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The Chemistry and Production of Surface-
Active Agents—Present State and Future Trends

Magnus Matell
Research Laboratory, Berol AB, Qothenburg, Sweden

As several of the more important types of surfactants will be
dealt with in detail by other speakers, I will discuss the syntheses
and properties of specific compounds in exceptional cases only.
L will try to give a general description of the technology of sur-
factants and attempt to fit it into contemporary chemical tech-
nology as an important part thereof. The chemistry of surface-
active agents has never heen given the publicity or glorified to
such an extent as have some other fields, e.g., drugs and plasties,
not to speak of nuclear chemistry. And yet, the development in
the field of surfactants during the last decades is really quite
dramatic. The first syndets were made more than 100 years ago
but it was not until after the second world war that they hecome
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Fig. 1. Sales of soap and synthetic eurface aotive agents in the USi.

commercially important as seen in Fig. 1, which shows the sales
of surfactants in the USA from 1935. Soap products have been
replaced by the synthetic products to a great extent, the latter
now acecounting for more than 75 9, of the total sales. The USA
are leading the development but the tendency is the same in
western Europe, The problems of readjustment and the losses
suffered by soapmakers who have not been foresighted enough
have certainly been dramatic.

It is, of course, interesting to note how the total quantity of
surfactants is consumed. Table 1 gives some information in this
respect on the sales in the USA in 1955, The distribution is similar
in Europe except for the fact that we do not have anywhere near
as large a petroleum industry, which is the second largest con-
sumer in the USA.

The industrial use of surface-active agents has been of rather
small importance until the last few years. Domestic consumption
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Table 1. End uses of surfactants in the USA in 1955.
Per cent of total

Household cleaning 51.5
Petroleum industry 17
Concrete manufacture
Formulated cleaners
Textiles

Food

Other aqueous cleaning
Metal cutting

Chemical intermediates
Cosmetics

Agriculture

Dry cleaning

Other

v o

ot Ot

may hardly be expected to increase radically, but changes in the
types of raw materials and finished products will occur. On the
other hand; the industrial applications are certain to increase.
Some fields of great expectation are metal manufacturing, general
cleaning in industry, especially in the growing petroleum indu-
stry, pulp and paper making, ore flotation and metal extraction,
surface treatment and corrosion inhibition, road building and
polymer technology.

Let us now look at the domestic field. Soap is here still an im-
portant factor even though its importance varies from one
country to another. In one respect all countries are, however,
practically on the same level; toilet bars are still largely made of
soap. Attempts have been made to replace soap by syndets,
partly or wholly, especially in the USA, where synthetic bars”
are claimed to have 20 9, of the toilet soap market. It may be
worth mentioning that almost all of the ’synthetic bars’” mar-
keted so far do contain some soap, and it is quite safe to assume
that there will be no change in the near future, the reasons being
that it has not yet been possible to make any synthetic toilet
bar with as pleasant a feel as that of ordinary toilet soap and,
possibly, that conventional machinery is not suitable for making
synthetic bars. The advantage of a synthetic bar that avoids
the disagreeable lime soap scum when used in hard water and in
sea water has not been sufficient to overcome the disadvantages.
Purely synthetic bars will no doubt be marketed in the future
but for some time to come the semisynthetic bars will prevail.
These are mixtures of soap and syndets of the types which are
good dispersing agents for lime soaps. Some ethylene oxide
adducts may be suitable for the purpose.

As for household detergents other than toilet soap, certain
trends are discernible: from powders to liquids, and from high-
foaming to nonlathering products. Every housewife knows that




— 118 —

a rich lather is essential for good detergency when washing with
soap products. Modern washing and dishwashing machines work,
however, best with no or a little lather. The syndets which are
most suitable for use in these machines are the ethylene oxide
adducts. When it comes to machine dishwashing, the absence
of lather is even more important in connection with additives
to the last rinse water which should produce good enough
drainage to make wiping of dishware superfluous. Compounds
suitable as such additives can be made by etherification, or
by some other way of blocking the free hydroxyl groups of
the ethylene oxide adducts. As we can anticipate a considerable
increase in the number of machines, especially for dishwashing
in private houses, I dare predict that the demand for ethylene
oxide adducts will continue to increase. A

