second case. - : . .

_Even more striking departures are known. For instance, the flocculation values of potassium
citrate; pofassium acetate and potassium formate for arsenic sulphide sol are known to be 270, 115
and“85:millimoles -per- litre. ‘Since -potassium jon which is ‘effective in the présent case is common,
one;wo:uid e expected the flocculation value of:each electrolyte to be about the same. The marked
discreparicy. in. the flocculation values shows.that the ion. carrying the same charge as the colloidal
particles is-also effective in some way in determinisig the flocculation value of an electrolyte. It has

been established by experiment that citrate, acetate: and formate ions in the above electrolytes are

also adsorbed to different exteits on the surface of arsenic sulphide particles thus raising the-negative
zeta potential -of the particles to different extents. Hence, different concentrations of potassium ions
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are needed to bring -aboutgﬁeutralisqtion or reduction of the negative charge on the arsenic sulphide

sol particles in order to cauje their flocculation. . _ R
Genérally, hydrophobicisols are coagulated by electrolytes at_'O-QOQI—O-l M concentratlolns; Tge

coagulation -is irreversible s0. that the removal of the coagulating électrolyte does not allow the

i ilic sols by the addition of electrolytes is not due to the neutralization of charge
g?lafh:ag:r[:iglfegogzglzl_:((:)tlgo:);,te binds part of the wateYtr thereby get?ing hydrated. As a-result, the
polymer molecules in the hy:li_lfophilic sol get dehydrated. The dehydration leads to coagulatl_on: .

Vaﬁou's ions are anméed in increasing order of their efficacy for coagulating a lyophobic sol in
the form of a series, as shqm below :

Mgz.-jf'r > Ca?* > Bal* > Na** > K*
SO¥ > CI" > NO3 > CIo; > I
This sefies is known as-élyotropic series or Hofmeister series. .

: . 2. By.the Mutual Actibn of Sols. When two sols carrying opposite charges are Tmeddto%gth?f
! in suitable proportions, mufual precipitation Gceurs. For. examp!e. wpen negam'ely charge a.tSft:::;;
}4 sulphide so! is added to poSitively charged ferric hydroxide s.ol in s__u;t_a‘lble propor.tlons, precipital

| of both the sols takes place simultaneously. _ .

3. By Presistent Dlalys:s It has been reported earlier that traces .o.f electrolytes are inva}'labty
associated with colloidal syfstems and that this is essential for their stability. If the sols are subjﬁcfgd
to prolonged dialysis, these traces of electrolytes also pass out.through the dialyser and the colloids
become unstable. ; : : '

4._Cbagulétion by Mechanical Means. Violent stirring of a sol may _coagplate it. Also, sols

may coagulate due to the;-vitii:atoty actiorrcaused by ultrasound. Vibratory

- coagulum to be redispersed.; Lyophilic sols, on the other hand, ace not easily coagulated. 'I.‘hey {_equTi;e
riluch- higher concentrations (usually of the order of IM) of the electrolyte for precipitation. The

coagulation'is.used: iri-technglogicat ‘processes relating to the manufacture: |-
of pastes and other similar materials.

© 1L Electrokinetic Properties - : R

" Since the solid paniclesfand the liquid medium carry opposite charges,

. it is obvious that when an’ electric field is applied, the particles and

the liquid will migrate in opposite dirertions. Wiea experiments are so

"arranged that the particles tan move but not-the medium, we have the

phenomienon of electrophoresis. If; on- the other hand, the exper_lments

are designed in such a way that the medium can move but not the

particles, we. come across ithe phenomeénon of electro-osmosis. - Both |
these phenomeﬁ_a-éfg-discuqied_below(____ _ o
Eieétrophofés_is. _ 'Tlie:i—_"e’lectrophoretic effect can be studit?d by the

simple apparatus shown in Fig. 6. It consists of a U-tube p;ovnded.wgth ]

a stop-Cock through which 4t is connected to-a funnel-shaped reservoir. |

A I ol oty = 5 G T T g s et ST N

et et SR

' charge. Thérefore, it Would .start moving -
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the position of the boundas} by means of naked eye or & T of 4 cathetoric
are negatively charged (as in the case of arsenic sulphide sol), the boun
side is seen to move down and that on the positive electrode side
particles move towards the positive electrode. Thus, by ‘noting the diréctio
in the electric field, it is possible to determine the sign of the charge !
“also possible ‘by this téchnique fo determine the rate at whick colléidal “particlés migrate in an
electric field. This rate is expressed in terms of electrophoretic mobility of coiloidal particles.

The electrob,h_qretie mobility of colloidal particles is defined as ﬂie distance -travelled by them
in one -second under a potential gradient -of one. volt per centimetre.. It has been found that the
electrophoretic. mobilities of colloidal particles are of.the same order as.those of ions. under similar

conditions, that.is, of the order of (10 - 60) X103 cr/sec/volt/cm,

Since different colloidal materials have different mobilities, it is possible to separate them from
one another from their mixtures. This method has been used for the fractionation of proteins,
polysaccharides, nucleic acids and other complex substances. :

Electro—osmosis: When electrophoresis of dispersed particles in a colloidal system is prevented
by so

field.: This phenomenon is known as electro-osmosis. -

A simple apparatus for studying electro-osmosis is.shown in Fig. -7. The.colloidal system is
placed in the central compartment 4 which is separated from the compartments B-and. C filled with
waters:by: the. dialysing membranes M and - —

M'. The water in the compartments B and C '
also extends to the side tubes T and T', as
‘shown. The membranes prevent the movement
of the colloidal particles. Therefore, when a
potential difference is applied across the
electrodes held close to the membranes in
the compartiients B.and C, as shown, the
water begins to move. If the particles carry
Ppositive charge, the water will carry negative

towards the anode and hence the level of water [ .- Fig. 7. Electro-osmosis.
in the side tube T would be seen to rise. If, S ———

on the other hand, the particles carry negative charge, the water, which now carries positive charge,
will start moving towards the cathode and the level of water'in the side tube T* would start rising.

_Dete_r_minat(bﬂ of_'Siie_:' of Colloidal Particles. There are a number ofmethods forthc determination
- of size of colloidal particles. Some- of these are given below. U

" 1. By 'Using'UltrafilterSr—Anﬂpproximate idea about the size of particles in a-colloidal system
can be obtained by the use of ultrafilters. These are prepared by impregnating filter papers with
collodion or gelatin which are subsequently hardened by immersing-in formaidehyde. The pores can
be made: small enough to retain. particles of colloidal dimensions. The:size of the pores. depends upon
e particular 2per-employed.and- the: concentration:of:the ¢ liidion.or gelatin.solution used
fo S gnating ‘thus. possible to: obtain a series of-graded uftrafiltérs by ‘means’of which a
Co solution may be separated into fractions containing particles:of different sizés.- An approximate

‘ esttmateof the ‘size of particles:can be obtained from a knowledge of .the:dimensions of the pores of

the ultrafilters. The latter. parameter is determined from.the pressure required to force air or water
through the pores. The results. obtained by this method are only approximate because pore size is by

me suitable means, it is.observed that the dispersion.medium itself.begins to move in an electric .



1226 PRINCIPLES OF PHYSICAL CHEMISTRY | THE COLLOIDAL STATE 1297
00 meins the only. factor which determines whether a given particle will pass through an ultrafilter . Surfactants can be classified on the basis of the charge carried by the polar head group as
or mot, . ST o / R : anionic, cationic, non-ionic or amphoteric. Tables 3 to 6 show the chemical structures of typical
2. From Brownian Movement. Colloidal particles suspended in a liquid medium are subjected examples of these classes. L L . TR T '
to Brownian moyement. They also tend to-settle down due to.gravitation. Under the influence of both - - - | - - : : '
these effects, the particles distribute themselves in a vertical column in accordance with the equation i : TABLE 3
. "(RT/NA) In (yiny) = (43 Kby - hy) (o - oy . B (6 Chemical Structures of Hydrophilic Groups for Anionic Amphiphiles
Since the number of particles n, and n, at two depths hy and k; of the vertical column can be o Chemical Structure ¢ © . Name
«; counted with the help of an ultra-microscope and densities of the particles and of the liquid medium, ]
p and p', can be detemxinc‘_d- by- the usual methods, the radius of the pa:t_icles, r, can’ be easily . R-(COO-) Mn+ . Carboxylate
B calculated. Brownian motirn of collmda] systems was Investigated by the French physnf:lst Jean Per}'m : R-COO-M?* _ Sulphocarborylate ‘:
- (1870-1942) to determitie the Avogadro’s number. Perrin was awarded the 1926 Physics Nobel prize ) oA o |
[ for his work on the discontinuous structure of mater and especially for his discovery of the sedimentation - 503 ;
equilibrium. . ) o ] fz—COO-M<"+“+ Phosphonocarboxylate
3. From Scattering of Light. Zsigmondy used the ultra-microscope for determining the size of : OPOH;., o . :
. the particles of colloidal. dimensions. As already mentioned, each spot of light viewed in ultra~ - - T b R-0SO:M* Sulpha
0 microscope corresponds to a-particle. The number of particles in a given volume of a solution, Bt N plate
j - therefore, can be counted. The observation is repeated several times and an sverage is-taken. The R~(OCH;CH),-050; M ’ ' Polyoxyethylene sulfate
‘ { length and breadth of the field of vision are measured with the help of an eye-piece micrometer. The - . R-S0; M+ ) " Sulphonate
! depth is determined by rotating the slit through 90°. From these dimensions, the exact volume of the o _
; solution containing -the observed number . of particles can be obtained. Fromi this,- the’ number of ~ RAOCH,CHy, -sosM* Polyoxyethylene sulfonate
i particles n, contained per unit volume of the solution can be deétermined. S ' o :
i3 Next, a known volume of the colloidal solution is evaporated to dryness. From the mass of the gl . R‘@'SOSM' Benzene sulphonate
residue, the mass of colloidal' particles per unit volume can easily be obtained.. Let this be m. Now
two assumptions are made." Fitst ¥, the particles are spherical. Secondly, the density p of the colloidal . R- So3M*
_; particles is the same:as that.of lie matérial in the bulk state. The volume of colloidal phaseismlp ’ Naphthalene sulphonate
5 and, thereforg, LT e - : : _ _ ]
f iy <3 APXA or - r = Gmildmpr)d . - TR )\ . R-OPOH;_Mv+ - _ o Phosphate
- Richard Zsigmondy (1865-1929), the German chemist, was the recipient of the 1925 Chemistry ~ R stands for long hydrophobic i,
Nobel Prize for demonstration of the heterogeneous nature of colloidal solutions. : . ‘
, . v v "' TABLE4 T

& e LT : ’ " Chemical Structures of Hydrophilic Groups for (_Ja_tionf_c Amphlpililas
eir behaviour-at surfaces and - .

