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I. INTRODUCTION

The production of non-ionic surface-active substances
(NSAS) began in 1929-1935, when for the first time pro-
ducts were obtained by the addition of ethylene oxide to
organic compounds containing at least one reactive hydro-
gen atom, such as the higher aliphatic acids, their amides,
higher aliphatic alcohols, thiols, alkylphenols, amines,
etc. These products are characterised by the number of
ethylene oxide groups attached to one mole of the organic
substance. It should be noted that the oxyethylene chains
in the compounds are almost never of equal length, their
distribution with respect to dimensions being described by
a classical Poisson curve1»2. At the present time, methods
are available for separating a mixture of polymer-homo-
logues into individual products3 and also for obtaining
certain individual NSAS using particular chemical reac-
tions4.

As a result of the slightly hydrophilic character of ethyl-
ene oxide, the addition products usually have a higher solubi-
lity in water than the original substances. A significant
advantage of oxyethylated substances is the possibility of
controlling their hydrophilic nature by altering the quantity
of attached ethylene oxide, and also the number of carbon
atoms in the hydrophobic chain. This makes it possible
to obtain substances with optimal properties for any given
field of application. Another important characteristic
feature of oxyethylated substances is that they cannot form
salts, so that they are stable in hard water and can be used
in combination with both anion-active and cation-active SAS.
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TABLE 1. Main classes of NSAS.10

Oxyethylated aliphatic
acids and products of
the oxyethylation of
tall oil*

Oxyethylated amides

Oxyethylated alcohols

Oxyethylated alkyl-
phenols

Sulphonated oxy-
ethylated alcohols

Esters of sorbitan and
aliphatic acids

Oxyethylated esters of
sorbitan and aliphatic
acids

Monoethanolamides

Diethanolamides

Oxyethylated poly-
propylene glycoDs

Oxyethylated (ethylene-
diaminopolypropylene
glycol)s

Dialkyldlhydroxy-
acetylene

Esters of saccharose
and aliphatic acids

Saccharose alkyl-
ure thanes

Chemical structure

R-COtOCjHJnOH

R-CON
Nc.H.OlyH

R-[OC,HjnOH

R-tOC.Hjm-OSO.Na
R = alkyl or alkylphenyl

R_COO-CH,-CH-CH-CHOH

OH 0 CHOH
NCHa

the same, polyglycol ester

R_C0-NH-CaH40H

R-CON

Tnc ΤΙ Ί Γ\λί ·
ι 3 +~y

CHJ-Ni[C,H,0]n-[CaH40] i l.H!,

OH R i

R , x

R. OH

R-CO-(saccharose)

R-NH-CO-(saccharose)

can be explained by assuming that the polyoxyethylene chain
has a winding shape (caterpillar shape):

Trade name and firm**

Soromine SG
Emulsifier A
Sterox CD (Monsanto)
Prevocel (Euna)

Dionyl (Hulz)

Peregal 0, Bunegal 0
(Buna)

Igepal C and W,
Sapal (Buna)
Alipal
Igepal Β

Span

Tween

Ninol

Ninol

Pluronic

Tetronic

Surfynol

Sacrodet

* Tall oil is a by-product of sulphate cellulose production, con-
taining chiefly a mixture of aliphatic and resin acids.

** See Ref. 10.

The combination of valuable technical properties shown by
NSAS and the continuous decrease in the cost of their produc-
tion has recently led to their extensive application in many
branches of technology, including the textile industry, the
manufacture of wetting agents5, the processing of petrol-
eum8, etc.

As well as increased production of these substances,
the production of oxyethylated substances of the block co-
polymer type — oxyethylated poly(propylene glycol)s7»8

and oxyethylated ethylenediaminopoly(propyleneglycol)s8'9

— has been developed in recent years.

Since 1935, NSAS of the sorbitan ester, ethanolamide,
saccharose-aliphatic acid ester, dialkyldihydroxyacetyl-
ene, etc., type have been prepared in addition to oxyethyl-
ated NSAS. Some of the most commonly encountered
classes of NSAS are listed in Table 1.

The aim of the present review is to summarise data on
the properties of oxyethylated non-ionic surface-active sub-
stances and to indicate some of their fields of application.

Π. STRUCTURE OF NON-IONIC SURFACE-ACTIVE SUB-
STANCES (NSAS)

In a study of the structure of polyoxyethylene chains,
Staudinger11 suggested that the retarded increase in chain
length with increase in the number of oxyethylene groups

Λ
c
η j

The winding shape of the polyoxyethylene chain is
generally assumed to be due to the mutual attraction of the
oxygen atoms in the chain to one another. The chain
strives to become shorter under the influence of the forces
of attraction. At a low degree of polymerisation, these
forces are insufficiently strong to lead to a decrease in the
length of the chain, and the chain retains its usual zigzag
shape12.

Comparison of the observed and calculated specific vis-
cosities of polyoxyethylene diacetates established that the
chains have a zigzag shape up to a degree of polymerisation
of 9 and that they acquire a winding shape only at higher
degrees of polymerisation.

Many studies have been made of the structure of the poly-
oxyethylene chain13~16. Rosch1β explains the winding shape of
the polyoxyethylene chain on the basis of the general concepts
of valency theory. He represents the structure of the poly-
oxyethylene chains as a zigzag structure, in which, because of
the presence of CH2-CH2-O and C I ^ - O - C H J J groups, oblique-
-angled and equilateral triangles alternate in the ratio 2:1.
Each ethylene oxide group forms a dipole with a moment of 1.88,
in which the CH2 is the positive pole and the Ο the negative pole.
The distance between the dipoles is 2.3 A. The CILj groups of
the ethylene oxide repel one another and the oxygen atoms at-
tract neighbouring CH2 groups. This produces stresses which
increase with increase in the length of the zigzag chain. When
the degree of oxyethylation reaches 9-11, the magnitude of the
stresses becomes sufficiently high to produce a change in
structure, and the zigzag shape is converted into the winding
shape. The change in the structure leads to contraction of
the oxyethylene chain.

In aqueous solutions of oxyethylated substances, as a
result of the formation of polyoxonium complexes, an in-
crease in the polarisation of the CO bond takes place and
this may also lead to a change in structure.

Uchida and coworkers17, on the basis of the dipole
moments in dioxan solution, established that the polyoxy-
ethylene chain consists of a mixture of both structures,
although the winding shape of the chain predominates in
aqueous solution.

III. SOLUBILITY AND TEMPERATURE OF APPEARANCE
OF TURBIDITY IN SOLUTIONS

The solubility of oxyethylated substances in water is due
to the formation of hydrates as a result of the production
of hydrogen bonds between the water molecules and the ether
oxygen atoms of the poly(ethylene glycol) residue:

—(CHj—O—CHs)—

Η

Η

With increase in the number of oxyethylene groups,
there is an increase in the number of water molecules
attached to the ether oxygen atoms, and the hydrophilic
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nature of the oxyethylated substance increases. Thus the
polyoxyethylene chain can be regarded as "sheathed" with
water molecules throughout its length. One or more of
these water molecules may take up a proton from the sur-
rounding solvent, with the formation of a hydroxonium
ion. When this is so, each molecule of the oxyethylated
substance is surrounded by an electrical double layer of
ions. The ethylene oxide oxonium group can be repre-
sented as follows:

TABLE 2. Cloud points (i c) of 10% aqueous solutions of
Pluronics6.

Pluronic symbol

L-62
L-64
L-44
F-68

Characteristic*
of Pluronic

liquid
liquid
liquid
flakes

Mean molecular
weight of polyoxy·

propylen· taken
for oxyethylation

1750
1750
1200
1750

% polyoxy.
ethylene in

Pluronic
molecule

20
40
40
80

20
70
78

100

[— (CHa—O—CHj) ]+OH- ,

H3O

The formation of charged groups increases the hydration
of the substance. The presence of the charge was con-
firmed indirectly by the analytical studies of Wurzschmidt18,
who showed that in aqueous solutions, oxyethylated sub-
stances behave as weakly cation-active polyoxonium com-
pounds. Only a small proportion of the ether oxygen
atoms usually form oxonium salts. Studies by Schick19,
however, showed that oxonium salt formation increases
on acidification, and that in strongly acidic media every
ether oxygen atom forms an oxonium ion.

Scheller5 established a rule which makes it possible
to find the relationship between the number of carbon atoms
in the hydrophobic fraction of oxyethylated substances and
the number of oxyethylene groups necessary to make these
substances soluble in water. If the hydrophobic fraction
contains η carbon groups, w/3 oxyethylene groups are re-
quired to give minimum solubility in water, n/2 oxyethyl-
ene groups are required to give moderate solubility in
water, and between η and Zn/2 oxyethylene groups are re-
quired to give ready solubility in water.

According to the ideas of Cohen and Smith 2 0, one hydroxyl
group or one ether oxygen atom is sufficient to overcome
the hydrophobic character given to a substance by three
methylene groups. Since the ethylene oxide molecule con-
tains two CH^ groups, the oxyethylated substance should
contain one oxyethylene group in the hydrophilic fraction
for every CHg group in the hydrophobic fraction if the sub-
stance is to dissolve in water. Thus a substance with
general formula HfCKjkfOCHjjCHjyOH is soluble in water
if y ^ χ - 3.

Shakhovskii5 prepared oxyethylated C4-C1 2 alcohols and
established that the substances obtained dissolved in water
when they contained M/44.05 oxyethylene groups, where Μ
is the molecular weight of the aliphatic alcohol.