The ethylene oxide adducts are particularly suitable for use in
liquid products, thanks to their good solubility. It is quite easy
to make good light duty detergents with high contents of active
matter, but it is far more difficult to produce heavy-duty liquid
detergents as they have to contain, besides some 10 to 15 %, of
syndets, large amounts of inorganic compounds such as phos-
phates and silicates, as well as carboxymethylcellulose to help
prevent the redeposition of dirt on the wash goods. It is a very
intricate problem to avoid the salting out of the organic matter
or the crystallization of the salts. Xylene- and toluenesulphonates
are used as solubilizers but neither of them has any detergent
effect, and they are, therefore, undesirable as they increase the
cost of the product. Potassium and alkanolamine salts are now
being produced commercially for use in liquid detergents, but
they are more expensive than the sodium salts. Another and
more radical solution is to replace the phosphates by organic
complex-forming agents. Finally, it has been found that some
polyelectrolytes of the acrylate type can be used to stabilize an
emulsion of a syndet in a rather concentrated solution of builders.
Even though the problems are great, I believe that heavy-duty
liquid detergents will come on the market in a couple of years
and thus increase the market share of the liquid products.

Turning from the user to the producer, we encounter a fascinat-
ing development in the field of raw materials, processes and in-
termediates. Many surfactants have been and are based on fats
as the primary raw materials, e.g. fatty alcohol sulphates, fatty
amines, alkylolamides and many ethylene oxide adducts. The
rapidly expanding petrochemistry is now opening new possi-
bilitieswith entirely new raw materials orsynthetic fat derivatives.
The uniform quality of the products, sufficient quantities and
stable price levels make the petrochemicals very attractive as
raw materials compared to fatty raw materials, the prices of
which fluctuate very much.
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Fig. 2. Petrochemical raw materials and processes giving surfactants.

The basic petrochemical products that are particularly impor-
tant as raw materials for syndets are the following:

Lower olefines: Ethylene
Propylene
Butylene
Higher olefines: Co—Ciy
Aromatic compounds: Phenol
Benzene
Alkylbenzenes
Others: Sulphur
Ammonia

Let us now see how we can base the production of syndets on
these primary raw materials. In Fig. 2 I have outlined some
petrochemical processes that yield products of special interest
to the producers of syndets. There are also other processes but
these are the most important ones and the raw materials for the
products which are at present the foremost ones are all to be
found in this figure.

At present the most conspicuous of these raw materials are
the synthetic fatty alcohols. The process has been developed by
Continental Oil Co. (Conoco). A plant is now on stream in the
USA for an annual production of 50 000 tons of these products
which are called Alfols. Another plant of the same size is being
built in Germany. This means a considerable increase in the
world production of fatty alcohols and there is, therefore, reason
to try to evaluate the consequences of this important step for-
ward.
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Of the different types of surfactants, the anionics have always
predominated quantitatively. Fatty alcohol sulphates were most
widely used when the heavy-duty synthetie detergents invaded
the market in a big way in the forties. The fatty aleohol sulphates
are still very important but in a number of fields they have been
replaced by alkylarylsulphonates based on the cheap tetrapro-
pylene benzene (TPB). Whereas you have to pay more than
Sw.Kr. 2 per kg for the cheapest fatty aleohols, the price of TPB
has gone down to less than Sw.Kr. 1 per kg. One must, of course,
not disregard efficiency when making such a comparison. The
fatty alcohol sulphates are actually considerably more effective
than the alkylarylsulphonates in several respects. Even so, the
alkylarylsulphonates lead when a comparison is made on a price
basis, but the difference is not so marked and some new aspects
may reverse the order. One such aspect is the inconvenience
which synthetic rieiergent% can cause in sewage disposal and
which is evident only in densely ]mpula,ted areas with limited
water supplies. In the Ruhr district and in certain parts of
England serious trouble has been experienced at some sewage
disposal plants which has been shown to be caused by alkylaryl-
sulphonates. The problem has been studied thoroughly and it
has been established that the TPB type is quite resistant to
biological degradation as distinguished from soaps, fatty aleohol
mll]:hat(—-s, and other straight-chain compounds. In Germany
legislative action has already been taken although not yet put
into effect, and similar measures may be expected elsewhere.
The manufacturers of TPB have, therefore, tried to develop new
alkylbenzene types which would be easier to break down and
there is already such a biologically soft type in full production in
England. The improvement is, however, doubtful. On a large
scale test the TPB type was broken down to about 60 %, while
the biologically soft one was broken down to about 80 %, The
trouble can not thus be eliminated in this manner, only mini-
mized, before a critical point is reached. The fatty alcohol sul-
phates, on the other hand, are broken down rapidly and com-
pletely. This fact coupled with the somewhat more favourable
price may mean a new upswing for the fatty alcohol sulphates.
In the Scandinavian countries with their plentiful water supplies
the TPB type should, however, be able to remain for quite a long
time to come.