Surface-active agents ‘or surfactants

3 , " " . -
interfaces, They ar¢ positively adsorbed at in'tér_f_aces between two phases and the adsorption of surfactant chﬂ'mal Sructure i Name , C.hemiw' striiture * ' Name
lowers the inteffacial ténsion’ between the two phases. Because. of their ability to lower interfacial. R o 1

_tension, surfactants are used as emulsifiers, detergents, dispersing agents, foaming agents, wefting - ) R—‘llll X - : . o
agents, penetrating agents, arid so forth. The surfactants are frequently referred.to as amphiphiles. ~R; Ammonium R—‘@—x' . Pyridinium
Many types of ‘substances act ‘as surfactants but they all share-the property of amphipathy. The - Ry

molecule is composed of a non-pelar
therefore, partly*hydrophilic:dnd partly
is known as-aniphipath ictanits
termis;are: sy

Bydrophobic portion and.a polar hydrophilic portion and.is, Re*S—R.X~ ) T Rt a :
ydrophobic. The propeity to"partly:have both these characters _ i 1 Sulphonium _ O @ X Quinclinium
be'referred: to jas either amphiphilic. or-amphip : : B : '
an I‘n oy sy o 3 .

R-* i’— RoX™ ) ‘ Phosplioriumi

* R stands for long hydrophobic tai; Ry, R; and Ry stand for hydrogen or a short alkyl chaif,

o
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TABLE § .
. Chemical Strwcture of Hydrophilic Groups for Non-fonic Amphiphiles
Chemical structure* | ... Name . Chemical structure * . . -Name
R-(OCH,CH,),-OH Polyoxyeshylene alcohol R~(OCH,CH;CH),-OH | Polyoxypropylene alcohol
R-COOLCH,CH;0),-R, | Polyoryeiiylene eser R-CHCH,0), | Crownether
R=S—R, Sulphoixide R—S—(CH,)i—OH Sulphiny! alkanol
i ;
. ' R,
R-S-(CH,CH,0), Polyoxypropylene thioether 'R—I\L—)O Anmine oxide
3
. R
R~(CH,CH;NH), Anacrown R—1I=—>o Phosphine oxide”
.

* R stands for long hydrophobic tail; Rjad R, stand for a short alkyl chainS.

. TABLE 6 o
Chemical Striicture of Hydropﬁilic Groups for Amphoteric Amphiphiles (Zwitter Ions)

Chemical structure * " Name ‘Chemica structure * 'Name
R I -CH,COOH
R—CH—*1~|1—-R2 " Cbesaine R—*N—CH,COOH Triglycine
|I ) b 1 CH,C00"
€00 :
R .
R—"N—CH,C00" N betaine
lllz ’ :

* Rstards for long hydrophobic tail; Ry, Ryand Ry stand for short alkyl chains.

Hydrophile-Lipophile Balance (HLB)

. This term, first suggested by Clayton, refers to the balance in size and strength between the hydrophilic -
and hydrophobic parts of a surfactant-molecule. Griffin latet developed the concept of the HLB for -

emulsifiers on the basis of!their aqueeus solubility. The HLB value is an empirical number assigned

- to non-ionic surfactants on'the basis-of @ wide variety of experiments carried out on surfactants. The

HLB values range ffom 1 t0'40, the low mumbers generally indicating solubility in oil and the high riumbers
indicating solubility in_wate'ri.«,-Nevenhpl’es,s,- emulsifiers with the same HLB value may differ in solubquy.
An emulsifier has two: different ‘actions : it prorotes the formation' of an emulsion and it determines

] ol a water/oil (W/(O) emulsion will be formed. The second action is closely

whether .an oil,

. i

1its, Giffin-found that,the HLB values of mixtures of two or

‘of a mixture is equal to the sum of the HLB values of

n-the mixture-x/" :
I (8
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Griffin also listed severaligstimated HLB values for emulsifiers which had been determined and
correlated by an extensive series of emulsifier blending tests' (Table 5). Using these values and Eq. 9,

we can determine an HLB value for any surfactant by blending it with a surfactant of known HLB value.

For most polyhydric alcohols, fatty acid-and esters, approximate HLB values may be gbtained using
the following equation : g IR ” )

where S is the saponification number of the ester and 4 is the acid number of the acid. This equation
can be written as ‘

HLB = 20 (1 - MyM,) .(10)

" where M, is the mass of the hydrophobic group and M, is the molar mass of the emulsifier.

HLB values for the various types of emulsifiers are shown below. in parénthesis :

(a) Anionic : (i) Tea oleate (12); (i0) Sodium oleate (18).

(b) Cationic : (i) Atlas G251 (25-35). P

(¢) Non-jonic : (i) Oleic acid (~1); (i) Span 85 (1-8); (iii) Span 80 (4-3); (iv) Span 60 (4-7);
(v) Tween 20 (16-7).

- Davies suggested assigning an HLB contribution group liumbc;f to each functional group na molecule

after studying the relative coalescence rates of stabilized: oil- droplets in water ‘and water droplets in
oil. The Davies equation which is applicable to ionic as wiell as non-ionic surfactants is

" HLB = Z (hydrophilic group number) - Z"-(hero'phobié group number) + 7 (1)
Table 7 lists the HLB group numbers of some common functional groups. '
TABLE 7 L
HLB Group Numbers for Various Hydrophilic and, Hydrqphobic Groups
Hydrophilic Group number " Hydrophobic. Group number
-SONa 387 ..=CH- _ 0475
~CO;Na 19-1 - -CHp- : 0475
-S0;Na 110 - ~CH; _ 0475
N (tertiary amine) . 94 ) C : _
Ester (free) 24. —CF;— ; - 080
~-CO,H 21 ’ :
-OH (free) 19-
-0 13

MICELLE FORMATION - :

An important property of amphiphilic molecules is their capacity to aggregate in solutions. The
aggregation process depends on the amphiphilic species and the condition of the system in which they
are dissolved. The abrupt change in many physicochémical properties ‘seen in aqueous solutions of
amphiphilic molecules or surfactants with long hydrophobic chains when a specific concentration is
exceeded is attributed to the formation of oriented colloidal aggregates: The narrow concentration
range over which these changes occur is called the critical micelle concentration (CMC) and the
molecular aggregates that are formed above the CMC are known a$ miicéllis.’ The difference between

- micellar colloids and other colloids is that micellar colloids are in dynamic equilibrium with mononiers
- in 'the solution. Micellar colloids represent dynamic association-dissociation equilibria. However, the
; theoretical treatment of micelles depends on whether the micelle is regarded as a chemical species or
@5 a separate phase. The mass action model, -which has been used ever since the discovery of micelles,

takes the former point of view whereas the phase separation model regérds micelles.as a separate

CHLB = 20(1- Sy T i e o
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phase. To apply the mass action model strictly, one must know every assgciation constant:over the
whole stepwise association from monomer to micelle, a requirement almost lmpossq)le to meet expf:mmmally.
Therefore, this model has the disadvaritage that either monodispersity of the micelle aggregation number
must be employed or numerical values of each association constant have to be ;as‘_s_uqlcqr The phase
sgparation model, on the other hand, is based on the assumption that the activity of a su_rfac?ant
molecule and/or the surface tension of a surfactant-solution remain constant over the CMC. In practice,
however, neither quantity remains constant; so this model is also not strig:tly correct. '

The variety of the theories on micelle formation fesul;s from the versgtilé.p_rbpgrties of mmicelles.
Thus, although 2 micelle may not have such a large aggregation number that it can be regarded asa
phase in the usual sense, it will still have properties similar to those of a phase. At the same- time,
each micelle contains too many aggregated monomer molecules to be regarded as a chemical spec1es..
even 2 bulky chemical species..

It is thus instructive to consider the micellar solution system from the viewponit of the phase
rule. Fig. 8 illustrates the changes in solubility and CMC of sodium tetradecyl §ulph0natc_e ‘with
temperature. If the micelle is regarded as a phase,
three phases (intermicellar bulk phase, surfactant

solid phase and micellar phase) coexist along the
* solubility curve above T}, called the Krafft point
and Gibbs’s phase tule F = C - P + 2 (where
F; C and P are the number of degrees of freedom,
number of components and the number of phases,
respectively) gives only one degree of freedom since
the number of components is two (solvent water
" and surfactant). In other words, according to this
model, the solubility cannot change' with temperature
at constant pressure because the solubility is
determined only by the pressure. On the other hand,
if the ‘mdss “action model ‘s applied to micelle
foﬂiiation, the solubility problem cari be solved in . : | )
a way coasistent with the phiase rule. In addition, | : L
'incteiSe_in- the solubility observed above the point 20 38 @ C" T 50
of micellization can be elucidated by. the fallowing ) Temperature (°C)
semiquantitative discussion. Let us consider a simple Fig. 8. Change of solubility (o) anddeM(I:
association equilibrium between surfactant monomers -(b) with ltfemperatgl‘e _fOL::;if:Uﬂ:)it:: ecyl
(8) and micelles (M,) of aggregation number # : sulionate. Ty = potat.

15k L

—
=3
T

Solubility/1073 (mol dm™3)
-
i

_ s, |
The micellization constant K, is, therefqre, written as . o
K, = MI/sy i ' - ) -(12)

The equivalent concentration of surfactant (C,) used for micelles then becomes :

Ch[S]f:nK,,[S]" o | .(13)

alent concentiation at T to that at Ty is given by . -

..(14)

e very small tefifperature range. The heat of dissolution
Fature'is about 100-kJ mol-! for many. ionic surfactants.

(g

e e rpra i

. consistent not only with the phase rule but also with the !

THE-COLLOIDALISTATE: - 1231

-Hence the:solubility change with temperature may be expressed
roughly as: - . - i

[S(T, +4T))
ST

For AT = 0-2""C,';_the Taibove ratios become 2:8 and 138 | 15
for n=50 and n=100, respectively. -

It is evident that a small temperature increase brings about
a large increase in solubility and that the micelle aggregation
number £ has a strong influence (Fig. 9). As is clear from the
above discussion, the abrupt increase in the total solubility above |
T} is due not to an increase in the solubility of the monomeric
surfactant but rather to an increasing number of micelles. In s
addition, the treatment of micelles as a separate phase has
turned out to be incorrect whereas the mass action model is

. 20
= 14 0-13 X AT (15)

Micelle Ratio

100 101 102 103. 1-04- 105
Monomer Ratio, [S(1)] / [S(TYT!

solubility increase.

Shape and Structure of Micelles

- Ever since McBaii proposed the presence of molecular
aggregates in soap solutions on the basis of the unusual changes
in electrical conductivity observed with changing soap
concentration, the structure of micelles has been a matter of
discussion. Hartley proposed that micelles are spherical with the charged
surface (Fig. 10¢) whereas McBain suggested that lamellar {Fig; 10a) ar

Fig. 9. Solubility increase above the micelle
temperature range depending on the aggregation
number of micelle (n). (@) n = 25; ®)n=50;

©)n=100; (@ n = 150; (&) n.= 200.

oups situated at the micellar
herical forms coexist, X-ray

- studies by Harkins suggested the sandwich or lamellar model. Later, Ijébj'é and Anacker proposed that
* micelles are rod-shaped rather than. spherical or disc-like (Fig. 10b). The cross-section of such a rod would

be circular with the polar heads of the micelle lying on the periphery and the hydrocarbon tails filling the
interior. The ends of the-rod would almost certainly have to be Tounded 4nd polar. In 1956, Hartley’s
Spherical micelle model was established by Reich from the viewpoint of efitropy, and the spherical form

. Is now generally accepted as approximating the, actual structure (Fig. 10c). The formation of micelles by
fonic surfactants is.ascribed to a balance between hydrocarbon chain attraction and joniC repulsion. The - -

net charge on micelles is less than the degree of micellar aggregation, indicating thiat a large fraction of
counter ion$ remains associated with the micelle; thiése counter jons form the Stern layer (¢f. Fig. 5) at
the micellar surface. For pon-ionic surfactants, however, the hydrocarbon chain attraction is opposed by
the requirements of hydrophilic groups for-hydration and space. Therefore, the micellar structure i determined

by an equilibrium between the repulsive forces among hydrophilic groups and the short-range 3

OB

.- . Roddike- o
LU - (Crosssection) Spherical
Laméllar (Debye) - (Hartley) .
(McBain) ® G

(@

oo

Fig:10. Proposed shapes and structires of micelles: -
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attractive forces among hydrophobic groups. In other words, the chemical structure of a given surfactant
determines the size and shape of its micelles.