The solubility of oxyethylated substances in water de-
creases with increase in temperature, and since the energy
of the hydrogen bond is low (7 kcal mole"1), dehydration
takes place so that the non-ionic substance loses its abi-
lity to dissolve in water. With decrease in temperature,
the hydrate is reformed and the substance dissolves. The
solubility of oxyethylated substances in water at elevated
temperatures is characterised by the temperature at which
turbidity appears in the solution (the cloud point). This
temperature provides an important analytical indication
of the degree of polyoxyethylation of the product and to
some extent makes it possible to characterise NSAS. If
the poly(ethylene glycol) residue contains a sufficiently
large number of CKLJ-CILJ-O groups, the ability of these
compounds to undergo hydration is so great that their
aqueous solutions do not become cloudy even on boiling.
Table 2 gives the cloud points of aqueous solutions of poly-
oxyethylated poly(propylene glycoDs.

Table 2 shows that the longer the oxyethylene chain,
the greater the degree of hydration and the higher the tem-
perature necessary for dehydration of the non-ionic mole-
cules of the substance. The properties of Pluronics have
been described in detail21.

Raphael5 determined the dependence of the cloud points
of oxyethylated alcohols and octylcresols on the degree of
oxyethylation at different concentrations. He showed that
increase in the degree of oxyethylation leads to a linear
increase in the cloud point, and that for a given degree of
oxyethylation the cloud points are higher in concentrated
solutions.

The cloud point depends on the chain-length distribution of
the oxyethylene chains. If the oxyethylated substance con-
tains a large proportion of low-molecular-weight products,
the cloud point is low, whereas substances with a narrow dis-
tribution are more hydrophilic and have high cloud points22.

The addition of certain electrolytes to solutions of oxy-
ethylated substances leads to a marked decrease in the
solubility and cloud points. Thus Knowles and Krupin23,
in a study of the cloud points of aqueous solutions of nonyl-
phenols with different degrees of oxyethylation in the pre-
sence of electrolytes, obtained the results given in Table 3.

The influence of electrolytes involves chiefly a dehydra-
ting action resulting from rupture of the hydrogen bonds.
Sometimes, however, electrolytes exhibit a stabilising
action related to the cation-active nature of the oxyethyl-
ated substances. Hydrochloric acid raises the cloud point
(Table 3). This is due to the fact that in acid medium
there is an increase in the possibility of formation of oxon-
ium ions and hence in the hydration. Sulphuric acid has
a very weak dehydrating action, since the increase in hy-
dration resulting from oxonium ion formation is compen-
sated by the desolvating action of the bivalent SOf" anion.
Bases bring about particularly extensive dehydration. The
cation-active nature of NSAS is also shown by the fact that
the solubility is little influenced by the nature of the cation
but is influenced to a marked extent by the nature of the
anion24.

TABLE 3. Influence of electrolytes on the cloud point of oxy-
ethylated nonylphenols28.

Degree of oxy-
ethylation of
nonylphenol

9
10.5
15
20

Cloud point, °C

distilled
water

55
72
98

100

3%
NaCI

45
61
84.5
95

3%
Na,C0,

32
48
70
78

3%
NaOH

31
45.5
67
73

3%
HCI

60.5
78

100
100

3%
H,S04

51
69
96

100

3%
Na,P04

43
60
83.5
92
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Doscher and coworkers25 showed that salts of the alka-
line earth metals, for example, calcium, have no dehydra-
ting action and even facilitate the dissolution of NSAS. The
Ca2* ions are strongly hydrated and the dipoles of the water
are orientated around the Ca2+ ions with their positive pole
directed outwards. This orientation favours the forma-
tion of a coordinate bond between the hydrated ions and the
negative ether oxygen atoms, leading to an increase in the
hydration of the NSAS. This may explain the high effi-
ciency of non-ionic wetting agents in hard water.

The addition of small quantities of anionic surface-
- active substances increases the cloud point by 10-20 deg.
Maclay26 attributed this phenomenon to the formation of
mixed micelles of anionic and non-ionic SAS. At the cloud
points, the non-ionic detergents are solubilised in these
micelles.

The addition of aromatic or polar aliphatic substances
(benzene, phenol, aniline) leads to a marked lowering of
the cloud point26"28. The lowering of the cloud point in the
presence of polar additives is attributed to the fact that
these substances are solubilised in the micelles of non-
- ionic detergent and, as it were, increase the relative part
played by the hydrophobic fraction of the detergent, with
a consequent decrease in hydration and lowering of the cloud
point.

IV. SURFACE ACTIVITY AND SURFACE FILMS

It has been shown for the case of oxyethylated aliphatic
alcohols5»29, alkylphenols5'30, and Pluronics31 that within
a given series, the minimal surface tension of the aqueous
solutions increases with increase in the degree of oxyethyl-
ation and decreases with increase in the number of carbon
atoms in the hydrophobic chain. The change in surface
activity shows qualitative agreement with Traube's rule,
that is, the surface activity increases with increase in the
number of carbon atoms in the hydrophobic chain. The
surface activity decreases with increase in the degree of
oxyethylation. Data for Pluronics, confirming these general
features, are given in Table 4.

With increase in temperature, the minimal surface ten-
sion of aqueous solutions of NSAS decreases and the surface
activity of the non-ionic substances increases. This charac-
teristic feature is related to the dehydration of the NSAS
molecules with increase in temperature.

Crook and coworkers30 recorded the surface tension
isotherms for £-t-octylphenols with normal distribution
and for individual />-t-octylphenols prepared by special
methods4. Using these isotherms, they determined the
dependence of the minimal surface tension aCk and the
areas occupied by the molecules in a layer with maximum

TABLE 4. Dependence of the surface tension
(dyn cm"1) of a series of Pluronics
at 30° on the concentration of the
aqueous solutions31.

c

α 
m

o
le

cu
le

2

if

38

30

ZS

90

70

SO

30

W3

10"

} ' 1 f I I I '

b 2v^o

1 1 1 1 1 1 1 1

* ^ ι ι ι ι ι ι ι 1

Plutonic
symbol

L-44
L-62
L-64
F-68

Concentration, %

1

41.2
34.5
36.0
43.6

0.1

45.2
37.1
40.0
46.6

0.01

47.2
42.0
43.8
47.4

0.001

52.5
45.6
48.6
64.0

• S 12 fS
length of oxyethylene chain

Fig. 1. Dependence of the surface tension at
Cff (a), area occupied by a molecule (6), and
Cfr (c) on the chain length of individual OP
SAS (2) and mixtures with normal distribu-
tion (I) . 3 9

saturation on the degree of oxyethylation (Figs, la and 16).
It can be seen from Fig. la that the surface tension cor-
responding to bk for the individual products is greater than
that for the mixtures with normal distribution, since in the
latter case preferential adsorption of the more highly sur-
face-active components with lower degree of oxyethylation
takes place at the solution-air boundary.

On the basis of a comparison of the surface activity of oxy-
ethylated substances of different classes, Schonfeldt conclu-
ded that oxyethylated alcohols and phenols exhibit the highest
surface activity. Wrigley and coworkers31 studied the surface
tension of 1% solutions of oxyethylated aliphatic acids and ali-
phatic alcohols with oxyethylated chains of different length.
With equal numbers of carbon atoms in the hydrophobic frac-
tion and equal numbers of oxyethylene groups in the hydrophi-
lic fraction, the surface tension is greater for the oxyethyl-
ated alcohols. For example, the values of the surface tension
(dyn cm"1) for hexadecanol specimens with degree of oxyethyl-
ation equal to 15, 20, and30, are 36.4, 38.2, and 40.2 respec-
tively, whereas the values for palmitic acid specimens with
the same degree of oxyethylation are 34.2, 35.8, and 38.4.

To determine the nature of the orientation of non-ionic
surface-active substances at an air-water boundary, a
number of workers have studied surface films of aqueous
solutions of polyoxyethylated aliphatic alcohols ** and alkyl-
phenols 1β,28>33-3β

The nature of the packing and orientation of the polar
groups in these surface films was established from the
surface tension and surface potentials, and also by record-
ing two-dimensional phase diagrams for the films32.
Schick33 used the Gibbs equation and surface tension iso-
therms to establish the dependence of the area of the ad-
sorbed surface film on the surface pressure π for two
homologous series of oxyethylated NSAS.

The areas occupied by the molecules in the adsorbed
films at ir = 20 dyn cm"1 are given in Table 5. This table
also gives the data obtained by LangeM for a saturated
adsorbed film, and Schick's data for insoluble surface
films of the same NSAS. It can be seen from Table 5 that
the area occupied by a molecule of oxyethylated n-dodeca-
nol and n-octadecanol is much greater than the cross-sec-
tional area of aliphatic hydrocarbons (20 A2) or the benzene
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TABLE 5. Areas occupied by the molecules in
the surface films of non-ionic deter-
gents.