Besides the ordinary type of TPB we have been blessed with
mixed alkylates containing some pentapropylene benzene with
a mean molecular weight corresponding to a C,; alkylbenzene.
Using these it is possible to lower the amounts of alkylolamides
which are usually added to detergent powders. Due to the fact
that the solubility decreases rapidly with increasing size of the
alkyl group this type of alkylate is unsuitable for liquid products.
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As liquid products are advanecing rapidly, a general change over
to the C,, type is not to be expected. At the same time work is
in progress to develop more readily soluble sulphonates, either
by modifying the strueture or by lowering the salt content of the
product. In the conventional sulphonation method oleum is the
sulphonating reagent and an excess has to be used to get a
complete reaction. It is rather difficult to separate the sulphonic
acid from the excess sulphuric acid which is, therefore, neutrali-
zed together with the sulphonic acid, which results in a product
mzztanung; 12—45 9, sodium sulphate. This can he avoided by
using sulphur trioxide as the reagent, when an almost salt-free
product results. This method has other advantages as well, and
more and more producers are changing to sulphonation with
sulphur trioxide. The main disadvantage of this process is the
heat of reaction, which may cause discoloration, and its sensiti-
vity to variations in the feed. While it has been possible for quite
some time to carry out the oleum sulphonation as a continuous
process, all the problems connected with continuous sulphonation
with sulphur trioxide have not yet been mastered. At least one
such process is, however, in produetion and others will surely
follow shortly, Compact plants for continuous sulphonation that
are easy to operate should be of great interest to many of the
developing countries.

The ether sulphates represent a recently developed type of
anionics and they have found a market as raw materials for dish-
washing agents and cosmetics, They are made by sulphating
short-chain ethylene oxide adducts.

The nonionic ethylene oxide derivatives form the second largest
group of syndets, and though a thorough account of these will
be given IJ\ the next lecLlu'el my presentation would be rather
mmmplvtv if T did net touch upon them at all. During the 5-year
period 1956—1960 they increased from 22 9 to 28 %, of the
total production of syndets in the USA and this trend is continu-
ing for reasons which I have already mentioned. An ample supply
of cheap ethylene oxide is, of course, a prerequisite, but raw
materials for the hvdmphnhm constituents are also needed. As
such the alkylphenols have during the course of the years do-
minated more and more. The most important ones are the octyl-
and nonylphenols. Worth mentioning among new alkylphenols
are the dodecyl- and dinonylphenols, ‘the latter of which appears
to possess marked advantages. Nonylphenol is gradually super-
ceding octylphenol: the former has, due to a large production,
become so cheap that its ethylene oxide derivatives can compete
seriously with all other kinds of syndets. This leads to new fields
of use, increased production and still lower prices.

The cationic agents constitute a small group in regard to
quantity but thanks to their unique properties they have found
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a number of very interesting technical applications. The most
important kinds are the fatty amines and the condensation pro-
ducts of fatty acids and polyethylene polyamines, or derivatives
of these, especially the quaternary ammonium salts. The fatty
amines have developed rapidly during the last few years; the
raw materials are fatty acids, which are converted to amines
via ammonium salts, dehydrated to nitriles and reduced. By the
addition of acrylonitrile and a following reduction N-alkyl-pro-
pyvlenediamines are obtained. The process has reached a high
degree of perfection and the prices have fallen substantially,
which has opened up new possibilities for their use.