The shape and structure of micelles have been elucidated with the help of techniques ‘such. as
NMR, ESR, neutron scattering, etc. Neutron scattering experiments on sodium dodecyl sulphate
and other ionic micelles support the basic Hartley model of a spherical micelle. However,
- as the ion concentration is increased, the shape of ionic micelles ¢hanges in the sequénce :
spherical —> cylindricalhexagonal —> lamellar (Fig. 11). For non-ionic micelles, on the other hand,
the shape seems to change from spherical directly to lamellar with increasing concentration.

LLLLLLL&L
— T

LALLLLLL
TR

Lamellar

c‘\ix‘\‘\ \,
%% - L\J\w)

. Spherical - - Cylmducal : Hexagonal

Fig.11. Changes in micelle shape and structure with change in surfactart concentration.

The shape of the micelle produced in aqueous media is of i mrportance in determmmg various properties
of the surfactant solution, such as its viscosity and its capacity to solubilize water-insoluble materials.
The major types of micelles appear to be (1) relatively small, spherical structures (aggregation
number < 100), (2) elongated cylindrical, rodlike micelles with hemispherical ends (prolate ellipsoids),
(3) large, flat lamellar micelles (disc-like extended oblate spherords) and (4) vesicles — more or less
spherical structures consisting of lamellar micelles arranged in one or more concentric spheres

In aqueous media, the surfactant moleciiles are oriented, in all these structures, with their polar
heads toward the 'aqueous phase and their hydrophobic groups away from it. In vesicles, there will also
be an aqueous phase in the interior of the structure. In ionic micelles, the interfacial region between
the aqueous solution and the-miscelle contains the ionic head groups and the Stern layer portion of the
electrical double layer contains more than half of the counter ions associated with the micelle and water.
The remaining counter ions are contained in the Gouy-Chapman portion of the double layer that extends
further into the aqueous phase. For polyoxyethylenated non-ionics, the structure is essentially the same

except that the outer region contains-no counter ions but includes coils of hydrated polyoxyethlene ehains.

The interior region of the micelle, containing the hydrophobic groups, is of the radius approximately -

equal to the length of the fully extended hydrophobic chain. The aqueous phase is believed to penetrate
into the micelle beyond the hydrophobic head group and the first few methylene gtoups of the hydrophobic
chain adjacent to_the hydrophobrc head are often concentrated in the hydration sphre." It is, therefore,
useful to divide the interior region into an outer core that may be penetrated by water and an inner
core from which water is excluded. In non-polar media, the structure of the micelle is similar but reversed,
with the hydrophilic heads comprising the interior region surrounded by an outer region containing the
. hydrophobic groups and non-polar solvent. Dipole-dipole interactions hold the hydrophilic heads together
in the core. Changes in temperature, concentration of surfactant, additives in the liquid phase and structural
groups in the surfactant may all cause change in the size, shape and aggre tlon numbei of the micelle,
with the structure varymg from spherical through rod or disc-like to lamellar in'shape.

Micellar Aggrgge\twn Numbers .

Mlcellar y egatron numbers have classrcally been determined- by lrght-scattermg and from-

sedimentatiofi o ntrifuge. Currently, NMR, Small Angle Neutron Scattering (SANS)
and freezing’ pomt and vapour pressure methods are being used. A convement method using fiwerescent

- a sharp increase in the mass per unit charge
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probes has also been used to calculate aggregation numbers of several different types of surfactants.
Micelle aggregation numbers range from less than 100 for ionic surfactants to several hundred for
non-ionic surfactants.

From geometric considerations, the aggregation numbers of micelles in aqueous media should

"-iscrease’ rapidly with increase in the length of the hydrophiobic group /. of the surfactint molécule and

decrease with increase in the cross-sectional area
of the hydrophilic group ay or the volume of the
hydrophobic group V.. For example, in a spherical
micelle in aqueous media, the surface area,
nxay = 4n (IL4+A) or n = 4n (I.+A)ay, where
A is.the added length of the radius of the sphere
due to the hydrophilic group. Similarly, the volume
of the hydrophobic core nxV, = (4/3)n(l)? or
n = @3mIPIV,.

Critical Micelle Concentration (CMC)

When molar conductance of an anionic
surfactant of the type Na*R- in water i$ plotted
against the square root of the molarity of the . ;
solution, the curve obtained, instead of being the Fig.s12. Plot of equivalent conductance versus
smoothly decreasing curve characteristic of ionic JJnormality of solution for an aqueous solution of
electrolytes of this type, has a sharp break in it, ». " surfactant of the type Na*R-.
at low concentrations (Fig.12). This sharp
break in the curve accompanied by reduction Cnucal
in the conductance of the solution, indicating conf_iﬂl_l\atlon

Na B (nonsurfactant)

MOLAR CONDUCTANCE

NaR (surfactant)

—
(MOLARITY OF soumow)/ 2

. . B enc
of the material in solution, is interpreted as ?_Di‘:f%—-xl

evidence for the formation of micelles at that
point. The concentration at which this
phenomenon occurs is called the critical b
micelle concentration-(CMC). Similar breaks R
in almost every measurable physical- property |-}
that depends on size or number of particles
in solution are shown by all types of L
surfactants—non-ionic, anionic, cationic and
zwitter fonics in aqueous media. Changes in )‘
#

some physical properties in the neighbourhood Surface tension

of the CMC are shown in Frgure 13.

We can determine the value of the CMC
by using any of these- physrcal propemcs but
most commonly the breaks in the molar
conductance, surface tension, light scattering
or refractive index versus concentration curves
have been used for this purpose. Critical micelle
concentrations have also very frequently been .
determined from the change in the spcctral 125{@2%,] :
characteristics of some dyestuff added to the L G ——
surfactant solution when the CMC of the latter 0 0102 03 04 05 06 07 08 09
is reached. However, this method is open. to Sodium lauryl sulphate %
the serious objection that the presence of the | Fig.13. Changes in some physical properties of an aqueous

dyestuff may affect the value of the CMC. solution of sodium laury! sulphate in the neighbourhood of the
critical micelle concentration.

Osmotic pressure
0




T

2 "Céqcéﬁ_:tr?t‘ldq" of Eleétt

1234 PRINCIPLES OF PHYSICAL-CHEMISTRY

Factors Affecting Critical Micelle Concentration in Aqueous Media

Several factors such as the structure of the surfactant, concentration of electrolyte, addition of
organics, presence of a second liquid phase and temperature affect the CMC in aqueous media.

_ These are discussed below. .

1. Structure of the Surfactant

Role of the Hydrophobic Group. In aqueous medium, the CMC decreases as the number of
carbon atoms in the hydrophobic group increases to about 16 and a general rule for ionic surfactants is
that the CMC is.halved by the addition of one methylene group to a straight-chain hydrophobic group

" attached to a single terminal hydrophilic group. For non-ionics and zwitter ionics, the decrease with

increase in the hydrophobic group is somewhat larger, an increase by two methylene units decreasing
the CMC to about one-tenth its previous value (compared to one-quarter in ionics). A phenyl group
that is part of a hydrophobic group with terminal hydraphilic-group is equivalent to about three and a
half methylene groups. When the number of carbon atoms in a straight-chain hydrophobic group exceeds
16, however, the CMC no longer decreases so rapidly with increase in the length of the chain and
when the chain exceeds 18 carbons it may remain substantially unchanged with further increase in the
chain length. This may be due to the coiling of these long chains in water. . B

When the hydrophobic group is branched, the carbon atoms on the branches appear to have about

one-half the effect of carbon atoms on a straight chain.. When carbon—carbon double bonds-are present
in the hydrophobic chain, the CMC is generally higher than that of the corresponiding saturated
compound, with the cis isomer generally having a higher CMC than the trans isomer. This may be
the result of a steric factor in micelle formation. Surfactants with either bulky hydrophobic-or bulky
hydrophilic groups have larger CMC values than those with similar but less bulky groups. a

Role’of the hydrophilic group. In aqueous medium, ionic surfactants have mdcl; highér CMCS
than non-ionic surfdctants containing equivalent hydrophobic groups. The 12-carbon straight chiain ionics

have CMCs of approximately 1 X16-2 M, whereas non-ionics with the same hydrophobic group have.

CMCs of approximately 1x10-4 M’ Zwitter ionics appear to have stightly smaller CMCs than ionics
with the same number of carbon atoms in the hydrophobic groups. As expected, surfactants containing
more than one hydrophilic group in the, molecule show larger CMCs than. those with one hydrophilic

. group and thie €quivalent hydrophobic group.

Role of the degree of binding of the counter ion to-the micelle. The crifical micelle concentration
in aqueous solution reflects the degree of binding of the counter ion to the micelle. Increased binding
of the counter ion, in aqueous systems, causes a decrease in the CMC of the surfactant. It may,
however, be mentioned that CMC is not a measure of the degree of binding of the counter ion-to the
miscelle, when different types of surfactants are compared. The degree of binding of the counter ion
to the micelle also depends on the surface charge density of the micelle. The greater the surface
charge density, i.e., the smaller the surface area per head group, the greater is the degree of binding
of the counter ion. : ’ . : o

For homologous straight chain ‘ionic surfactants (soaps, alkane sulphonates, alkyl sulphates,
alkylammonium chlorides) in aqueous medium, a relation between the CMC and the nuimber of carbon
atoms N in the hydrophobic chain is found to be given by i : - '

log CMC = 4 - BN . : ' (16

where 4 is a constant for a particular ionic head at the givén temp_eré_ture and B is a constant
~0-3 (= log 2) at 35°C. L ‘ ' - -
Iyte P : }
Itis fpu_n_d,_ experimentally that. for the ﬁr,st_g}ivo «classes of sq_rfacta;i_tsi the effect of the concentration
of elegtrolyte.is given-by. -+ - - . S . L

. logiOMC = “alog +b @

\
7

= alcohols such as fructose and xylose.
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where a and b are constants for a given ionic head at a particular temperature and ¢; is the molar
concentration of the Counter ion. The decrease in the CMC in these cases is diie mainly to the
decrease in the thickness of the ionic atmosphere sorrounding the ionic head groups in the presence of
the additional electrolyte and the consequent decreased electrical repulsion between .them in the
micelle. For flon-ionics and zwitter ionics the abeve relation does not hold.