Hydro phobic
group

n-Uodecanol

n-Octa-
decanol

Degree of
oxyethylo-

tion

0
4
5
7
9

12
14
23
30

0
5

14
100

Area occupied by a molecule, A*

adsorbed f i lm

7T=20dyncm*1

44

48

65
82

107

42
94

150

''max

54
59
71
77

—

—

Insoluble
film

JT=20dyncm'1

25

65

160

265

20
70

160
960

ring (25 A2) and increases with increase in the length of the oxy-
ethy lated chain. Thus vertical orientation of the oxyethylene
chain is excluded. Changes in the structure of the hydrophobic
groups at constant molar concentration of ethylene oxide have
little influence on the area occupied by the molecule. On the
basis of these results, two possible configurations can be sug-
gested for the NSAS molecules in adsorbed surface films: the
molecules are orientated in such a way that the hydrophobic
groups lie above the interface, and the oxyethy lene groups
either lie on the surface of the phases or form coils in the aque-
ous phase. In order to select one of the two possible orienta-
tions, a comparison was made of the molecular areas occupied
by the molecules of non-ionic detergents in adsorbed surface
layers and the corresponding molecular areas in insoluble
surface films 3 5. In the latter, the substrate consisted of a
saturated solution of sodium nitrate or 29% sodium chloride
solution.

In both homologous series, the areas occupied by the
molecules at comparable surface pressures increase with
increase in the length of the oxyethylene chain, whereas
the difference in the structures of the hydrophobic groups
at constant degree of oxyethylation has little influence on
the areas of the molecules in the saturated films. From
this it should have followed that the hydrophobic groups
are orientated above the interface, and the oxyethylene
chains lie on the surface. The molecular areas in insolu-
ble surface films, however, are very much greater than
the corresponding values in adsorbed surface films, so
that the horizontal orientation is also excluded. These
considerations led the authors to the conclusion that the
molecules of the surface-active substance are orientated
at the air-water interface with their hydrophobic groups
above the interface and with the oxyethylene chains form-
ing coils in the aqueous phase. The dimensions of the
coils increase with increase in the number of segments in
the oxyethylated chain.

These conclusions were confirmed and extended in a
study of the surface potentials for polyoxyethylated n-dode-
canols and n-octadecanols containing oxyethylated chains
of different length19.

It was found that the increase in surface potential and
hence the increase in the dimensions of the coils decrea-
ses with increase in the degree of oxyethylation. This is
related to the polymeric nature of the oxyethylene chain.
Figure 16 gives the dependence of the area occupied by a
molecule of £-t-octylphenol on the length of the oxyethyl-
ene chain. The increase in area is non-linear, although

7 ,-.-•''

Ζ ι, $ S tO 12 Η IS

length of oxyethylene chain

Fig. 2. Dependence of the area occupied by a mole-
cule at the solution—isooctane boundary on the chain
length of individual OP SAS (2) and mixtures with
normal distribution (I). 3 9

the deviation from linearity is slight in the range from 3
to 10 oxyethylene groups. On the basis of the assumption
that the hydrated molecules of oxyethylated substances in
adsorption layers form statistical configurations, Van
Voorst- Vader ** concluded that the area of the molecule at
saturation is proportional to Vra, where m is the degree
of oxyethylation. This was confirmed for the case of
oxyethylated alkylphenols. Lange32 obtained the same re-
lationship for oxyethylated dodecanol.

By measuring the interfacial tension at the interface
between isooctane and an aqueous solution of NSAS,
Crook30 determined the dependence of the area occupied
by a molecule at the interface on its degree of oxyethyla-
tion (Fig. 2). For individual substances, the areas occu-
pied by a molecule on the solution-hydrocarbon boundary
are close to the corresponding values for a solution-air
boundary. For mixtures with normal distribution, the
area of the molecule at the solution-air boundary (Fig. 16)
is smaller, and the area at the solution-hydrocarbon boun-
dary (Fig. 2) greater, than the value for the corresponding
individual products. As already described, the former is
due to the preferential adsorption of the more highly sur-
face-active components of the mixture at the solution-air
boundary. The second result is due to the fact that for
mixtures with normal distribution it is necessary to make
allowance for the specific solubility of the different com-
ponents of the mixture in isooctane. Since the components
with lower degree of oxyethylation are more soluble in
isooctane, they are concentrated in the hydrocarbon phase,
so that the average molecular weight of the NSAS dissolved
in water increases, leading to an increase in the area of
the molecule at the interface. Becher34 put forward sug-
gestions regarding the orientation of non-ionic surface-
-active substances at an oil-water interface for the poly-
oxyethylated lauryl alcohols and nonylphenols, and the
part played by hydrogen bonds in this orientation.

V. MICELLE FORMATION.
SIONS OF MICELLES

THE SHAPE AND DIMEN-

Micelle formation by NSAS has been fairly fully studied.
The studies have been carried out chiefly using oxyethyl-
ated aliphatic alcohols and alkylphenols. Several methods
have been used to determine the critical concentration of
micelle formation (cfe) of non-ionic surface-active sub-
stances: the surface tension method38"43, the dye solubili-
sation method, a method based on the change in the absorp-
tion spectrum 4 0>4 3"5 0, the light scattering method4 0 '4 1 '5 0"5 5,
and the viscosity method51»55.

Unlike the case of ionogenic surface-active substances,
in which the hydrophilic fraction of the molecule is much
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TABLE 6.

Hydrophobic
groups

Nonylphenol
(branched)

n-Dodecanol

n-Octadecanol

οχ and the micellar weights of non-ionic detergents in
aqueous solutions56.

Degree of oxy
ethylotion

10
15
20
30
50

7
14
23
30
14

100

Number of C
atoms in the
hydrophobic

fraction

10.5

12

18

/imole litre

75
110
140
185
280

50
55
60
80
60
20

Micellar
weight XI tf*.

182
70
68
67
48

100

82
330
465

Degree of
association

W

270
80
62
44
20

125

55
370
100

smaller than the hydrophobic fraction, the hydrophilic
fraction may be greater than the hydrophobic fraction in
non-ionic oxyethylated substances. With non-ionic sub-
stances, the absence of electric charge facilitates micelle
formation, so that c& for NSAS is much lower than ck for
ionic surface-active substances, as can be seen from
Table 6, which gives the values of ck for several homologous
series of non-ionic detergents in aqueous solutions. For
comparison, it may be noted that for sodium dodecyl sul-
phate, Ck = 8100 μηιοΐβ litre" 1 . 5

From the results obtained it follows that c& increases
with increase in the length of the oxyethylene chain, that
is, increase in hydration or solubility hinders the aggrega-
tion of the non-ionic surface-active substances. The low
values of ck for n-octadecanol-100, compared with those
for n-octadecanol-14, can be attributed to the decrease in
the solubility of the oxyethylene fraction of the chain at
very high degrees of oxyethylation. Thus with increase in
the length of the oxyethylene chain, the overall solubility
of non-ionic detergents passes through a maximum. It
has been shown38'39 that the increase in ck with increase in
the length of the oxyethylene chain is given by the equation

(1)

where R is the average number of oxyethylene groups in the
chain, Β a constant which depends on the nature of the
hydrophobic group and decreases with increase in the length
of the hydrophobic chain, and Κ a constant which depends
on the nature and concentration of the electrolyte present.

For oxyethylated nonylphenols in water, Β = 0.056 and
Κ = 3.87. It then follows from formula (1) that the value
of ck is doubled when R increases by 12. Approximately
the same relationship is applicable for oxyethylated sub-
stances of other classes (Fig. lc) 3 9 .

For oxyethylene chains of constant length, the values
of Ck for NSAS, like those for ionogenic detergents, de-
crease with increase in the length of the hydrocarbon
chain, due to the increase in the interaction between the
hydrocarbon chains, facilitating aggregation. According
to recent work by Schinoda57, the influence of the length
of the hydrocarbon chain on Q, is given by the formula

const, (2)

where m is the number of carbon atoms in the chain and ω
the change in cohesion energy for the transfer of one methyl -
ene group from aqueous solution into the micelle.

The values of ck are approximately doubled when the
hydrophobic chain is reduced by one CHj group. Thus the

influence of 12 ethylene oxide groups on ck is equivalent
to that of one methylene group.

The influence of temperature on Ck for NSAS solutions
is opposite to the usual influence of temperature on micelle
formation. Since thermal movement hinders micelle for-
mation, the latter should decrease with increase in tem-
perature, and the values of Ck should increase. This is
the usual relationship observed, with certain exceptions,
in solutions of ionogenic SAS . For NSAS, Ck decreases
with increase in temperature, that is, micelle formation
shows negative thermal effects.

Schick58 used the Clausius-Clapeyron equation to deter-
mine the enthalpy change on micelle formation (^Fm)from
the temperature dependence of c^. The dependence of
logo*, on 1/T for oxyethylated alcohols is shown in Fig. 3.
As shown in Fig. 3 and in other papers41»59»60, this relation-
ship is strictly linear for NSAS, and the enthalpy increases
on micelle formation. The fact that the Clausius-Clapey-
ron equation is applicable to micelle formation means that
in NSAS solutions this process must be regarded as involv-
ing phase separation. This approach is also applicable
to ionic detergents in the presence of salting-out electro-
lytes60»61. From the conditions for equilibrium at ck, it
follows that the free energy change AGm is equal to zero,
and the entropy of micelle formation can be calculated
from the equation

AS.--J. (3)

The quantity Affm is positive, so that the entropy change
on micelle formation in NSAS solutions is also positive. A
positive entropy change means an increase in disorder.
Since it cannot be that aggregation of monomeric detergent
molecules to form micelles is accompanied by an increase
in the disorder of the system, it is necessary to find other
reasons for the positive change in entropy. Studies have
shown33»56»58»62 that the chief reason for the increase in
entropy on micelle formation may be the desolvation of the
NSAS molecules on aggregation. This is confirmed by the
data in Table 7.