From a user’s point of view similar products can be obtained
by the condensation of fatty acids and polyamines. In spite of
a large number of patents little is known about the reactions
and the true compositions of these products. The potentialities of
the process are, however, great as it permits the direct introduec-
tion of the amine group with great possibilities to vary the struc-
ture. The property which above all makes the cationic agents so
valuable technically is their great affinity to solid surfaces of all
kinds, the molecules orienting themselves with the nitrogen
toward the surface. An otherwise hydrophilic surface can thereby
be made hydrophobic. In a system consisting of gravel, water and
oil, for example, the stone is wetted by the water but not by the
oil. In the presence of a suitable cationic agent the water is,
however, displaced by the oil. Qur oiled gravel roads are based
on this effect.

The cationic surfactants will undoubtedly find greatly in-
creased use, especially in industrial processes.

The surfactant field was formerly marked by the multiplicity
of newly developed molecules. At present the main emphasis is
in the raw material and process sides and also on usage, but new
types of surfactants are still being developed.

Amphoteric products contain surfactant molecules with both
cationic and anionic centres and their function is partly depen-
dent on the pH. They have properties which can justify their
relatively high prices for certain applications; they are, for
example, very soluble in solutions of electrolytes and they have
a substantivity approaching that of cationics.

Phosphate esters have been known for a long time but only
lately has series of more universally useful products been marke-
ted. They are made by reacting nonylphenol or fatty alcohol
ethylene oxide adducts with phosphorus pentoxide, which results
in a mixture of mono- and diesters. Their solubility properties
are interesting and they are also claimed to be good emulsifiers
and detergents.

a-Sulpho fatty acids have been made by sulphonation of fatty
acids and sulphur trioxide. They have not yet become commer-
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cially important but they may find use as raw materials for
synthetic toilet bars.

Fluoro surfactants contain a fluorinated carbon chain as the
hydrophobic part coupled to a hydrophilic group of conventional
type. They lower the surface tension of water very much. as far
down as to 20 dynes/cm which is about 10 dynes/em lower than
other syndets can accomplish. Further, they are effective at
concentrations which are only about a hundredth of the ordinary
concentrations used. The prices are high but they may become
technically important as, besides the properties already men-
tioned, they are very resistant to acids, alkalies, oxidizing and
reducing agents, and to heat.

Finally I wish to summarize my ideas about the development
of the technology of syndets for the current decade in the follow-
ing points:

On the user side:

1. ”Toilet soap” will become synthetic.

2. Continued increase in the use of liquid detergents.

3. Continued change to low-sudsing detergents.

4. Increased industrial use of surfactants especially cationics.

On the production side:

Petrochemical raw materials will replace fats.

New resurgence of fatty aleohol sulphates.
Alkylarylsulphonates in developing countries.

Sulphur trioxide instead of oleum for sulphonation and
sulphation.

5. Continued increase in the use of nonionics, particularly the

nonylphenol derivates.

It is always risky to try to look into the future, but even if T
have to stand trial for some of my errors, I do hope we shall
meet again soon at a Scandinavian symposium on surface chem-
istry.

L=l e
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NonionicSurface-Active Agents—Their Chemi-
cal Structure and Manufacture

N. A. Schonfeldt
Berol AB, Gothenburg, Sweden.

Nonionic surfactants contain in the hydrophilic part of their
molecules basic atoms, oxygen or nitrogen, with free electron
pairs. Such atoms bind water molecules with the aid of hydrogen
bonds and increase the hydrophilie properties of the compounds.
(Generally, one basic atom is not enough for this purpose, several
are needed.