3. Additien of Organic Materials

Small amounts of organic materials may produce marked changes in the CMC in aqueous media.
A knowledge of the effects of organic materials on the CMC of surfactants is, therefore, of great
importance, both for theoretical and practical purposes. To uriderstand the effects produced, it is
necessary to distinguish. between two classes of organic materials that markedly affect-the critical
micelle concentrations of aqueous solutions surfactants : Class [ materials that affect the CMC by
being incorporated in the micelle and Class Il materials that change the CMC by modifying solvent
micelle or solvent surfactant interactions. ’

Class I Materials. Materials in Class I are generally polar organic compounds such as alcohols
and amides. They affect the CMC at much lower liquid phase concentrations than those in Class II,

" Water-soluble compounds in this class may operate as members of Class I at low bulk phase concentrations

and as members of Class 11 at high bulk phase concentrations, Members of Class I reduce the CMC.
Shorter-chain members of this class are probably adsorbed mainly in the outer portion of the micelle
close to-the water-micelle ‘interface’. The longer-chain members are probably adsorbed mainly in the
outer portion of the core; between the surfactant molecules. Adsorption of the additives in this manner
decreases the work required for micellization in the case of ionic surfactants by decreasing the

- mutual repulsion of the ionic heads in the micelle.

Class IT Materials. Members of Class II change the CMC but at bulk phase concentration which
are usually considerably higher than those at which Class I members are effective. The members of
this class change the CMC by modifying the interaction of water with the surfactant molecule or
with the micelle, by modifying the structure of the water, its dielectric constant or its solubility
parameter (cohesive energy density). Members of this class include urea, formamide, N-methylacetamide,
guanidinium salts, short-chain alcohols, water-soluble esters, dioxane; ethylene glycol and other polyhydric

Urea, formamide and guanidinium salts are believed to increase the CMC of surfactants in
aqueous solution because of their tendency to distort the structure of water. This may increase the
degree of hydration of the hydrophilic group and since hydration of the hydrophilic group opposes
micellization, this causes an increase in the CMC.,

4. The Presence of Second Liquid Phase

The CMC of 2 surfactant in aqueous -phase is changed very litle by the presence of a second
liquid phase- in which the surfactant does not dissolve appreciably and which; in turn, either does not
dissolve appreciably in the aqueous phase or is solubilized only in the inner core of the micelles
(e.g., saturated aliphitic hydrocarbons). When the hydrocarbon is a short-chain unsaturated hydrocarbon
or an aromatic hydrocarbon, the CMC is significantly less than that in air, with the more polar

- hydrocarbon causing a larger decrease. This is presumably because some of the second liquid phase

adsorbs on the outer portion of the surfactant micelle and acts as a Class I material.
5. Temperature’ - Sl

The effect of temperature on the CMC of surfactants in aqueous medium is. complex, the value
first decreases with increase in temperature to a certain minimum and ‘then increases with further
increase in temperature. Temperatire increase causes- decréased Hydration ‘of ‘the hydrophilic group
which favours micellization. However, temperature increase also produces distortion in the stricture
of water surrounding the hydrophobic group, an effect that disfavours micellization. The relative
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magnitude <_)f these two opposing effects, therefore, determines whether the CMC increases or decreases
over a particular temperature range.

Thermodynamic Approach to CMC. Several equations relating the CMC to its various determining
factor.s have been derived from theoretical considerations by Hobbs, Shinoda and Molyneux. These
equations are based on the-fact that for non-ionics, the CMC is- related to the free ‘energy ch:mgé’
AGpie gssociated with the aggregation of the individual surfactant molecules to form micelles by the
expression

AGyie = 2-303RT log xcpc (1T

Hg:re Xcmc is the mole fraction of the surfactant in the liquid phase at the CMC. In aqueous
solutions where the CMC is generally < 10-'M, xppe = CMC/c and

2:303RT (log CMC - log ¢) ..{18)

AGml =
AGy;
or . - mic _ g .
‘ log CMC = =82 + loge {19

where. ¢ is the molar concentration of water (55:6 mol dm™ at 25°C}).

AGy; can be bioken-into contributions from.the component parts of the surfactant moleculé,
CH3(CH,),,W, where W is the hydrophilic group, as follows
AGric = AGpic(CHy) + mAGye (CHy) + AGyg (-W) (20

Studies on the solubility of alkanes in water indicate that AGy; (CH3) does not change with

increase .in the length of.the alkyl chain and can be represented by AGy,;. (CH3) = AGn (CH,) + &
where X is a constant. Thus, . .

. AG, . (-W) +k AG.,.(CH,)
logCMC:%—+loc+[—““°_.2N .2l
2303RT 5 2303RT - @)

where N (= m+1) is the total number of carbon atoms in the hydrophobic group.

. Ass_uming_ that ltl.le contribution of the hydrophilic head group AG (-W) and the fraction of counter
ions bound to the micelle, a, do not change with increase in the length of the hydrophobic group for

the hydrophobic group can be written in the form
log CMC = 4 - BN

AGmic(— W)-li

2303RT

_ ~0G;,(CHy)
2303RT

Thu_s,_ 4 and B are constants which reflect the free energy charges involved in transferring the
hyd.rophlhc group and a methylene unit of the hydrophobic group, respectively, from an aqueous
environment to the micelle. This accounts for both the forms of the empirical relations between the
CMC and the number of carbon atoms in the hydrophobic group (Egs. 16 and 19) and the relatively
small variation of B in‘different homologous series of ionic surfactants. ' :

any homologous-series of surfactants, the relation between CMC and the rumber: of -carbon atoms-in .

-(Eq. 16)
. where N A= '

and 223)

We also see from Egs. 16 and 23 that the free energy change AG(CH,) involved in the transfer

of ‘a methylene unit of the hydrophobic group from an aqueous environment to the interior of the

micelle is negative, thus, favouring micellization which accounts for the fact that the CMC decreases
with increase in the length of the hydrophobic group. From Eq. 22, we can see that the free energy

+ logec ’ - ...(22)
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change involved in the transfer of the hydrophilic group from an aqueous environment to the exterior
of the micelle is positive an’&1 therefore, opposes micellization.

Thermodynamics of Micellization i

We find from the previous discussion that a ciear understanding of the process of micellization is
necessary for rational explanation of the effects of strugtural and environmental factors on the value
of the CMC and for predicting. the effects -on it.of new. structural and environmental varfations. The
determination of thermodynamic parameters of micellization, viz., AG ., AH .. and AS . has played
an important role in developing such an understanding.

The standard free energy of micellization AGY;. may be calculated by choosing a hypothetical
state at unit mole fraction x, for the standard initial state of the non-micellar surfactant species but
with the individual ions or molecules behaving as at_infinite dilution and for the standard final state,
the micelle itself. For non-ionic surfactants, the standard free energy of micellization is given by

AG,. = RT In xgye %)
When CMC is 10°2 M or less, this can be approximated as
AGry = 2:303 RT log (CMCle) ' 025)

where the CMC is expressed in molar units and ¢ is the number of moles of water per litre of watér
at temperature T. For ionic surfactants of 1:1 electrolyte type ‘AB, where A is the surfactant ion and
B the counter ion, ’ ; ' - -

AG e = 2303 RT [log CMC/c + Jog v + Kq(log cy/c + logyg)] * ...26)

where the activity coefficients y, and y; can be evaluated by the Debye-Hiickel limiting law (DHLL).
Often, the activity coefficients are neglected and the expression is used in the form

- ?
AaniC = 2-303 RT {log(CMClc} + K,(I6g cp/c)] i)
where cg is the total molar concentration of the counter ion.

K, can be evaluated by determining the value ‘of CMC in aqueous solutions containing different
amounts of 1:1 electrolyte, MB. From Eq. 27,

log (CMC/e) = - K, log (cg/c) + AGy,J2:303RT - .(28)

If we assume that AG-(:nic does not change significantly with change in the concentratjon cp of the
counter ion, then K, can be evaluated from the negative slope of the log-log plot of (CMCic) versus

(cg/c).

Since AGpe = AHpe- Sy, 29
dAGo ) dT = - S, o [
~if A'H:'nic.is constant over the temperaturé range investigated. | 7
Alternatively,
T2 dAGy,/D/dT = - AH. )

. o . - .
if AS ;. is constant over the temperature range investigated.

Values of AH,, can also be determined calorimetrically. The data available: (mainly for aqueous
sys&ems) ingicate that the negative values of AG?“ic are due mainly to the large positive valueso of
AS i » AH . 1s often positive and, even when negative, is much smaller than the value of TAS ;.
Therefore, the micellization process is governed primarily by the entropy gain associated with.it-and
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the driving force for the process is the tendency of the lyophobic group of the surfactant:to transfer
from the solvent environment to the interior of the micelle.

The large entropy increase on micellization in aqueous medium has been explained in two ways :
1. Change in the structure of the water molecules surrounding the hydrocarbon chains in aqueous
medium resulting in an increase in the entropy of the system when the hydrocarbon chains are
removed fror the”aqueots medium to the interior of the micelle—‘hydrophobic bonding’. 2. Increased
fre§dom of the hydrophobic chain in the non-polar interior of the micelle compared to the aqueous
environment. Any structural or environmental factors that may affect solvent-lyophobic group interactions
or mteractions between the lyophobic groups in the interior of the micelle will, therefore, affect
AG ;. and consequently the value of the CMC. :

SOLUBILIZATION

A very important property of surfactants that is directly related to micelle formation is solubilization.
Solubilization plays a very important role in industrial and biological processes. McBain and Hutchinson
defined solubilization as ‘a particular mode of bringing into solution substances that are otherwise
insoluble in a given medium, involving the previous presence of a colloidal solution whose particles
take up and incorporate within or upon themselves the otherwise insoluble meterial.’ This definition

15 too narrow. A-broad definition of solubilization is as follows :-“Solubilizaticn is the Ppreparation of

a therfnodynamically stable isotropic solution of a substance normally insoluble or very slightly soluble
In a given solvent by the introduction of an additional amphiphilic component or components.”

In other words, solubilization may be defined as
spontaneous dissolving of a substance (solid, liquid or gas)
by reversible interaction with the micelles of a surfactant
in a solvent to form a thermodynamically stable isotropic
solution. Fig. 14 shown a plot of amount of material
solubilized as a function of the concentration of the
surfactant in the bulk phase.

'
Several applications, for example, the dissolution of
drugs in aqueous solutions and their transport through the

and th_e recovery of oil, etc., depend upan solubilization
by suitable surfactants. - Also, studies of the physical
chemistry of bile acids and bile salts, on the one¢ hand

Amount of material solubilitized

Concentration of surfactant solution

-and their physiological function as solubilizers, on the Fig. 14. Plot of amount of material solubilizedasa |.
) 9ther hand, make it clear that the behaviour of bile salts :
.in vitro and their function in vivo are ‘closely related. . Dulkplase

- Solubilization in aqueous media is of major practical importance in areas such as detergency where

function of concentration of the surfactant in the

solu_bi!ization is believed to be one of the major mechanisms involved in (1) the removal of oily soil;
2) in micellar catalysis-of organic reactions: (3) in emulsion polyiperization where it.appears to be
an important factor in the initiation step; (4) in the separation of materials for manufacturing or
analytical purposes; (5) in the formulation of products containing water-insoluble ingredients where it
can .r'e.place the use of organic solvents or co-solvents and (6) in enhanced oil recovery where
solubilization produces ultra low interfacial tension required for mobilization of the oil. Solubilization
In non-equeous medja is of major importance in dry cleaning. The solubilization of materials in
plolog_lcql systems. sheds light on -the mechanisms of interaction of- drigs and other pharmaceutical
materials with lipid.bilayers and miembranes: ’ : ‘

 Solubilization is distifigished from erfulsification (the dispersion of one liquid phase in another)

by the fact fhat in solubilization, the Solubilizéd material (the solubilizate) -is in the same phase as
-the solubilizing solution and-the "system is-consequently thermodynamically stable. - :

i

&

. group associated with micelle formation has

' This differance iriight be. seen by using
- solubilization molecules with hydrophobic alkyl
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Location of Solubilizates in Micelles .