The greater the concentration of electrolyte and hydra-
tion of the anion (CNS" < Cl" <SO|'), the greater the in-
crease in entropy. The part played by dehydration can

ISO

100

70

so

30

20

10

$

S

4

o ^

3.0

y

I I I !

3.2 3Λ
lO'/T.deg·1
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ι
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Fig. 3. Straight lines obtained by plotting log c* =
= /(l/T) for aqueous solutions of non-ionic deter-
gents 6 8:
1) n-C12H26(OC2H4)30OH; 2) η-
3) n-CieH33(OC2H4)30OH.
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TABLE 7. Partial values of the enthalpy and entropy of micelle
formation for non-ionic detergents*.58

Hydrophoblc group

n-Dodecano
n-Dodecano
n-Hexadecai
n-Dodecano
n-Dodecano
n-Dodecano
n-Dodecano

tnol

Degree of
oxyethy lotion Solvent

H,0
HSO
H,O

0 4 3 Μ NaCl
0.86 Μ NaCl
0.80 Μ NaCNS
0.86 Μ V:NaaSO4

kcal mole*1

3.7
5.0
6.6
6.0
6.5
4.1
9.1

A l m , cal x
Xmole"1 dog"1

12.3
16.6
21.9
19.9
21.6
13.6
30 Ί

* Values obtained in the range 1-55°

also be seen by comparing the values of AS m for substan-
ces with different hydrophilic character (n-dodecanol-30,
n-dodecanol-7, and n-hexadecanol-30). The greater the
hydrophilic character, the more difficult the process of
dehydration and the smaller the increase in entropy on
aggregation.

In addition to desolvation, another factor increasing the
entropy may be an increase in the configurational entropy
of the hydrocarbon chain of the detergent molecule inside
the micelleM»M. To counterbalance this, the configura-
tional entropy of the oxyethylene chain in the outer sheath
of the micelle is smaller than its entropy in solution.
Since the experimentally-observed entropy change is posi-
tive, the decrease in entropy taking place on aggregation
of the molecules of non-ionic detergents is compensated by
desolvation and to some extent by an increase in the entropy
of the hydrocarbon chain.

Tables 6 and 8 give values of the micellar weights and
corresponding values of ck for non-ionic detergents in
aqueous solutions, obtained by the light scattering and ultra-
centrifuge methods54. Similar results were obtained by
Mankowich85, Dwiggins and coworkers88-88, and Elworthy
and Macfarlane55.

Low values of cj, correspond to the highest values of
the micellar weights, and vice versa, as is usually the
case in micellar solutions. The degree of association or
the number of molecules in the micelle is defined as the
ratio of the micellar weight to the molecular weight of the
surface-active substance. No allowance is made for the
degree of hydration since this is unknown.

It can be seen from Table 6 that when the degree of oxyethyl-
ation is constant (for example, 14 or 15 CIL^-CI^-O groups),
the micellar weights and degree of aggregation increase
with increase in the chain length of the hydrophobic frac-
tion of the molecule. With increase in the number of oxy-
ethylene groups, however (Tables 6 and 8), the micellar

TABLE 8. Average micellar weights and degree
of association of oxyethylated lauryl
alcohol and nonylphenols B .

Hydrophoblc
fraction

Lauryl
alcohol

Nonylphenol

Degree of
oxyethy lo-

tion

8
12
18
23
10
15
30

10'cjfc,
g litre*1

59
65
80

110
64
77

230

Micellar
weight x ΙΟ"1,

M*

68.2
58.9
50.6
48.9
66.3
45.0
29.7

Degree of
association,

η

123
81
51
40

100
52
19

weights decrease, and for substances with a low degree of
oxyethylation, small changes in the ethylene oxide content
bring about the most marked changes in the micellar
weights. Study of a mixture of fractions with different
degree of oxyethylation showed that the change in the micel-
lar weight for fractions with high ethylene oxide content is
much greater than that for fractions with low degree of
oxyethylation. Thus change in the conditions of prepara-
tion of polyoxyethylated surface-active substances may have
a marked influence on their micellar weight in solutions.

The degree of association decreases with increase in the
length of the oxyethylene chain. With n-octadecanols
(Table 6), the degree of association also decreases with
increase in the length of the oxyethylated chain, but the
micellar weight increases, due to an increase in the mole-
cular weight of the surface-active substance. Becher83

found a linear relationship between the degree of associa-
tion and the degree of oxyethylation. For derivatives of
lauryl alcohol and nonylphenol, the equations for the straight
lines are of the form

and

η =1025//?— 5.1

η =1215/7? —22 5

(4)

(5)

respectively, where « is the degree of association and R
the number of oxyethylene groups in the chain.

A decrease in the degree of association with increase in
the length of the oxyethylene chain was also observed by
Kushner et a l . w for polyoxyethylated isooctylphenols and
by Stauff and Rasper7 0 for polyoxyethylated dodecanol.
This work69»70 was carried out with fractionated specimens,
however, and since the polymer distributions are different
in the fractionated specimen and in the industrial product
with the same average molecular weight, these results are
of mainly theoretical importance.

Work by Balambra and coworkers54 and Mankowich47

showed that the micellar weights increase exponentially
with increase in temperature.

A number of authors have put forward suggestions re-
garding the shape of the micelles in NSAS solutions53,56,71-74
As for ionic detergents, the existence of spherical, lamel-
lar, and cylindrical micelles has been suggested. On the
basis of calculations of the surface area of micelles of dif-
ferent types for oxyethylated nonylphenols and lauryl alco-
hol, Becher53 showed that the cylindrical shape is the most
probable.

Ermilov48 suggests that there exist two critical concen-
trations for micelle formation: c&, at which small spheri-
cal micelles are formed, and c£, at which large lamellar
micelles are formed. Levitskii and coworkers49, how-
ever, consider that only the spherical micelles postulated
by Hartley exist at c% and c%, but that the quantity of these
micelles is smaller at c'k and greater at c£. The final
equilibrium distribution of the structural units of different
type (molecules and micelles), both in the bulk of the mi-
cellar solutions and between the bulk and the adsorption
layers, is established at c'i, and this distribution remains
unchanged over a wide concentration range until another
form of micelle is produced in the solution.

Schick and coworkers58 determined the shape of micelles
formed by non-ionic surface-active substances, by the
light-scattering method and from the rate of sedimentation.
They suggest that in the micellar weight range 45 000-
100000 the micelles are most probably spherical, whereas

873



Vol.34 No. 11 RUSSIAN CHEMICAL REVIEWS November 1965

at higher micellar weights they have the shapes of discs
and rods. Similar results were obtained by Gorkill74.

The addition of electrolytes influences c& and the dimen-
sions of the micelles in solutions of non-ionic detergents.
This influence is analogous to the influence of electrolytes
on cfe for ionic SAS, established by Corrin and Harkins75

andKlevens76. Addition of electrolytes leads to a decrease
in Ck and an increase in the micelle dimensions. The
influence of electrolytes on c^ for non-ionic detergents has
been studied in detail by Hsiao and coworkers39, Becher38,
Kuriyama77, and Schick33.

It can be seen from Table 9 that increase in the NaCl
concentration leads to a marked increase in c# for solu-
tions of polyoxyethylated nonylphenols in water (the in-
crease is greater than that for ionic surface-active sub-
stances).

In a study of the influence of added electrolytes on
micelle dimensions for oxyethylated derivatives of lauryl
alcohol, nonylphenol, and tridecanol in the presence of Na
and Ca chlorides, Na sulphate, and Na citrate Na3CeH5O7,
Becher38 showed that replacement of the univalent Na+

cation by the bivalent Ca2* cation has no significant influ-
ence on the micelle dimensions or degree of association;
change in the anion, however, has a more marked influence
on these quantities. The anions can be arranged in the
following order of decreasing activity:

sulphate > citrate > chloride.

TABLE 9. Influence of electrolyte concen-
tration on ck for solutions of
polyoxyethylated nonylphenols33.

NoCI con·
centrotion,

Μ

0.43
0 8 6
1.29

Decrease in C£, μιηοΐβ litre"1

nonylphenol+
+ 15CH,CH i0

45
55
65

nonylphenol+
+ 50CH,CH,O

80
130
180

The data which they obtained on the influence of electrolytes
are given in Table 10. The micellar weights Mm were cal-
culated from the Debye equation, and the degree of associa-
tion η was calculated from the micellar weight and the
average molecular weight of the surface-active substance.
The increase in the degree of association is due to the de-
crease in the hydration of the oxyethylene chain resulting
from the desolvating action of the electrolytes. It can be
seen from Table 10, however, that this influence of elec-
trolytes is shown only in solutions of substances with low
degree of oxyethylation. For substances with a high de-
gree of oxyethylation, the addition of electrolytes some-
times leads to a decrease in the degree of association, al-
though the addition of electrolytes leads to a decrease in c&
even at high degrees of oxyethylation, as can be seen from
Table 9. Becher suggests that the effect of electrolytes
involves not only their action on the hydrophilic nature of
the polyoxyethylene chain but also their action on the charge
of the micelles resulting from the formation of the hydroxon-
ium ion.

VI. FORMATION OF MIXED MICELLES. SOLUBILISATION

Kuriyama and coworkers78 determined the micellar
weight for mixtures of non-ionic and ionic surface-active
substances in 0.2 Μ sodium chloride solution at different
temperatures. The results are given in Table 11.

The micellar weight of non-ionic surface-active sub-
stances increases with increase in temperature, whereas
that of ionic surface-active substances decreases.