To link the hydrophilic part to the hydrophobie part, a polar
group is necessary. This group may be a carboxyl, hydroxyl, or
amine group. Compounds without such groups, e.g. hydrocarhons,
can not for the time being be used in the manufacture of non-
ionies, In this regard there is a difference from anionies because a
well-known type of detergent can be produced from a hydro-
carbon such as dodeeylbenzene by sulphonation.

Thus, a hydrophobic radical, a polar group, and hydrophilic
part are the building-stones common to all nonionics.

Nonionie surfactants can be divided up into three groups:

A. Ethylene (alkylene) oxide adducts
Polar group in the basic material

1) Ester adducts —COOH
2) Aliphatic ether adducts —0OH
3) Cyclic ether adducts phenolic —OH
4) Amide adducts —CONH, or —SO,NH,
5) Amine adducts —NH,
6) Thioether adducts —SH
B. Fatty acid-alkanolamine condensates —COOH
C. Partial esters of fatty acids with alcohols con-
taining more than 2 hydroxyl groups —CO0H

Of these three groups the first is the largest and will be treated
most extensively below.
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Fig. 1. Distribution of polymer homologues in 9.7 etho-p-t,t-octylphenol ®,
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A. Ethylene (alkylene) oxide adducts.

The addition of ethylene oxide to organic substances having
at least one reactive hydrogen atom in their polar group is in
practice generally earried out in the presence of an alkaline cata-
lyst. A nueleophilic substitution takes place. A reaction which
has been studied by several workers is the addition of ethylene
oxide to phenol. In the presence of sodium phenolate, ethylene
oxide will be added only to phenol as long as free phenol is
present. No growth of the ethylene oxide chain will take place.
Only after the consumption of all the phenol will the higher
polymer homologues be formed. Patat and Wojtech! have
assumed that these three components (ethylene oxide, sodinm
phenolate and phenol) form a complex in the reaction mixture.
The mechanism which governs the addition of ethylene oxide
to different kinds of polar groups, including the amine group,
is not known at present with certainty. More research work is
necessary.

The reaction rate depends on the

1) temperature

2) ethylene oxide concentration

3) amount and kind of catalyst

4) starting material

The reaction product is a mixture of polymer homologues. Their
distribution was calculated by Flory 2 assuming that
a) the addition of ethylene oxide to the polar group of the

starting material
b) the addition of ethylene oxide to the hydroxyl group of the
adduct formed in the reaction
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Fig. 2. Distribution of polymer homologues in 3 etho-hexyl alcohol ®.
1=0.49% SbCl;, 2=1.09% SnCl,, 3 =0.5 % BF,

are identical kinetically. He calculated that under these condi-
tions the distribution of the polymer homologues will be that of
Poisson. Several workers have confirmed the equations of Flory,
e.g. for 6 etho- and 9.5 etho-nonylphenol *3 and for 6.88 etho-
and 9.90 etho-lauric alcohol®. The polymer homologues were
separated by molecular distillation. For 9.7-etho-p-t, t-oetyl-
phenol Kelly and Greenwald ® have determined the distribution
of polymer homologues by chromatographic separation,

The points connected by a line in Fig. 1 show the calculated
Poisson distribution. Points obtained in two runs are in fairly
good agreement with the calculated values. .

Sometimes the opinion is expressed that the distribution of
polymer homologues in industrial practice can be influenced by
temperature or pressure. However, these factors have no influ-
ence generally.

The reactivity of the polar groups in the starting material can
be different from that of a glycolic hydroxyl group. In these
cases the first step in the addition of ethylene oxide (addition
to the starting material) will differ kinetically from the following
ones (addition to the glycolic OH groups). For these more general
cases the distribution has been caleulated by Gold ® and by
Weibull and Nycander 7. With the aid of the equations of the
last two workers it has in several cases been possible to calculate
the actual distribution of polymer homologues more closely than
from Flory's equations. .

* The abbreviations 6 etho- and 9.5 etho-nonylphenol mean 6 and 9.5 moles
of ethylene oxide per mole of nonylphenol.
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Fig. 3a. Structure forms of a polyoxyethylene-chain 1.