The position of solubilizates in micelles as well as in living membranes, provides very important
information concemning the physico-chemical properties and physiological functions of both the solubilizate
ard the micelle or the membrane. This property can be investigated using probe molecules, the

. molecuiar spectrum of which indicates. the surrounding conditions. The absorption. spectrum.of a

molecule depends on the dielectric constant (relative permittivity) of the medium surrounding the
molecule. The dielectric constant of a micelle ranges from 2 for the liquid hydrocarbons in the inner
core to 80 for the water of the outer micellar surface. The following generally accepted rules for
solubilizate position are derived from several works : (1) Non-polar aliphatic hydrocarbons locate in
an inner hydrophobic micellar core. (2) Semipolar and polar compounds such as alcohols, acids and
amines locate at the so-called palisade layer of the micelle with the polar group at the micellar
surface and the non-polar hydrocarbon groups in the micellar core. (3) Aromatic hydrocarbons such as
benzene, toluene, and naphthalene sit in the micellar core and at the micellar surface.

Research work done in the 1980s on micelle formation and solubilization has treated micelles as
a separate phase. With regard to solubilization, in particular, an increased pressure within the
micelle, in accordance with Laplace’s law, is generally invoked to explain a diminished transfer of
free energy per methylene group from the aqueous medium into the miceflar interior compared with
the free emergy transfer from an aqueous —= — - -
medium into the bulk liquid hydrocarbon. The -15
decreased free energy transfer per methylene :

also been attributed to partial crystallization
of the alkyl chain in the interior of the
micelle, caused by the same Laplace-induced =20
pressure increase. An.interfacial tension | -
exists at the boundary between two bulk
phases. Therefore, a pressure increase can
occur only when micelles are in a separate
phase. If interfacial tension exists within
the micelle, a difference would be observed
in the association comstant (K;) between
solubilizate (R) and a vacant micelle- (M),
depending on whether the solubilization site
lies inside or outside the place of interfacial
tension : - -30

M+R = MR

RTIn K

AG=

chains of varying lengths as probes, since -35
the alkyl chain is believed to be located
partly inside and partly outside the micellar
plane of tension. Fig. 15 shows the change
i’ the-solubilization constant observed in 4-
n-alkylbenzoic acid and dodecyl-sulphonic acid 40 IR TN W A N R
micellés when alkyl chains of varying lengths 0 1t 23 4 5 .6 7 8
areuse@ The;alkyl chains of the solubilizates Carbon number of sol&biﬁﬂt‘e_a‘kyl chains

range in‘length from Cy to Cy where the Cy | Fig. 15. Standard free énergy change for the association constant
chain is alfnost. as long as the surfactant |between solubilizate and micelles P!Ofl‘fd against *‘:lrboil "ﬁ::ber of
ol S Pharafaia oo : :on | the solubilizate alkyl chain.. Thg solubilizate is 4-n-alkylbenzoic
g“ﬂfci“t;g aﬁ%ﬁrﬁfgfﬁﬁcﬁﬁ ptlhi‘:;i’(;lti‘}‘l:‘i‘;‘s‘ acid and the micelle is made of dodecylsulphonic aicd,
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long enough to penetrate the micelle core would encounter an increased Laplace pressure:and the plot
in Fig. 15 should become less steep above a certain carbon number. The experimental data did not
stiow this effect indicating that probably there is no plane of interfacial tension in the micelle.

The Phase Rule of Solubilization

Research on solubilization has used the phase-separation model of the micelle. Accordingly,
solubilization has been treated as_partitioning of solubilizate molecules between a mmicellar phase and
the intermicellar bulk phiase. Some published work has also been based on the mass-action approach.
Here we shall examine solublization in terms of the Gibbs phase rule.

If the micelles are regarded as a separate phase, then adding an excess solubilizate means there
are three phases (the third is the intermicellar bulk phase). The total number of components is three
(solvent, surfactant and solubilizate). Thus, the presence of three phases makes the system bivariant.
This would mean that surfactant concentration would be constant at constant temperature and pressure.
But, in practice, the maximum additive concéntration (MAC) changes with total surfactant concentration.
Even if we assume that the increase in the MAC with surfactant concentration above the CMC is due
to an increase in the total micellar phase, the concentration of solubilizate in the micellar phase
‘should still remain constant because the concentration is an intensive property of the system and is,
therefore, homogeneous throughout the micellar phase. '

If, on the other hand, the miceltes are regarded as a separate phase and the system does not
contain an excess solubilizate phase, there are three degrees of freedom. The surfactant concentration
is then a unique variable that determines every intensive property of the system at constant temperature
and pressure. In other words, the solubilizate monomer concentration in the intermicellar bulk phase
(and, therefore, also in :the micellar phase) is set automatically by the surfactant concéntration,
irrespective of the total solubilizate concentration in the system. This is not only totally incorrect in
theory but is contrary to the experimental evidence that the concentration of solubilizates is determined
only by the amount added to the system.

MICELLAR CATALYSIS

Micelles in aqueous media have eithea polar region or a region of high charge density, accompanied
by an electrostatic potential of upto a few hundred millivolts at the micellar surface and a non-polar

hydrophobic region in the micelle core.The kinetics of micellar reactions are governed by electrostatic -

and hydrophobic interactions between micelles and reactants, transition state complexes and products.
"If any of the reaction spécies interacts with micelles, then the presence of micelles will affect the
reaction rate. Micelle-catalyzed reactions are somewhat similar to enzyme-catalyzed reactions. The
proper choice of surfactant brings about a rate increase of upto 1000-fold. The diameter of micelles, is
30-50 A, similar in size to globular enzymes. Micelle-catalyzed reactions can be-treated in a manner
analogous to the reaction scheme for enzymatic catalysis.

However, the analogy between the high reactivity of an enzyme-substrate complex and the reactivity
of substrates bound to micelles is not entirely satisfactory. In a substrate-enzyme complex the reactants
are fixed'in position, whereas reactants incorporated into a micelle are free to move about in. the
micellar region. Furthermore, reactants distribute into micelles according to their solubilities and not
according to the stoichiometry of the reaction, The solubilization of reactants and their distribution
among micelles play the most important role in micelle-catalyzed reactions. In addition, the rate
enhancement generally increases with increasing hydrophobicity of reactants and amphiphiles, which
is not always the case for enzymatic reactions. These differences are mainly due to the fact that
micelles do not maintain a definite configuration but are in dynamic association—dissociation equilibrium
with monomeric surfagtapts in the bulk phase, changing their size and shape'at- rates involving milliseconds
and microseconds. : ' : :

The incorporation of reagents into micelles often alters the CMC of the surfactant. Therefore,
the CMC must be determined for each reaction system in order to.corréctly interpret the results.
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The effect of micelles 0\1¥organic reactions can be attributed to both electrostatic and hydrophobic
interactions. Electrostatic interaction may affect the rate of a reaction either by its effect on the
transition state of the reaction or by its effect on the concentration of reactant in the vicinity of the
reaction site. Thus, a cationic micelle with its multiplicity of positively charged hydrophilic heads

may catalyze the reaction between a nucleophilic anion and a neutral substrate by delocalizing the

negative charge developing in the transition state of this reaction, thereby decreasing- the-cuieryy. of .

activation of the reaction. It may"also catalyze the reaction by increasing the concentration of nucleophilic
anion at the micelle-water interface close to the reactive site of the substrate. For catalysis to
aceur, it is necessary (1) that the substrate be solubilized by the micelle and (2) that the locus of
solubilization be such that the reactive site of the substrate is accessible to the attacking reagent. It
is here that hydrophobic interactions become important because they determine the extent and the
locus of solubilization in the micelle.

In the simplest case, where we assume that the surfactant does not complex with (i.e., solubilize)
the substrate S, except when the former is in the form of micelles M and that complexing between
the substrate and the micelle is in a 11 stoichiometric ratio, we can symbolize the formation of 2
reaction product P as

K .
M+S &2 Ms

bk

P - P

where kg is the rate constant for the reaction of the substrate in the bulk phase and £, is the rate constant
for the reaction of the substrate in the micelle. The overall rate constant for the reaction k, is then
given by the expression ’

ky = kolfol + knlfnl o . (32
) -
where f; is the fraction of the uncomplexed substrate and f, is the fraction of the complexed substrate.

The equilibrium constant X for the interaction between substrate and micelle, usually called the binding
constant, is then given by the relation . :

[finl '
K= —n_ (33
MIifp] ©
from which - . - o _ . ]
‘ k= kolfol + knKIMIG] = (ko + K, KIMIYf, © (34
Since fy + £, = 1, "
K= Unl _ O-fl" .(35)
MRl IMILR{T
. . l ' .
and . = — : ...(36
. . f 1+ K[M] . ©9
ky +k, K[M]
Hence, k, = 20 2wV (3
ence a CEKM] 37
If we assume that [M] is given by the expression
M = €-CMC) (39

N

where ¢'is the total concentration of surfactant and N is the aggregation number in its micelles, then the
expression for the overall rate constant becomes

| _ I . 1 N .
k-k,  ky~k, ky =k, )| K(c-CMC) - ...;(39)
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Since the overall rate-constant for the reaction &, re‘md the rate constant for the reaction; 1;1/ the
absence of micelles k, are readily obtained from kinetic data, a plo_t of 1/(ky - k) versus.-,[“c -~
CMC)), which should bé a straight line with slope =-N/K(ky~k,) and intercept = }/(ko -k, Ia{ 0\;115
the calculation of &, the rate constant for the substrate complexed with the micelles and K, the
binding constant of the substrate to the micelle. o R

Since surfactant concentrations are usually below 10-1 M , thefe will generally be little enhancement
of the rate of reaction in the presence of micelles unless the product k,K is 107 or more. Since the
binding constant K depends on the extent of hydrophobic bonding between surfactant and substrate, it
can be expected that K will increase with increase. in the chain length of both_the surfactant and the
substrate. However, if the length of the hydrophobic group of the _substrate is too lqng, it may be
solubilized so deeply in the micelle that access to its reactiye site by a reagent in an aqueous
solution phase is hindered. In that case, solubilization will inhibit, rather than catalyze, the reaction.