In mixtures of non-ionic and ionic surface-active sub-
stances, the increase in the micellar weight of the non-
- ionic detergents is suppressed with increase in the quantity
of ionic SAS added. When the quantity of added ionic SAS
exceeds a definite value (~20%), the micellar weights de-
crease with increase in temperature. This relationship
was explained as follows78. The formation of micelles in
solutions of non-ionic surface-active substances ie deter-
mined by two factors: the forces of cohesion between the
oleophilic groups and the affinity of the hydrophilic groups

TABLE 10. Influence of electrolytes

Original products

Polyoxyethylated lauryl alcohol
without electrolytes

NaCl 0.30 Ν
0.50 Ν

CaCl, 0.30 Ν
0.50 Ν

Na,C,H,0T 0.30 Ν
0.50 Ν

Na,S04 0.30 Ν
0.50 Ν

Polyoxyethylated nonylphenol
without electrolytes
NaCl 0.30 Ν

0.50 Ν

Polyoxyethylated tridecanol
without electrolytes
NaCl 0.30 Ν

0.50 ,V

on the micellar weight (Mm) and average degree of association (ή)

degree of oxyethylation

8

68,2
70.0
77.0
66.1

82.0
97.0
87.2

171
472

—

—

_

—
—

10

—
—
—

—
—

—
—

—

—

66.3
75

82.9

58.7

70.0
90.3

12

58.9

57,6
50.0
52.4

46.9
46.3
48.0

53.5
53.5

—

—

_

—
_

15

—
—
—

—
—

—
—

—

—

45
51
46.5

32.8

40.5
40.0

18

50.6
52.9

45.4
45.0
43.2
38.3
40.2
45.8
49.5

—

—

_

—
—

22

—
—
—

—

—
—

—
—

—

—
—

—

32.5

33.5
32.8

23

48.8
42.2

40.3
40.2

38.8
34.5

34.3
47.2

45.0

—
—

—

—
—

30

—
—
—

—
—

—
—

—

—

29.7
30.7
24.0

—
—

1

degree of oxyethylation

8

123
127

140
120

149
176
158
310
856

—
—

—

—
—

10

—
—
—

—
—

—
—

—

—

100
113
126

92

110
141

12

81
79
69
72

63
64
66
73

73

—
—

—

—
—

15

—
—
—

—
—

—
—

—

—

52
58
53

38

47
47

18

51
53
46
45

44
39

40
46

50

—
—

—

—
—

22

—
—
—

—
—

—
—

—

—

—
—

—

28

29
28

23

40
35
33
33

32
28

28
39

37

—
—

—

_

—
—

30

—
—
—

—
—

—
—

—

—

19
20
16

—
—
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for water molecules. At a given temperature, a corres-
ponding balance is established between the forces of hydra-
tion and cohesion, and micelles with definite dimensions
are formed. In the case of ionic SAS, the formation of
micelles is associated with a balance between the electric
forces of the ionised groups and the forces of cohesion of
the hydrocarbon chain.

In mixtures of ionic and non-ionic detergents in solution,
mixed micelles are formed. The balance between the elec-
tric forces and the forces of cohesion and hydration may
be altered in either direction with increase in temperature,
depending on the ratio of the quantities of ionic and non-
- ionic detergents. It follows from the results obtained
(Table 11) that the micellar weights increase with increase
in temperature until a definite composition is reached in
the mixture of ionic and non-ionic SAS, after which the
micellar weights decrease.

The ionogenic substances added to a solution of non-
-ionic detergents may influence the equilibrium between
the forces of cohesion and the electric forces in two ways:
(1) by penetrating into the micelle and altering its struc-
ture, and (2) by dissolving in the aqueous phase and thus
altering the medium surrounding the micelles25.

The solubilisation of n-decane and n-decanol in solu-
tions of oxyethylated decanols with general formula
C10Hal[OC2H4]nOCH3, where η = 8 or 12, at different tem-
peratures, was studied by Kuriyama79»80. The solubili-
sation was estimated from the change in micellar weights,
as shown in Table 12.

TABLE 11. Micellar weights of mixed micelles of sodium
dodecyl sulphate and methoxypoly(oxyethylene) -
dodecyl ether 7 8.

Tempera·
ture,°C

30
50
70

Wt. % of sodium dodecyl sulphat· in th· detergent mixture

0

61 000
71 000
92 200

5

60 200
66 900
86 100

20

53 600
54 000
57 300

40

45 500
41 700
43 900

60

40 000
36 200
33 800

80

37 600
31 700
28 300

100

31 800
26 600
23 100

With n-decane, the micellar weights increase with in-
crease in its solubilisation up to a definite saturation limit
and then remain unchanged. The data obtained indicate
that the increase in micellar weights is due not to simple
introduction of the molecules of the substance being solubi-
lised into existing micelles but also to an increase in the
number of molecules of surface-active substance making
up the micelle. Thus the solubilisation process is associated
with a change in the structure of the micelles. These re-
sults agree with data given by Mattoon81.

Mankowich47, in a study of the micellar solubilisation of
oxyethylated alkylphenols, found that the temperature
dependence of this process is exponential.

VH. HYDROPHILIC-LIPOPHILIC BALANCE (HLB)

Of decisive importance for the surface and bulk proper-
ties of the non- ionic SAS described in the preceding sections
and hence for their application, is the relative efficiency of
the two opposed groups of the molecule — the hydrophilic
and hydrophobic (or lipophilic) groups — the so-called
hydrophilic-lipophilic balance (HLB). Unlike the case of
ionic SAS, whose HLB depends to a marked extent on the
concentration of electrolytes in the medium, the HLB of
non-ionic SAS is comparatively constant and depends only
on the structure of the molecule.

An empirical quantitative characterisation of the HLB
was derived in 1949 by Griffin82 and this has been used ex-
tensively in the last decade as a guiding principle in the
preparation of emulsions and for other applications of SAS.
The HLB system was described briefly by Schonfeldt5and
in more detail by Jalina and GoBjila83. According to
Griffin's classification, each SAS is characterised by.a
definite value for the HLB number, which may vary from
1 to 40. The higher the HLB number, the greater the
hydrophilic character of the SAS. The smallest HLB num-
ber, 1, is shown by oleic acid, and the highest, 40, by Na
lauryl sulphate. The HLB number determines the range
of application of the SAS, as follows:

HLB number

3-6
7-9
8-18

13-15
15-18

Application

water/oil emulsions
wetting agents
oil/water emulsions
wetting agents
solubilising agents

TABLE 12. Influence of substance being solubilised on the struc-
ture of micelles M .

SurfoceOctive
substance (S)

C loH11[OCJHj.OCH,

~ l0H,,[0C,H4],,0CH,

Substance
being solu-
bilised (H)

n-decane

n-decanol

n-decane

n-decanol

H/S,
wt.%

0
1.32
2.33
3 1 6
3.78
4.93

(12.0)
(150)

3.40
6.19
8.50

11.42
16.61
0
1.4
2.58
3.31
5.67

10.18
17.12

Critical con-
centration of
micelle forma·

g per 100 ml

6.0
5.7
5.4
5.2
5.1
4.8
4.0
4.0
5.2
4.5
4.0
3.3
2.0
9.5
9.2
9.0
8.8
8.4
7.5
6.3

Micellar
weights x

Mm

43.1
45.6
47.8
50.5
52.0
57.5
88.5
90.7
47.8
51.3
61.3
90.9
21,3
42.9
44.8
51.5
54.3
52.6
62.9
12.2

Number of
molecules
ofNSASin

the
micelle

83
87
90
94
96

105
158
162
89
93

109
157
351

65
67
76
80
75
86

158

Number of

-stt·
stance be-
ing solubi-lised In
the micelle

0
4
8

11
13
19
46
47
10
19
30
59

192
0
4
9

12
18
37

113

It should be emphasised that the value of the HLB num-
ber, which determines the range of application of the SAS,
does not characterise its efficiency sufficiently completely.
SAS with different chemical structures, some of which are
more effective than others, may have the same HLB num-
ber. The HLB system.makes it possible to define the
parameter required for a given process and thus to limit
the range of substances studied. The HLB number is
determined from the emulsifying action. Here it must
be borne in mind that the HLB number characterises not
only the emulsifier but also the "oil" being emulsified.
The so-called necessary HLB number of the "oil" is taken
as the value of the HLB number of the emulsifier which
forms the most stable emulsion with this oil. To determine
the necessary HLB number of the "oil", use is made of the
fact that the change in HLB number, when a mixture of two
SAS is used, is additive. If a series of emulsions of a
given "oil" is prepared, using as emulsifiers a mixture of
two SAS for both of which the HLB numbers are known, and
the stability of the resulting emulsions is determined, it

875



Vol.34 No. 11 RUSSIAN CHEMICAL REVIEWS November 1965

is possible to calculate the HLB number of the optimal mix-
ture (the necessary HLB number of the "oil") using the
formula:

HLB,X + HLB,(1 -X) = HLBot. (6)

where X is the weight fraction of the first emulsifier in the
mixture.

By emulsifying an "oil" with known necessary HLB num-
ber HLB0, using a mixture of two emulsifying agents, for
one of which the value of the HLB number HLBi is known,
while that of the other requires to be determined, it is
possible to find the optimal ratio of these emulsifying
agents and to calculate from formula (6) the value of the
HLB number HLB2 in which we are interested. The values
of the experimentally determined HLB numbers for various
emulsifying agents and oils are given in Table 13.