Not only the reactivity of the starting material influences the
distribution of polymer homologues, but also the kind of cata-
lyst. This was shown e.g. by Tischbirek 8. He prepared i. a. 3 etho-
hexyl aleohol in the presence of three different acid catalysts.
The polymer homologues were separated by distillation. As shown
in g, 2, the distribution using SbCl; as catalyst, was narrower
than, using SnCl, the same as, and using BF; broader than that
calculated by Flory.

It has been discussed earlier in what group of macromolecules
the polyoxyethylene glycol derivatives should be -classified.
These compounds can be formed by addition of ethylene oxide
or by reaction with ethylene chlorohydrin. The former is an
addition, the latter a condensation reaction. Consequently,
ethylene oxide adducts could be classified as addition or as con-
densation polymers %1, Several features in the kinetics of poly-
merization of ethylene oxide adducts, such as

1) the mesomers (denote in polymer chemistry the repeating

units) are joined by functional groups (instead of carbon-to-
carbon links in the case of addition polymers)

2) equal reactivity of all functional groups

3) no termination step
are more like those of condensation polymers than those of
addition polymers. However, when a compound reacts with
ethylene oxide, only addition of monomers to polymers occurs.
(This differs from a condensation reaction, where polymers can
react with polymers). This type of polymerization, proceeding by
step-wise addition of a monomer to a polymer, may be considered
as a special type of polycondensation °. If we classify ethylene
oxide adducts as condensation polymers, it must, however, be
pointed out that they are not formed by a condensation process.
To overcome also this difficulty, Flory !° makes a distinction
between a polymerization process and a polymer. Thus, conden-
sation polymers can be produced by addition polymerization.

The classification of polymers formed by ring opening of cyclic
monomers, such as ethylene oxide, can be considered from diffe-
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a
Fig. 3b. Structure of a polyoxyethylene-chain containing 5 units 2.
a) zig zag form

b) meandering form.

b

rent points of view. The above-mentioned classification of ethy-
lene oxide adducts as condensation polvmers makes, as Gol-
ding ° has pointed out, as basis the relation between the reactants
and the mesomer and not the polymerization process involved.

If the structure of the polyoxyethylene chain is an extended
zigzag form, a viscosity molecular weight constant of 2.55 » 10-4
would be expected. Measurements in benzene gave, however, a
value which was lower by one third 1. Consequently, the polymer
molecule must be less extended, and a shorter meandering form
must be assumed. This is illustrated in Figs. 3a and 3b,

The figure 3b shows a polyoxyethylene chain containing
b ethylene oxide units having zigzag and meandering forms 12,
The contraction of the chain is due to the mutual atfraction
of the oxygen atoms. If the chain becomes long enough a tran-
sition from a zigzag to a meandering form occurs. This change
may take place if the chain contains at least 11 ethylene oxide
units, perhaps less in aqueous solutions . A plane meandering
form is energetically unstable, and it must be assumed that the
chain is coiled.

To obtain a desired solubility in water, a certain balance be-
tween the hydrophobic and hydrophilic parts of the molecule is
necessary. According to Cohen ' one ethylene oxide unit solu-
bilizes one methylene (methyl) group. A hydroxyl group solu-
bilizes namely 3 methylene (methyl) groups as in n-propanol.
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Consequently, an ethylene oxide molecule containing only 2
methylene groups can solubilize a third. A good measure of the
hydrophobie-hydrophilie balance is the cloud point of a 1 %,
solution of an ethylene oxide adduct in water, or, in thf-‘ case of
more hydrophilic compounds, in 10 9, sodium chloride. The
cloud point can easily be determined by warming a solution. At a
certain temperature a cloudiness appears which disappears on
cooling. The cloudiness results from the splitting off of water
molecules that are bound by hydrogen bonds.