EMULsmCATION BY SURFACTANTS

Emulsification—the formation of emulsions from two immiscible.liquid. phases—_—is probaplydme
most versatile property of surface-active agents for practical applications. Pamt_s. pohshes: pesticides,
metal cutting oils, margarine, ice cream, cosmetics, mefal cleaners and textile processing oils are

* all emulsions and are used in emulsified form. An emulsion is g significaritly stable suspension of

particles of a liquid of certain size in another immiscible liquid. The term significantly stable means
relative to the intended use dnd may range from a few minutes to a few years. At the present time,
investigators in this field distinguish between three different types of emulsions based upon t{le size '(t)lf
the dispersed particles : (1) macroemulsions, the most well known t)_fpe, opaque gmul_S}opg wi
particles > 400 nm, easily visible under a microscope ; (2) mis:roemu}smns, uansp:_grem dxspersxox}s
with particles <100 nm in size that have been intensively studied during the 19705 because of their
use in enhanced oil recovery; (3) miniemulsions, a type that is blue-wh_lte with gart}de sizes 'betwegn
the first two types (100-400 nm). - Recently, multiple emulsions m “{hlc'h the dispersed particles are
themselves emulsions, have been the subject of considerable investigation. :

Two immiscible, pure liquids cannot form an emulsion. For a suspension of one liquid in mq?er
to be stable enough to be classified as an emulsion, -a third component must be present to stabilize

the system. The third component is calfed the emulsifying agent (or emulsifier) and it is usually a

surface-active agent, although not neées§mily_of the type .that is usually considered a_surface-active
agent (finely divided solids, for example; may act as emulsifying agents).

Macroemulsions and microemulsions have been discussed below in some details.

Macroemulsions . _ o
Macroemulsions are of two types based on the nature of the dispersed phase:_ 011-‘1n-.wate£ (Q/W)

and water-in-oil (W/0). The oil-in-water type emulsion-is 2 (_iispersion of a water-immiscible ..'qu‘ld or

solution, always called the “oil’ (0), regardless of its naturé in an aqueous phase (W). The oil is, in

this case, the “discontinuous’ (inner) phase; the aqueous phase is the ‘continuous’ (outer) phase. The

water-in-oil type emulsion is a dispersion of water or an aqueous solutiqn (W) ina water-nmmxsgltbﬁe
liquid (0). The type of emulsion formed by water and oil depends primarily on the nature 0d the
emulsifying agent and to a minor extent, on the process used in preparing the emulsion Elm'f the
relative proportions of oil and water present. In general, O/W emulsions are. prosluced by em(;xr si gut:g
agents that are more soluble. in water than in the oil Phase whereas W/O t?muls!ons are proBuce : ‘{
‘emulsifying, ag_eﬂtﬁﬁ"th@;_a.;é more, soluble in the oil than in water. This is known as fhe ancrof
rulé. O/W and W/0"emillsions ‘are not in' thermodynamic equilibriurh with each other; one type is
usually inherently more stable than the other for a-particular emulsifying agent at a given concentration

* under a:given set:of condition.*Hewever, thie one-typ¢ of emulsion can be converted to the other by
- ¢hanging conditions, THis: is:

alled: inversion of the-emulsion:. - :

s

_ prpduée_s steric and/or electrical barriers to coalescence of the dispersed phase
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These two types of macroemulsions are easily distinguished : 1. A macroemulsion can readily be
diluted: with more of the outer phase but not as easily with the inner phase. Consequently while O/W
emilsions disperse readily in water, W/O emulsions do not, But they do disperse readily in oil. This
method works best on dilute emulsions. 2. O/W emulsions have electrical conductivities similar to
that of the water phase; W/0 emulsions do not conduct current significantly. 3. W/0-emulsions will -
be coloured by oil-soluble dyes whereas O/W emulsions show the colour faintly, if at all, but will be
colured by water-soluble dyes. 4. If the two phases have different refractive indices, microscopic
examination of the droplets will determine their nature. A droplet, on focusing upward, will appear
brighter if its refractive index is greater than that of the continuous phase and darker if its refractive
index is less than that of the continuous phase. This clearly identifies the substance in the droplet if
one knows the relative refractive indices of the two phases. 3. In filter paper tests, a drop of an O/W
emulsion produces an immediate wide, moist area; a drop of W/0 emulsion does not. If the filter
paper is first impregnated with a 20% cobaltous chloride solution and dried before the test, the area
around the drop immediately turns pink if the emulsion is O/W and remains blue (shows no colour
change) if it is W/0.

There are a number of similarities between macroemulsions and foams : 1. They both consist of
a dispersion of an immiscible state of matter in a liquid phase. Foams are dispersions of a gas in a
liquid; emulsions are dispersions of a liquid in 4 second immiscible liquid. 2. The interfacial tension
v, at the relevant interface is always greater than zero and since there is a marked increase in
interfacial area A4 during the process (of emulsification or foaming), the minimum work involved is
the product of the interfacial tension and the increase in interfacial area (wy;; = A4Xy):. (3) The

system will. spontaneously revert to two bulk phases ualess there is an interfacial film present that

* On the other hand, there are a number of significant differences between macroemulsions and
foams: 1. The surfactants in the interfacial film of a foam cannot dissolve in the dispersed (gas)
phase, while in a macroemulsion the solubility of the surfactants in the liquid being dispersed is a
major factor determining the stability of the emulsion. 2. In macroemulsions, both O and W can serve
as the continuous phase, i.e., both O/W and W/O emulsions are commonly encountered while in
foams, only the liquid acts as the continuous phase. :

Formation of Macroemulsions. In the formation of macroemulsions, one of the two immiscible
liquids is broken up into particles that are dispersed in the second liquid. Since the interfacial tension
between two immiscible pure liquids is always greater- than zero, the dispersion of the inner liquid,
which produces a tremendous increase in the area of the interface between them, results in a correspondingly
large increase in the interfacial free energy of the system. The emulsion produced is consequently -
highly unstable thermodynamically, relative to the two bulk phases separated by a minimum surface
area. It is. for this reason that two immiscible liquids when pure, cannot form an' emuision. The
function of the emuisifying agent. is to stabilize this basically unstable system for a sufficient time so
that it can perform some function. The emulsifying agent does this job by getting adsorbed at the
liquid-liquid interface as an oriented interfacial film. The oriented film performs two functions : (1)
It reduces the interfacial tension between the two liquids and hencé reduces the thermodynamic
instability of the system which results from the increase in the interfacial area between the two
phases: (2) It decreases the rate of coalescence of the dispersed liquid particles by forming mechanical,
steric and/or electrical barriers around them. The steric and electrical barriers inhibit the close
approach of one particle to another. The mechanical barrier increases the resistance of the dispersed
particles to mechanical shock and prevents them from coalescing when they do collide. In the formation .
of macroemulsions, the reduction of interfacial tension reducesthe amount of méchanical work required
to break the inner phase into dispersed particles. s .

Factors Determining Stability of Emulsions. The term stability, -when applied fo_emulsions -
used for practical applications, usually. refers to the resistance of emulsions to the coalescence of
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i ion i o be the
their dispersed droplets. The rate of coalescence of the dropletj tl)n an igl;lglsigg Illi r;tg;ido; roplts
itati ion stability. It can be measured by cou 0
only quantitative measure of emulsion s if an be med L ondor » wicrosope

i i emocytometer cell under

t volume of the¢ emulsion as a function of‘tlme in a ha “
%;I;U:;lte at which the droplets of a macroemulsion coalesce to form larger droplets and eventually
‘break’ the emulsion, has been found to-depend on the following factors :

L. Physical nature of the interfacial film. The droplets ofbdispen_'seg:h liquid[finoa;lu :;ﬁlilslis_::,]n _::11;2
in coristant moti ; therefore, there ar t collisions between them, If, ,
in constant motion and, therefore, there are frqquen [ ; S0 son, e
i i i idi lets in a macroemulsion ruptures, p
interfacial film surrounding the two colliding drop! ' ! (o oo,
i ince thi Its in a decrease in the free energy o
will coalesce to form a larger one, since this resu g By of (e
i onti i 1l separate from the emulsion, an cal
If this process continues, the dispersed phase will o actors determing
i i i therefore, one of the prime facto :
The mechanical strength of the interfacial film is, , Of me fa smutating o
i ili iqui i Iso stabilize the emulsion. By acc '
emulsion stability. Liquid-crystal formation can a : y : .
:E:c;;)terface surrounding the dispersed particles, liquid crystals surround the particles with a higt
. viscosity region that resists the coalescence of individual droplets.

2. Existence of an electrical or steric barrier to coalescence.of the Qispersed dlrople:s. ro"l;lclg
presex;ce of a charge on the dispersed droplets constitutes anfelectr;cal banl'lller it:l) g/euf :;1(:1 lsg);)ns ”
i is i ieved to be a significant factor only .
of two particles to each other. This is believe ) | o taoant
i d droplets is the adsorbed layer i .
O/W emulsions, the source of the charge on the dispersed drople ] dst O
e Sriente hase. In emulsions. stabilized by ionic nts,
" with 'its hiydrophilic end oriented toward the waterl p e D O tloioms
i h i droplets is always that of the amphipathic ion. 0
the sign of the charge on the dispersed drop 4 o hor fhom sdsotntion
ili ioni ' [ dispersed phase may: arise ei
stabilized by non-ionic surfactants, the charge on the ot
i fricti droplets and the aqueous p
from the aqueous phase or from frictional contact begn_een a s,
?lfel?:tsterr(;ase, theqphase arith the higher dielectric constant is charged posnt}vely. {ndui/oisg;;l‘stéox;so
there is very little charge, if any, on the. dispersed particles and gxpenmema ata .
correlation between stability and any c_harge 'prgsent. .

- 3. Viscosity of the continuous phase. An increase in thf: viscosity  of thfe continuous phase
reduces the diffusion coeffient D of the droplets, since for spherical droplets of radius _.a,

D= s ..-(38)

émna . o

As the diffusion coefficient is re@uded, the frequency of gol?isi_on of the droplets l;m_dot;usa:lrs ;::ii o

coalescence are ‘reduced. The viscosity of the éxternal phase. 1sl; 1{1creased ;soilgesixau;i; t:; e

icles incre is is f the reasons that many emulsions are ]

Dt when e, 1 e viscosity ¢ 1 phase in emulsions is often increased by the
form than when diluted. The viscosity of the external phase s is often inc s
addition of special ingredients for this purpose, such as natural and synthqtl_c Fh!_ckem.ng agents

4. Size distribution of droplets. A factor influencing the rate of coalescence of the droplets is -

the size distribution. The smaller -the range of sizes, the morle s:iablel T:' eﬁsli-g:r.nusllsl;gﬁsla:f:;
" partic ' i i uni ller droplets in- . the;

les have less interfacial surface per unit volume than sma ;
g:;tlt:xe;nodynanﬁcdlly more stable than the smaller droplets and tend to grow at the expense of the
smaller ones. - .

5. Phase volume ratio. As the.volume of the dispersed phase in a n'lacroer(lilulsi?nri;rllc:;gsgfé
the interfacial film expands further and further to surround the groplet:d of t?ﬁgeir;:reansl:sebeyond e
ic i ili i - f the dispersed phas
instability of the system -increases. As the volume of the _incre -
g?szﬁe c'ontimzus phiase, ‘the type of emulsion (Om_’)thor (W/O)f?gcqq:zskf::zlﬁltyi Smgéjv aet::: lc[:;‘mg
. uous,phiase, th ] o/ oo .
unstable: relative 'to .the;other type o_f,pml_l‘lsmn,,smce e area O inte -
he dispersed phase.is | i uld be needed to enclose the continuous p
the dispersed phase is larger than th.at.“-/.hmh wold be - f the dispersed phase is added,
, therefore, tit the emulsion inveris ‘as more and more o pe .
mishﬁngulg?fying ‘z{éénf’.- - nced 4s to be capable of fqmg only one type of emulsion.