Griffin's procedure for determining HLB numbers is
very tedious, so that a method for the rapid determination
of the HLB numbers of emulsifying agents and the neces-
sary HLB of "oils", using a centrifuge, has been pro-
posed84.

In the experimental determination of HLB numbers by
these methods, use is made of a high concentration of
emulsifying agent (5% of the total volume of the disperse
phase and dispersion medium) so that this number makes
allowance for the influence of the structure of the molecule
of the emulsifying agent and the nature of the disperse
phase on the stability of the emulsion but it does not charac-
terise the influence of the emulsifying agent concentration.

In later work, using different pairs of NSAS for the
emulsification of the same oil, GriffinM was able to show
that in all the experiments, maximum stability is observed
at the same weight percentage of hydrophilic substance in
the mixture. Thus the HLB of NSAS is essentially a func-
tion of the weight fraction of the hydrophilic part of the
molecule. On the basis of this observation, it was pos-
sible to derive formulae for calculating HLB numbers;
these were found to be different for substances of different
chemical character. For example, the HLB number of
esters is calculated from the formula

(7)

where s is the saponification number and A the acid num-
ber.

TABLE 13. HLB numbers82.

Emulsifying agent

Na oleate
Κ oleate •
Oleic acid
Span 80
Span 60
Span 20
Tween 81
Tween 60
Tween 80
Tween 20
Oxyethylated nonylphenol-7
Oxyethylated nonylphenol-15

HUB
No.

18
20

1.8
4.3
4.7
8.6

10.0
14.9
15.0
16.7

9.9
16.1

Oil

Carbon tetrachloride
Paraffin
Kerosene
Cetyl alcohol
Dimethyl phthalate
o-Phenylphenol
Stearic acid

HLB
No.

9
9

12.5
13
15
15.5
17.0

For oxyethylated products, whose hydrophilic fraction
consists of ethylene oxide, the following formula is applic-
able:

HLB = (8)

where Ε is the wt. % of ethylene oxide groups.

A paper by Da vies M gave a convenient method proposed
by Griffin for calculating HLB numbers from chemical
composition by means of so-called group numbers. The
calculation uses the formula

H L B

where ZiVhydrophtiic is the sum of the group numbers of the
hydrophilic groups, η the number of C ^ groups in the
molecule, and NCH2 *he g r o u P number for CH .̂ The values
of the group numbers are given in Table 14.

The numbers given are not suitable for very large mole-
cules of oxyethylated substances; in practice, a degree
of oxyethylation equal to 20 represents the upper limit of
the value of the HLB number for these molecules. The
values of the HLB number calculated from formula (9) for
a number of substances show good agreement with the
values found experimentally. Sometimes87, instead of
the HLB numbers, the so-called approximate HLB num-
ber is calculated. The approximate HLB number is the
ratio of the number of ethylene oxide groups in the hydro-
philic chain to the number of carbon atoms in the straight
chain of the hydrophobic group. In these calculation a
benzene ring is taken as equivalent to 3.5 carbon atoms.
It should be borne in mind that an unsatisfactory feature
of all the formulae used for the calculations is that they are
based on the stoichiometric composition and make no allow-
ance for isomerism.

A large number of papers have been devoted to estab-
lishing the relationship between the empirical HLB num-
ber characterising the range of application of SAS, and
their physicochemical properties, such as the solubility
in water and other solvents5, the distribution between the
two phases of an emulsion86, the formation of insoluble
complexes88, the cloud point4, the surface tension and
interfacial tension89»90, c&,42 the hydration energy, and
the electric potential86.

Table 15 shows that the solubility in water is an extremely
approximate characteristic of the HLB. It has been poin-
ted out9 0 that there is no direct relationship between solu-
bility and the HLB number. Two emulsifying agents with
the same HLB number may exhibit different solubilities.

TABLE 14, Group numbers for calculating HLB numbers M .

t In this and all subsequent formulae, the symbol HLB denotes
the HLB number of the corresponding substances.

Groups

Hydrophilic groups

- S 0 > a +

-COO"K+

-COO"Na+

Ν (tertiary amines)
Ester group (sorbitan ring)
Ester group
-COOH
Hydroxyl
- 0 -
Hydroxyl (sorbitan ring)

Group
No.

38.7
21.1
19.1

9.4
6.8
2.4
2.1
1.9
1.3
0.5

Groups

Lipophilic groups

- C H -
- C H a -

CH,-
CH-

Complex groups

- ( C H , - C H , - 0 ) -
- ( C H , - C H , - C H , - 0 ) -

Group
No.

- 0.475
- 0.475
- 0.475
- 0.475

0.33
- 0 . 1 5
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TABLE 15. Approximate values for the HLB
numbers of SAS with different
solubilities in water.

Solubility in wafer

Not dispersed
Slightly dispersed
Milky dispersion formed after vigorous shaking
Spontaneous formation of milky dispersion
Transparent solutions

HLB No.

1-4
3-6
8-10

10-13
13

% The solubility of water in a mixture of organic sol-
vents, for example, dioxan and benzene, is altered in the
presence of NSAS. The water number characterises the
number of millilitres of distilled water which must be
added to a mixture of solvents containing NSAS until a
permanent turbidity is produced. The water numbers of
SAS mixtures are algebraically additive and directly pro-
portional to the HLB numbers for the given class of sub-
stance. The coefficients in the equations of the straight
line are different for different classes of substance.

The HLB of individual SAS can also be characterised by
the distribution constant Rf for distribution between a
stationary aqueous phase and a mobile organic phase for
chromatography on paper or on paper which has been made
hydrophobic 9 0. There is a direct relationship between Rf
and the HLB number. Unfortunately, this method is not
suitable for a mixture of emulsifying agents, since sepa-
ration into individual components takes place2.

In an examination of the relationship between the rate
of coalescence of an emulsion of oil in water and an emul-
sion of water in oil, the HLB number, and the solubility
of the emulsifying agent in each of the emulsion phases,
Davies 8 e concluded that the HLB number is related to the
distribution of the emulsifying agent between the two phases
by the expression

HLB-7 = 0.361n^, (10)
c o

where c w and c o are the solubilities of the emulsifying
agent in water and oil.

If the emulsifying agent dissolves preferentially in
water, the HLB number is greater than 7, and if the emul-
sifying agent dissolves preferentially in the oil, the HLB
number is less than 7.

The methods used by Karabinos and Jutaka Tanaka to
characterise the HLB, described in a paper by the latter8 8,
are based on the fact that when aqueous or alcoholic solu-
tions of NSAS are titrated with a phenol solution, an insol-
uble complex of these two substances is formed and the
solution becomes cloudy. The quantity of phenol solution
used up at the end of the titration is called the cloud num-
ber. The cloud numbers increase with increase in the
length of the oxyethylene chain. An interesting feature
is that Jukata Tanaka's cloud number is directly propor-
tional to the HLB number, irrespective of the class of
compound. The equation of the corresponding straight
line is

HLB = 0.89Λ +1.11, (ID

where A is the cloud number.

ί The beginning of this paragraph is missing from the Russian
text (first two lines of preceding paragraph repeated instead) (Ed.
of Translation).

For a given class of compounds, the HLB may be
characterised by the cloud point, which is higher, the
greater the hydrophilic character of the substance.

It might be suggested that the necessary HLB number
of an oil is equal to the HLB number of the emulsifying
agent which produces the greatest decrease in the inter-
facial tension. Wachs and Reusche 9 0 studied the stability
of emulsions of undecane in water in the presence of mix-
tures of emulsifying agents with HLB from 2 to 17 and the
interfacial tension at the boundary between the undecane
and solutions of the corresponding mixtures of emulsify-
ing agents, and found that the optimal value of the HLB
number was equal to 9.5, irrespective of the composition
of the mixture of emulsifying agents. In some systems
the interfacial tension at this value of the HLB number
passes through a minimum. In others, however, the
interfacial tension changes continuously with change in the
HLB, without passing through extreme values. Becher34

obtained the same results in a study of the dependence of
the interfacial tension on the degree of oxyethylation.
Thus the interfacial tension is not the only factor deter-
mining the stability of an emulsion and the necessary HLB
number of the oil. Ross and coworkers8Θ concluded that
the influence of the interfacial energy on the energetic
balance in the formation of emulsions cannot be denied.
Low interfacial tension, however, is a necessary but in-
sufficient condition for stability. Another condition for
stability in an emulsion of the type formed by oil in water
is that the spreading coefficient Sx should have a low nega-
tive value (from 0 to -5). The spreading coefficient indi-
cates the way in which the oil spreads over the surface of
a 1% solution of the emulsifying agent in water, and is
calculated from the formula

where asoiurion is the surface tension of the solution of the
emulsifying agent in water, σο the surface tension of the
oil, and at.f. the interfacial tension at the boundary be-
tween the oil and the solution of the emulsifying agent in
water.

It follows from Ross's data that the spreading coeffi-
cient is directly proportional to the HLB number of the
emulsifying agent. The results for the boundary between
castor oil and an aqueous solution of an emulsifying agent
are given in Fig. 4. This makes it possible to replace
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spreading coefficient S,

Fig. 4. Spreading coefficient St for
castor oil on the surface of 1% solu-
tion of SAS with different HLB. "
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the tedious and sometimes inaccurate method of determin-
ing the HLB number of an emulsifying agent by measure-
ments of the physicochemical constants of the system
formed by the disperse phase with a solution of the emul-
sifying agent in the dispersion medium.

Wachs and Hyano42 found experimentally for the mono-
esters of saccharose and saturated aliphatic acids that the
HLB of this class of compound is directly proportional to
the logarithm of c^. These authors derived the same
equation by calculation based on a comparison of the above
equations used by Griffin85 for calculating the HLB, on the
one hand, with the empirical equation (2) giving the depen-
dence of Ck on the length of the hydrocarbon chain, on the
other hand. This showed the applicability of Griffin's
equation. The observed relationship between the HLB
number and ck makes it possible to determine the HLB
numbers of the stereoisomers of the monoesters; as poin-
ted out above, this cannot be done using the calculation
formulae.

In a paper presented at the Second Congress on Surface-
- Active Substances in London, Davies8e tried to provide a
quantitative kinetic basis for the HLB system. Davies'
conclusion was based on the suggestion put forward by
Rebinder92 that both oil/water and water/oil emulsions
are formed during emulsification, the nature of the final
emulsion depending on which of the emulsions formed
undergoes more rapid coalescence. Davies considered
the rate of coalescence (Rj of two drops of oil separated
by water, and the rate of coalescence (R2) of two drops of
water separated by oil in the presence of the emulsifying
agent.. He assumed that the rate Rx depends on a hydro-
dynamic factor Alf an energy barrier related to the elec-
tric potential ψ0, and an energy barrier Σε/i, equal to the
sum of the energies of hydration of the polar groups, which
must be overcome in order to remove the hydration layers
of water from the surface. In general, the rate of coales-
cence of oil drops decreases both as a result of charging
and as a result of hydration, and the equation is of the form

024ψ0—ΘΣεΛ

Ri =
(13)

where θ is the fraction of the surface occupied.

The opposite system consisting of two drops of water in
a non-polar oil will undergo coalescence if the intermediate
layer of oil is squeezed out as the drops of water approach
one another. The rate of coalescence R2 will depend on a
hydrodynamic factor A2, the barrier created by each CIL,
group on movement into water (equal to 300 cal9 3), the
number η of CELj groups, and the proportion θ of the sur-
face occupied by the emulsifying agent

= A*e (14)

By combining Eqns. (13) and (14) and assuming that A! =
= A2 (i.e. that the viscosities and phase volumes of the oil
and water are equal), we obtain the equation

R Τ In — = 0 . 2 4 ^ + 6£fA - 6OOn0. (15)

Separating n from Eqns. (9) and (15) and comparing the
right-hand sides of the resulting equations term by term,
Davies arrived at a system of three equations:

l n ^ = 2.26»(HLB-7), (16)

hydrophilic
charged

1.9X 10 4 — , (18)

Σ,ν.
hydrophilic
hydrated

(Π)

where ΣΝ hydrophilic is the sum of the group numbers of the
hydr at ed

hydrophilic hydrated groups, and EiVhydrophmc the sum of
charged

the group numbers of the hydrophilic charged groups.

These equations show that the HLB system has a firm
kinetic basis. The HLB determines the rate of coales-
cence. For oil/water emulsions the HLB numbers are
greater than 7 and for water/oil emulsions the HLB num-
bers are less than 7. For an HLB number equal to 7 or
values of θ close to zero, neither of the emulsions is
stable. Eqns. (17) and (18) show the part played by the
hydration energy and charge in the characterisation of the
HLB of surface-active substances. It can be seen from
Eqn. (18) that the HLB of a charged group depends on ψ0,
and the latter changes with even a small change in the con-
centration of electrolytes in the system. Thus the contri-
bution made by the charged groups to the HLB numbers of
anion-active and cation-active SAS, as already noted, is
not strictly constant, so that the HLB numbers are not
constant. In the case of non-ionic SAS, the values of the
HLB numbers are less dependent on the electrolyte con-
centration.

Deryagin94, in the discussion of Davies' paper, pointed
out that it is incorrect to express the influence of the hydro-
philic groups of the emulsifying agents on the stability of
an emulsion of oil in water as the simple sum of the hydra-
tion energies of these groups. In actual fact, the action
of the hydrophilic groups is determined by the forces of
repulsion produced under the general influence of these
groups in the aqueous polymolecular layers surrounding
the surface of the drops.

These studies make it possible to estimate the part
played by the HLB as a factor characterising the relation-
ship between the structure of the molecule of the emulsify-
ing agent and its affinity for the disperse phase and the
dispersion medium of the emulsion. It should be empha-
sised that the HLB numbers of SAS, as shown at the start
of the present section, play an important part not only in
emulsification, but also in other processes taking place in
dispersion systems. For example, Schick and Beyer87

showed that the HLB number of a non-ionic stabiliser
characterises the stability of foams. In each homologous
series of NSAS, the stability of the foams passes through
a maximum at a certain critical value of the HLB number.
This is due to the fact that the resistance to rupture shown
by the film of stabiliser depends on the magnitude of the
cohesion of the adsorbed molecules, and the latter passes
through a maximum with increase in the degree of oxyethyl-
ation.

Examples of the use of HLB numbers for the selection
of emulsifying agents for emulsion polymerisation have
been given95. A study was made of the dependence of the
stability of the latices, the dimensions of the particles, the
viscosity, and the rate of conversion on the HLB numbers
for the emulsion polymerisation of styrene and vinyl ace-
tate. An anionic emulsifying agent (an alkyl aryl sulpho-
nate), non-ionic emulsifying agents (polyoxyethylated esters
of oleic, lauric, steric, palmitic, and other acids), and
their mixtures were used for this purpose. A high rate
of conversion and the most stable polystyrene emulsions
were obtained using polyoxyethylated stearate, with HLB
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number equal to 15. With mixtures of anionic and non-
- ionic SAS, the greatest stability of the emulsions lies at
HLB numbers of about 14-15. With vinyl acetate, this
range is broader and extends from 16.2 to 17.5.

Vin. REASONS FOR THE STABILISING ACTION OF NSAS

When NSAS are used, the stabilising action cannot be
due to the electrical double layer. In this case, other
thermodynamic stability factors are operating, such as
hydration of the molecules of stabiliser, the entropy fac-
tor 9 6 , and the associated splitting pressure. In addition
to these thermodynamic factors, the structural-mechani-
cal properties of the adsorption layer may be of consider-
able importance for the aggregate stability97'98.

It has been shown99»100 that dispersion systems stabi-
lised by non-ionic SAS may exhibit a small electrokinetic
potential. For example, 1% polychloroprene latices
stabilised by the oxyethylated products OP-4, OP-7, and
OP-10, atpH9, had electrokinetic potentials from -35 mV
to -55 mV. The magnitude of the electrokinetic potential
decreased with increase in the degree of oxyethylation.
Butadiene-styrene latices stabilised with the SAS OP-7,
OP-10, and OP-18, and prepared with precautions to re-
duce the concentration of electrolytes in the system,
showed much smaller electrokinetic potentials. The poten-
tial varied from -9 mV for the latex stabilised by OP-7 to
-5 mV for the latex stabilised by OP-18. These results
show that here the electrokinetic potential is due to the selec-
tive adsorption of anions which are present, for one rea-
son or another, in the system. The negative charge pro-
duced by the adsorption of anions may be partly neutralised
by adsorbed molecules of oxyethylated SAS, exhibiting
cation-active character. The longer the chain, the
greater the extent to which the negative charge of the glo-
bules is reduced. None of the resulting latices coagulated
when electrolytes were added, although the electrokinetic
potential decreased to zero. The aggregative stability of
the polychloroprene latices in the isoelectric state de-
creased slightly relative to that of the original latices.
These results confirm the part played by non-electric
stability factors, for example, according to the authors
cited, hydration of the adsorption layers.

The importance of hydration of the stabiliser and its
affinity for the dispersion phase of the emulsion was exa-
mined by Davies M and was reflected in the HLB system.
As shown above, however, this examination did not make
allowance for the possibility that hydration of the hydro-
philic groups of the stabiliser molecules leads to the for-
mation of polymolecular hydrate sheaths and the produc-
tion of a splitting pressure when the particles approach
one another. The splitting pressure is positive, that is,
it prevents approach, if the interaction between the hydro-
philic groups of the stabiliser molecules and the molecules
of the solvate layer is greater than the interaction between
the molecules of the solvate layer and the molecules of
the medium, Duyvis and Overbeek101 showed that for
foam films formed by solutions of NSAS of the type OP-7,
OP-10, and OP-20 in the presence of an electrolyte (NaCl),
there exist two ranges of equilibrium film thickness: one
very small, of the order of 100 A, which is close to twice
the length of the stabiliser molecule, and the other much
greater, observed only at NaCl concentrations less than
10~4iV. The first thickness corresponds to the repulsion
caused by steric hindrance, whereas the second is related

to the splitting pressure. Analogous results were ob-
tained by Sheludko and coworkers102, who also worked with
free liquid films. On the basis of the existence of equili-
brium film thicknesses of the order of 100 A, with stabi-
lity related to the steric hindrance arising in the interac-
tion of the adsorption layers, it was concluded that in order
to obtain thermodynamically stable films, it is necessary
that the adsorption monolayer have a sufficiently high
stability (an arbitrary term denoting the presence of ade-
quate tangential forces of cohesion in the monolayer).