R N i

. micelles are capable of solubilizing
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6. Temperature. A change in temperature causes changes .in the interfacial tension between
the two phases. in the nature and viscosity of the interfacial ‘film, in the relative solubility of the
emulsifying agent in the two phases, in the vapour pressures and viscosities of the liquid phases. and

“considerable changes in the stability of emulsions; théy may inveit the emulsion or cause it to break.
Emulsifying agents are usually most effective when near the point of ‘minimum solubility in the
solvent in which they are dissolved since at that point they are most surface active.

Inversion of Macroemulsions
Macroemulsions may be changed from W/0 or O/W and vice versa by varying the emulsification

conditions. Thus : 1. The addition of water to the oil plus emulsifier: produces W/Q emulsion
whereas the addition of oil to the same emulsifier plus water produces an O/W emulsion. 2. If the

and the emulsion may invert to W/0.

Microemulsions

Microemulsions are transparent dispersions containing two immiscible liquids with particles of
10-100 nm diameter that are generally obtained upon mixing the ingredients gensly. Macroemulsions, |
on the other hand, need intense agitation for their formation, Like macroemulsions, the microemulsions
may be oil-in-water (O/W) or water-in-oil (W/0) type. Certain aspects of microemulsions remain

© .controversial, such as the nature of the interface between the dispersed particles; the nature of the

continuous phase and whether they contain one type of dispersed particles or micelles or more.

Whether one considers a microemulsion-to be a solution of micelles, swollen by solubilized .
second liquid, " in one liquid or a dispersion of tiny droplets of one liquid in a second liquid; the
interfacial tension of the microemulsion against both these liquids must be close to zero. In the first
case, the system is one-phase and, therefore, has no interface against ‘either liquid as long as the

! more of the second liquid. In the second case; the-interfacial
drea is so large tliat--a.n'exceedingly low interfacial tension must be present to permit formation of
the microemulsion Wwith so little work. In addition, the interfacial region must be highly flexible,
either to permit the large curvature required to surround exceedingly small particles or to allow the
€asy transition from oil-continuous to Water-continuous structure that is characteristic of microemulsions,

It is generally accepted that the clear, fluid (surfactant) phase between a non-polar phase (0) and an
aqueous phase (W) in a three-phase system is a microemulsion. If the concentration‘of surfactant is
increased, the middle phase incorporates both the O and W phases into a single (fictoemulsion) phase.
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i that the volumes: of: the
inati is advisable to use graduated vessels for Fhls purpose so k :
;ﬁgg;ngglogé rlltlelassuerlec‘l,.1 Ifa three-phafe system.is finally obtained.instead of a one-phase microemuision,

. - 1 phase
the concentration of surfactant-co-surfactarit mixture can be increased until both water and oil phases |

disappear by solubilization into the surfactant phase.

Theories of Emulsions

The theories to decide the type of emulsion formed can be classified into : Qualitative thgqnes_ :

and 2. Quantitative theories.

1. Qualitative Theories. All the theories which attempt tolexplgig the fc;n:l’ationc k?efrsot/}gi ;1[1;2
emulsi irical | ft rule. It is believed by some resear
W/0 emulsions are based on the empirical .Bancro ] 13 b loved by some fescarshors hat toe
i i ion produced by the adsorption and orientation of the surfac mole )
;?ttelirgiill?(lluriflglimeﬁ‘ace can have different interfacial tensions on each of its twodsﬂis. t:f:r 1s,h;1_81: 1
in%erfacial tension between the hydrophilic ends of the surfactant molecules ani water. -p

. . . d._ .
molecules is different from the interfacial tension between the hydrophobic ends of the surfactant an

g . . ; . _ e 50
the oil phase molecules. In the formation of emulsion, this interfacial tension would tend to curve

i i ; interfacial tension thus minimizing the mte;:f_al_c!a .
rten the area of that side which has greater inter linin L
?:e::oefll::'gy. A preferéntially oil-soluble emulsifying agent would, of course, produce a lower-interfacia

il i ieldi ion; ferentially water-soluble emulsifying
i at the oil interface, yielding a W/O emulsion; a preferen ally L
;egr;s;:) I\lvould produce a lower interfacial tension at the water interface, 'yielding an O/W emulsion

According to Schulmann (1954), howéver,' the formation of ttllle t“.';’ ty;::: —21fn flll]si?f!liil?fa 3;.3;?;
i i difference in the contact angles at the oil-wa er B
(Pl 16y 1, o the ootan bt il, waf i the oil contact angle (the contdct angle,
. . ontact between oil, water and emulsifier, ie 0 .contact angle,
géfstllfgd Imﬂ t?]te[g?l (;)hase) is less'than 90°,-then the oil surface is concave toward the witer producing

. A . ntact
a W/0 emulsion. On the other hand, if at'the same oil-water-emulsifier contact, the water contac

angle is less than 90°, then the water surface is concave toward the oil, producing an O/W-emulsion. -
: (if_the of le is < 90°, then Yoz < Ywg (i.e., the
It may, however, be noted t.ha[(lf: the oil contact ang < .
éﬁilil's-iﬁery is more hydrophobic than: hydrophilic). If the water contfict angle is l_<if 19{(1);11 gt:;:trsl
Ywe < Yo and the emulsifying agent is. more hydrophilic than hydrophobic. Thus, emulsifying 2

with mainly hydrophilic character produce O/W emulsions whereas those with m.amly hydrophobic "

character produce W/O _(_emulsions. ' .

) : ’ . n . . : f
2. 'Quantitative Theory. Davies (1957) developed a quanftl(tla_tw;e :peigegil?tzlegdt?:pltg’ge a:d
i 1ed to the kineti ! v0 types of droplets p : .
emulsion formed to the kinetics of coalescence of the two t _ plets and
rdi i formed when oil and water are agitat
lets. According to this theory, the type o_f emulsion )
:zzt:&]c‘:irmilx)xethe présencegof an emulsifying agent is due to t?e r(:latl(;'% ;laetgs, ?&fg &iixgscgglff;gg
3, Vi .oil droplets and coalescence of water dr - Agitatic um
T etk imionennity b 1 ¢ oil and w into droplets, with the emulsifying agent being
to break simultaneously both the oil and water phases into droplets, , 1 gen ene
> i ' hase. that becomes the continuous
adsorbed at the interface around these droplets. Th(; p : fhous one Is et
i y : f coalescence of the water droplets
which has the faster rate-of coalescence.- If the rate of coa els 1o much
the of d. If the rate of coalesc
that of the oil droplets, then an O/W emulsion is forme coale .

fhree a(t)e_llr ctllizlgl)lets is much greater than that of the water dx:oglets, then a Ww/0 emulfsn;)r: :; fs;rlrl\l:e
When' the rates of coalescence of the two phases are similar, then the phase of larg
becomes the outer phase. o : _ : .

' ilic gr i i i i barrier to the coalescence of oil

1, hydrophilic groups in the mterfa,c_l_al film constltutg_ a barrier |
dro;'allgtsg i;lligeas }lllydl%phoblg: groups in thé interfacial film constitute a barrier to the gc%z:sggogsf
water droplets. Hence, an interfacial-film that Is predominantly hydrophitic tends to form O/W.
- whereas one that is.predomj tly hiydrophobic. tends to produce W/O emulsions.

The Seléétion of Surfaétan o5 Buliviag Agots (Emulsifiers) -1
lTheHLB Methdii; The most fréquently used method is kx&_)wn as the HLB (hydrophile-

\
/

- similar range of numbers has been assigned to various substance

2. The Pr
. emulsion when
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er (between 0 zgnd 40) indicative of
drophilic and lipophilic (hydrophobic)
al emulsifying agents. In.addition; 3. -

s that are frequently emulsified, such
as oils, lanolin, paraffin wax, Xylene, carbon tetrachloride, and so 6n. Thege numibers are generally

based on the emulsification experience, rather than on structural considerations. Then an emulsifying
dgent—or better still, a combination of emulsifying agents—is selected whose HLB number is approximately
the same as that of the ingredients to be emulsified. As. expected from the definition of the HLB
value, materials with high HLB values are o/W emulsifiers and materials with low HLB value are
W/0 emulsifiers. An HLB value of 3-6 is the recommended range for W/O emulsification while an
HLB value of 818 is recommended for O/W emulsification.  °

It has been poiated out (Shinoda, 1968) that a single surfactant can produce either an O/W or a
lependin;

W/0 emulsion, depe g on the temperature at which the emulsion is prepared. At high oil concentrations,
it depends on the ratio of surfactant to oil.

T Method. An O/W emulsion made with a non-ionic

lipophile balance) method. In this method (Griffin, 1949), a nump
emulsification behavior and related to the balance between the hy
portions of the molecule has been assigned to many commerci

surfactant may invert to a W/0 )

temperature or PIT and is the temperature at which th

_ e hydrophilic and lipophilic tendencies of the .
surfactant (or surfactant-cosurfactant mixture) ‘balance’ in that particular system of O and W phases.

For optimu_rq stability, the Japanese pioneers in emulsion science—Shinoda and Saito—have suggested

the PIT and then cooled down to the storage . ]
emulsion prepared near the PIT has a very fine average particle size by
coalesce_nce._-Cooling it down to a temperature considerabl
without significantly increasing its average particle size,

ut is not very stable to
y below the PIT increases jts stability

GELS

~ Several lyophilic sols and a few lyophobic sols as well; when coagulaté,d under certain conditions,
change into a semi-rigid mass, enclosing the entire -amount of the liquid within itself. Such a product

- is called a gel. The process of tranformation of a'sol into a gel is'known as gelation.

- Gel repfesents a‘liqu'id—so'lid system, i.e., a liquid dispersed in a solid, Amongst lyophitic sols,
the examples are gelatin, agar-agar, gum arabic, mastic and gamboge sols, etc. Amongst lyophobic
sols, the examples are : silicic acid, ferric hydroxide, ferric phosphate sols, etc. The sols should be

of sufficiently high concentration to facilitate the gelation process, G

pastings, the gelation of pyroxlin and thé production of arﬁ_ﬁcial fibres are all gelation. processes..
Several processes in food and bread-~baking industries make use of gelation. Clear raw hide which
does not have ahair cover and from which leather is obtained is a gel.

Preparation of Gels, Gels may be prepared by any one of the folloxﬁi_ng methods,

L. Cooling of Sols of Moderate Concentrations, Gels of gelatin and'agar-agar, etc., are obtained
by cooling their sols of moderate concentrations prepared in hot water. As has been mentioned earlier,
the particles. of hydrophilic sols are extensively hydrated. When cooled, the hydrated particles agglomerate
together to form larger aggregates which ultimately form a semi-solid net'worilgv.-gm_srapping—the entire
liquid- within itself, The product is a semi-rigid gel structure. -. e T

2. Double Decomposition. The hydrophobic gels like silicic acid, alumitium hydroxide (commonly
known as silica get and alumina gel) are prepared by, this method. By, adding hydrochloric acid to an
aqueous solution of sodium silicare, highly hydrated silicic’acid ‘gats pre€ipitatéd. This when allowed
to stand sets into a gel,. Ses R R A A I
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Similarly, by mixing solutions of sodium hydroxide and aluminium chloride of suitablé concentration,
a highly hydrated precipitate of aluminium hydroxide is obtained. On standing it changes into a gel.