Deryagin and coworkers103 studied free films of solu-
tions of the NSAS OP-10 and oxyethylated di-t-butylphenol
at an NaCl concentration of ΙΟ"2 Ν. The equilibrium film
thickness, equal to approximately 120 A, is independent
of the electrolyte concentration and temperature. The
observed splitting pressure, which prevents further de-
crease in the thickness of the film, was attributed to inter-
action between the adsorbed monolayers and adjoining
water layers with a thickness of 10-20 molecules. If, how-
ever, these results are compared with the results obtained
by Duyvis and Overbeek, the phenomena observed by Der-
yagin and coworkers must be attributed not to the splitting
pressure but to steric hindrance provided by the adsorbed
molecules of the monolayer. The splitting pressure asso-
ciated with the polymolecular hydrate layers apparently
could not be observed in this work because of the relatively
high concentration of electrolytes in the system. The absence
of a splitting pressure due to hydration is also confirmed
by the fact that the observed effects were independent of
temperature, whereas increase in temperature should have
a dehydrating action.

The existence of a splitting pressure in stabilisation by
non-ionic SAS can be related not only to hydration in the
true sense of the term, but also to osmotic forces develop-
ing during the swelling of the adsorbed layer of stabiliser,
as suggested for protective colloids by Bromberg104. This
possibility is confirmed by the above results obtained by
Schick58, from which it follows that the oxyethylated chains
are present in the form of a coil in the dispersion medium,
so that they exhibit the properties of a flexible polymeric
chain capable of undergoing micro-Brownian movement.
The micro-Brownian movement, which causes the disper-
sion medium to be forced into the space between approach-
ing particles, can also be regarded as the entropy compo-
nent of the splitting pressure (the entropy stability factor).
The mobility of a chain usually increases with increase in
temperature, but here the mobility decreases with increase
in temperature, since dehydration takes place, causing the
oxyethylene chains to adhere to one another with a conse-
quent loss of mobility. Thus increase in temperature
should lead to a decrease in both the hydration and the en-
tropy components of the splitting pressure. The same
influence on the splitting pressure should be shown by the
addition of electrolytes. The part played by hydration as
a factor influencing the stability of dispersion systems in
the presence of NSAS is confirmed by the fact that dehydra-
tion, produced for example by an increase in temperature,
leads to separation of the phases and, in the case of latices,
to gelatinisation. This last result was shown by Panich
and coworkers100 for the case of butadiene-styrene latices
stabilised by the non-ionic oxyethylated products OP-7,
OP-10, and OP-18. Work by Orr and coworkers105'106

showed that the addition of a non-ionic stabiliser to latices
containing an anion-active soap leads to a decrease in the
area occupied by a molecule of the latter. This was attri-
buted to a decrease in the electrostatic repulsion of the
soap ions as a result of the presence of the molecules of
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the non-ionic stabilising agent between the ions in the ad-
sorption layer. Sometimes, however, non-ionic soaps
produce the opposite effect. Van Voorst-Vader37, in a
study of a solution—air interface, showed that the area
occupied by the molecule of an ionic soap increases in the
presence of non-ionic soaps. He attributed this pheno-
menon to the fact that in the presence of two different hydro-
philic groups, the water molecules may be orientated in
such a way that the ionic soap is more readily hydrated.
This leads to attraction of the ionic soap into the water, in-
creases the area occupied by the molecule, and thus de-
creases the affinity of the soap for the surface. Thus the
addition of NSAS to disperse systems containing ionic soaps
may either increase or decrease the affinity of the ionic
soap for the dispersion phase with a corresponding influence
on the aggregative stability of the system.

Neiman and coworkers1OT showed that the addition of
NSAS of the OP type to an adsorptively unsaturated latex
stabilised by an ionic soap increases its stability to the
action of electrolytes until saturation of the adsorption
layer takes place. Further addition of NSAS has no in-
fluence on the stability. The results obtained are readily
explained by the fact that on the addition of NSAS, an im-
portant part begins to be played by the non-electric latex-
- stability factor, and the influence of electrolytes becomes
less marked.

Aleksandrova and coworkers108 studied the influence of
NSAS on the stability to mechanical treatment shown by
adsorptively saturated and unsaturated polystyrene latices
stabilised by an ionic emulsifying agent (sodium oleate) and
found that the addition of non-ionic emulsifying agents leads
to an increase in the aggregative stability only for the ad-
sorptively saturated latex. With the unsaturated latices,
the addition of non-ionic surface-active substances is
accompanied by a decrease in the aggregative stability un-
til adsorptive saturation of the surface of the latex glo-
bules takes place, after which the stability increases, as
for the adsorptively saturated latices. The observed
phenomena were explained as follows. When small quan-
tities of NSAS are added to adsorptively unsaturated latices,
the molecules of the non-ionic emulsifying agents are dis-
tributed on the free areas of the surface of the polymeric
globules, screening the sodium oleate molecules and lead-
ing to a deterioration in the protective properties of the
adsorption monolayer. Increase in the quantity of NSAS
leads to an even sharper decrease in stability as a result
of the formation of a fragile saturated monolayer consist-
ing of alternating associates of NSAS and sodium oleate.
A sharp increase in stability is observed only when the
excess of NSAS is sufficient for the formation of a single-
- layer protective sheath. The theory that a polymolecular
protective sheath is formed on the surface of the latex
globules is not undisputed. Kuznetsov and Lebedevloe

showed, on the basis of viscosity measurements, that
soaps of aliphatic acids form a monomolecular interfacial
layer on the surface of globules of butadiene-styrene latex.

Shits andTrapeznikov110 studied the structural-mechani-
cal properties of adsorption layers of the NSAS Xylital
O-10, OP-T, OP-10, OP-20, Tween-20, and OS-20 at the
boundaries with air and sty rene. They found that only
OS-20 forms a stable adsorption film at the boundary with
air. At the boundary with styrene, in the initial period
of existence of the interfacial surface, the SAS studied do
not produce a high surface viscosity. The process of
solubilisation, accompanied by the spontaneous formation
of a styrene micro-emulsion, takes place gradually and

facilitates structure-formation in the volume adjoining the
interface on the aqueous-solution side.

Taubman and coworkers m studied the stability of ad-
sorption layers of non-ionic stabilisers (OP-10 and Pluro-
nic L-64) at the boundary with xylene, and also the stabi-
lity of emulsions of xylene in water and the stability to
freezing shown by polystyrene latices in the presence of
the same substances. The stability of the emulsions and
latices was greatest when protective layers of high stabi-
lity were formed. High stability of the protective layers
is associated with the formation, at the interface, of two
liquid phases consisting of complex supermolecular struc-
tures in the form of fairly thick multi-layer films. It
has been shown112"114 that these structures are formed as
a result of a hydrodynamic effect associated with the sur-
face turbulence and convection leading to unidirectional
transfer of the hydrocarbon phase into the aqueous phase
in the form of an ultramicro-emulsion. It can be seen
that Taubman and coworkers m studied not the structural -
-mechanical properties of the adsorbed films but the struc-
ture-mechanical properties of the supermolecular struc-
tures. The formation of the latter represents a particular
case and cannot be taken into account in the development
of a general theory of the stability of disperse systems.
This was confirmed by Sonntag and Klare115, who pointed
out particularly that in the characterisation of the specific
protective action of SAS, it is necessary to consider only
those concentrations at which the interfacial tension is
greater than the critical value, and at which spontaneous
emulsification does not take place.

IX. THE USE OF NSAS FOR EMULSION POLYMERISA-
TION AND FOR INCREASING THE STABILITY OF
LATICES

As noted in the Introduction, extremely varied use is
made of NSAS in the modern economy. The use of NSAS
in various branches of technology was examined in detail
in the well-known monograph by Schonfeldt5, to which the
reader is referred. In this section we shall review
briefly only the application of NSAS as stabilisers in emul-
sion polymerisation and for increasing the stability of
latices — the fields which are of greatest interest to
the authors of the present review.

Polymerisation in emulsions has found extensive appli-
cation in industry, since it has a number of important ad-
vantages over other methods of polymerisation under the
influence of free radicals. The high rates of the processes
compared with those in homogeneous systems, the wider
temperature range in which the polymerisation processes
can be carried out, and the possibility of varying the nature
and concentration of emulsifying agents are of considerable
importance for the control of the polymer properties.

A large number of papers116-120 have been devoted to
the problems of studying the complex heterogeneous pro-
cess represented by emulsion polymerisation. Several
recently published papers have dealt with the problems of
studying the characteristic features of the mechanism of
emulsion polymerisation in the presence of non-ionic emul-
sifying agents. Thus French121 studied the emulsion poly-
merisation of vinyl acetate with the non-ionic emulsifying
agent Pluronic F-68 (a block copolymer of ethylene oxide
and propylene oxide) in the presence of potassium persul-
phate. Parts and Moore122 studied the polymerisation of
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vinyl stearate with oxyethylated octylphenol as emulsify-
ing agent. Neither of these papers, however, give any
conclusions regarding the characteristic features of this
process.

The problems of selecting different emulsifying agents
(anionic, cationic, and non-ionic) for emulsion polymeri-
sation were examined by Helin and coworkers123, who
recommended a number of emulsifying agents and their
mixtures on the basis of a study of the kinetics of poly-
merisation and stability of latices.

Gritskova and coworkers "«-«β studied the emulsion
polymerisation of styrene in aqueous solutions of non-
- ionic emulsifying agents (Pluronic F-68 and oxyethylated
octylphenol and octadecanol) and point out a number of
characteristic features distinguishing these processes
from the analogous processes taking place "in bulk" and
in the presence of ionic emulsifying agents.

NSAS are often used as additives to latices for increas-
ing their stability to the action of electrolytes. This is
particularly important in the production of latex pigments.
Many grades of NSAS are produced especially for this pur-
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