3. Change of Solvents. This method is also used for preparing some of the hydrophobic gels. To
take an example, when ethanol is added rapidly to a ‘solution of calcium acetate of fair concéntration,

.the salt.separates out to give.a colloidal solution. ‘When allowed to stand, it undergoes-gelation. The - -

ultimate product is a Semi-rigid gel of calcium acetate. The entire liquid is entrapped within.

Elastic and Non-elastic Gels. Gels are divided into two categories depending upon their properties.
These are : elastic gels and non-elastic gels. The two varieties are distinguished chiefly by their
behaviour on dehydration and rehydration. Elastic gels are reversible. When partially dehydrated, they
change into a solid mass which, however, changes ‘back into the original form on simple addition of
water followed by slight warming, if necessary. Non-elastic gels, on the contrary, are irreversible.
When dehydrated they become glassy or change into a powder which on addition of water and followed
by warming does not change back into the original gel.

Gelatin, .agar-agar and starch are examples of elastic gels. In these cases, dehydration and rehydration
On €xposure-to water vapour are almost reversible even when the cycle is carried out more than
once.

Silica,” alumiria and ferric oXide gels are examples of non-elastic -'gels. Thus, if silica gel is
dehydrated, addition of water will not reset it into the form of a gel.

There is another poin:t of difference between elastic and non-elastic gels. While elastic gels can
imbibe water when placed in it and undergo swelling, non-elastic gels are incapable of doing so. This
phenomenon is known as imbibition or swelling,

Another characteristic property possessed both by elastic and non-elastic gels is to undergo shrinkage
in volume when allowed to stand. This phenomenon is called syneresis. Application of external pressure
10 a gel enhances syneresis. For amphoteric proteins, maximum syneresis is observed at the isoelectric
point since the molecules then have equal number of opposite charges and this favours the shrinkage
of the molecular framework of a gel. Syneresis decreases.as-the pH of the medium declines from the
isoelectric point because the molecular chains aquire a charge of the same sign. The chains unfold.
and repel one another. :

Some of the gels, particularly gelati}l (reversible gel) and silica (irreversible gel), 'liqu_efy on
shaking, changing into the corresponiding sol. The sol on standing reverts back to the gel. ‘This
phenomenon of reversible sol—gel transformation is generally referred to as thixotropy.

Importance and Application of Colloids

Colloids play a very important role in everyday life as. well as in industry, agriculture, medicine
and biology. The following discussion, therefore, will be of interest. ) '

L. Foods. Many of our foods are colloidal in nature, For example, milk is an emulsion of fat
dispesed in water. It is stabilised by casein ‘which itself is a Iyophilic colloid-and, being a protein, is
a nutrient of great value. Gelatin is added to ice cream as a protective agent so as to preserve its
‘smoothness’. Whipped cream, fruit Jellies, salad dressings, eggs and-a host of other materials used
as food, are colloidal in nature.

in nature, It is ‘he S%ed: that in-this form they can be more effeétive and are easily assimilated.
Colloidal calcium and"gdld, for instance, are administered by injections to raisc the vitality of the

human system. . . S .

2, Medicines. A- %xnber of medicinal and phannaceuticél preparations are emulsions, i.e., colloidal

3 d s S . . ETES . . .‘ . - :
3. Industrial goods. Soap, ‘the index of mivdern civilization, is a colloidal electrolyte. The same
is irue of a serics of niewer” detergents and ‘wetting agents that have been produced in recent years.
Pajats, varnishes. enarcls. celluloses, resins, gums, glues and other adhesives; rayon, nylon, terylene,
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textiles,‘ leather, paper, etc.,@re all colloidal in nature: .5[_;"atex, from which rubber is obtained, is
Suspension of negatively charged colloidal particles of rubber. Industrial processes such as tanning,

dyeing, lubrication, etc., are of colloidal nature. This®list ig by no means exhaustive and can be
extended further. L

4. Rubber-piating, The negatively charged pa-r.t,i'cles;' of rubber (latex) are made to deposit on to

" - wires or ‘handlesof various tools (in order to insulate them) by electrophoresis. The article to be

rubber-plated is made the anode. The rubber particles migrate in an electric field towards the anode
and get deposited on it. .

5. Chron_ne_—tanning. The chrome-tanning of leather is brought about by the penetration of positively
charged partlcles of yydrated chromic oxide into the leather, The rate of penetration can be increased
by applying an electric field, 7.¢., by the process of electrophoresis, ) )

6. Cottrell precipitator. Smokes and dusts are a nuisance and create health problems in industrial
areas. Act}lally these are (-1ispersions of electrically charged colloidal particles in air, The removal of

7. Sewage disposal. Sewage water consists of particle§ of dirt, rubbish, mud, etc., which are of

. colloidal dimensions and carry electric charge and, therefore, do not settle down easily. On creating

an electric field in the Sewage tank, these particles migrate, 6 the oppositely charged electrodes, get

neutrali§ed and settle down at the bottom. It will be seen that here, too, the electrolphoretic property
of colloids has been made use of. .

8. Clarification of water. -Sometimes slight turbidity is nc;ticed in water. This is due to the
presence of negatively charged particles of. very fine clay. The addition of potash alum or aluminium
sulphate furnishes the trivalent aluminium ions (A**) which cause the coagulation of the clay particles,
which, thereforg, settle down leaving water in clear state,

) 9. Detergent action of soap. Most of the dirt or dust sticks on to grease or some oily material
which somehow gathers on cloth. As grease is not readily wetted by water, it is difficult to clean the -. -
"garment by water alone, The addition of soap lowers the interfacial tension betweén water and grease -

. and this causes the emulsification of grease in water. The mechanical action, such as rubbing, etc.,

releases the dirt,

10. Artiﬁca! rain, CloudF consist of charged particles of water dispersed in air. Rain is caused
by the aggregation of these minute particles. Some workers have succeeded in causing such aggregation

by artifical means such as’by throwing electrified sand’ from aeroplanes.

11. Formation of deltas. The deltas at the mouths of great rivers are formed by the precipitation

of the charged clay particles, carried as suspension in the river water, by the action of salts present
in sea water, ' ' ' - )

12, Smoke screens. Smoke Screens are used in warfare for the purpose of concealment and
camoulfagf:. Smoke screens generally consist of very fine particles of titanium oxide dispersed in air
and are ejected from aeroplanes. As titanium oxide is very heavy, the smoke screen drops down

liquid crystals, membranes and vesicles. Micellar
2 ates have served as an'important bridge between microscopic and macroscopic chemical species
m'the devel9pment of new technologies. The importance of colloid science is now fully recognized.
It is the basic foundation of almost all fields of solution science, '
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{ I Review Questions |

. Carefully distiniguish between a molecular solution, a colloidal dispersion and a coarse dispersion.

. Explam the use of (a) dralysrs [()] electro—dlalysrs and (¢) ultrafiltration in the purlﬁcmlon of colloidal solutions.
. Discuss the eléctrical properties of colloidal solutions and explairi the action of eleclrolyus on them.

. Discuss the origin of charge on colloidal particles. What is meant by electrical double layer ? What is DLVO theory?

What are protective colloids ? Explain how 2 lyophilic colloid can stabilise a lyophobic colloid.

. Describe various methods for the determination of the size of colloidal particles.

What are colloidal miscelles ? Discuss the structure of miscelles in polar and non-polar media.

. What does HLB stand for ? What is its signifi icance ?
. Define critical miscelle concentration. Show graphically how the physical properties of solutions of surfactams

such as molar conductance, surface tension, osmotic pressure change at the critical miscelle concentration.

How is CMC related to free energy change, enthalpy change and entropy charige accompanying the process of
miscelle formation ?

State and explain lhe Laplace s law. Discuss solubrllzatlon from the point of view of the phase rule.
Compare and contrast miscellar catalysrs from enzyme catalysrs ’ ’

. What are emulsions . Discuss the methods used in finding the type of an emulsion. How are emulsions prepared ?

What are ‘gels ? How would you dlsungursh between elastic and non-elastrc gels

i

SURFACE CHEMISTRY

ADSORPTION BY SOLIDS

Surface chemistry research is an interdisciplinary area on the frontiers of physical chemistry,
chemical physics, materials science and nanoscience. Its impact on industrial processes and technlogy
has grown over the years and will continue to grow in future, Residual unbalanced forces exist on the
surface of a solid. As a result of these residual forces, the surface of a solid has a tendency to
attract and retain molecules of other species with which it is brought into contact. As these molecules

- remain only at the surface,- their concentration is more at the surface than in the bulk of the solid.

The phenomenon of higher concentration of any molecplar species at the surface than in the bulk of a
solid is known as adsorption. Solids, when finely divided, have a large surface area and; therefore, -
show this property to a large extent. The solid that takes up a gas or vapour or a solute from a.
solution, is called the adsorbent while the gas or vapour or the solute, which is held to the surface
of the solid, is called the adsorbate. Colloids, on account of their extremely small dimensions,
possess enormous surface area per unit mass and are, therefore good adsorbents. The examples are
charcoal, silica gel, alumina gel, clay, etc.

Adsorption is to be carefully distinguished- from absorption. The latter term implies that a
substance is uniformly distributed throughout the body of a ‘solid or a liquid. Thus, while water
vapours are absorbed by anhydréri's"c'alcrum chloride, these are adsorbed by silica gel. Similarly,
while ammonia is absorbed in water, it is adsorbed by charcoal. When a hot crucible is cooled in
atmosphere, a film of moisture collects at its surface. This is a case of adsorption of water vapour on
the material of the crucible. Charcoal when mixed with a coloured solution of sugar, adsarbs the
colouring matter and is used as a decoloriser. McBain suggested the use of the term sorption to

describe a process in which both absorption and adsorption take place srmultaneously

Adsorption is not mecessarily. a physical phenomenon always. It may as well be a chemical
process involving chemical interaction between the surface atoms of the adsorbent and the atoms of
the adsorbate. This type of adsorption is known as chemisorption. For example, oxygen is chemisorbed
by carbon and hydrogen is chemisorbed by nickel under suitable conditions. In each case, a stable -
surface compound, frequently referred to as surface complex, results.

Chemisorption differs from physical adsorption (or physisorption) in the following respects

1. Physical adsorption occurs appreciably only at very low temperatures falling below the boiling
point of the adsorbate. Chemisorption can occur at all temperatures.

2. The magnitude of chemrsorptrorr increases with rise in temperature. This is just as the magnitude
of a chemical reaction in a given time increases with rise in temperature. Physrsorptron, on the other
hand, decreases with rise in temperature. -

3. The heat evolved in chemisorption is very high varying: generally between 40—400 kI mol™!,
as in many chemical reactions. The heat evolved in physisorption, on the other hand, is quite low
varying generally between 4—40 kJ mol™!.

1251