Also the polar groups which join the hydrophobic and hydro-
philic parts of the molecule affect the hydrophobic-hydrophilic
balance. Fig. 4 shows the hydrophilic properties of eompounds
containing oleyl radicals expressed in so-called water numbers *°.
The water number is the number of ml of wafer necessary to
cause a persistent turbidity in a solution containing 3 g of sub-
stance in 50 ml of solvent (dioxane/benzene: 96/4) 1%, )

Oleylamine adducts are approximately three ethylene oxide
units more hydrophilic than oleyl aleohol adducts with an
ethylene oxide chain of equal length. Here it must be taken into
consideration that two hydrogen atoms in an amine group can
be substituted, but only one in a hydroxyl group. On adding a
sufficient amount of ethylene oxide two terminal OH-groups can
consequently be formed. Fig. 4 shows further that the water
number of oleylamine is about 30 %, higher than that of oleyl
alcohol. This agrees approximately with the observation that an
amine group solubilizes four methylene fmeth_yl} groups, a hy-
droxyl group only three. (n-Butylamine is soluble in water in all
proportions, but not n-butyl alcohol.)
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The third curve in Fig. 4 shows that the water numbers of oleic
acid polyglycol esters are lower than those of the two first-
mentioned products. The cause is probably the presence of dies-
ters. Oleic acid has the same water number as oleyl alcohol.

Under the influence of van der Waal forces micelle formation
oceurs in aqueous solutions of surface-active ethylene oxide
adduets. Micelles of these compounds differ from those of an-
ionies in two respects. In the first place the hydrophilic part
is considerably larger than the hydrophobie, and in the second
place the micelle formation is easier in absence of electrical
charges and hence the critical micelle concentration is generally
lower.

Aqueous solutions of geveral ethylene oxide adducts show
viscosity anomalies, These are caused by van der Waal forces
and hydrogen bonds and may be associated with the formation
of gels. As shown in Table 1, nonylphenol adduets of different
chain lengths form gels in aqueous solutions at concentrations of
40—70 9.

The tendency to form gels diminishes with increasing chain
length, and no viscosity anomalies have been observed in solu-
tions of 59 etho-nonylphenol 17,

Van der Waal forces and hydrogen bonds are of fundamental
significance in understanding of the behaviour of nonionics. By
means of them also other phenomena, such as the formation of
foam by aqueous solutions of detergents, have been explained '8,
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Cloud point in 10 per cent sodium chloride. Ato-NPh = etho-nonylphenol.

Table 1. Viscosities of p-nonylphenol ethylene oxide adducts at different concentrations (20°C) 7. n.m. = non measurable.

Tp, = Cloud point in water. Tp,,
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Ethylene oxide adducts are manufactured at elevated tempera-
ture and pressures. It is usual to charge first the starting material
and to add ethylene oxide in the presence of an alkaline catalyst.
(tood stirring and temperature control is necessary because the
reaction is highly exothermic. The reaction is either carried out
in & jacketed vessel equipped with stirrer or by circulating the
reaction mixture through a heat exchanger.

The most important group of ethylene oxide adducts are the
alkylphenol adducts. In this group nonylphenol adducts take the
first place. Other large groups are alkyl ether adduets containing
fatty alecohol adducts and ethoxylated polypropyleneglycols,
ester adducts containing polyglycol esters of different fatty
acids and amine adducts containing fatty amine polyglycol
ethers.

Ethylene oxide adducts can be modified. They can be esterified
with inorganic acids, Hspecially sulphuric acid esters are _of
importance as detergents. Etherification of some adduets with
benzyl chloride gives benzyl ethers, which are known as low-
foaming detergents. Amine adducts can be quaternized fo give
textile auxiliaries.

B. Fatty acid- alkanolamine condensates.

In the manufacture of these products coconut fatty acids or
lauric acid or their methyl esters are mainly used as fatty
materials and mono-, or diethanolamine or isopropanolamine
as alkanolamines. Most important in this group are the fatty acid
diethanolamine condensates. They are often manufactured with
an amide content of 60 %, and contain also aminoesters, fatty
aecid-diethanolamine salts and free diethanolamine, but .a.lsn
products containing 90 ¢, amide which have been prepared from
methyl esters of fatty acids are on the market.

The condensation products of fatty acids and monoalkanola-
mines are not soluble in water. They are used in solid anionie
detergents to improve their foaming properties. Fatty acid-
diethanolamine condensates are soluble in water and are used in
liquid detergents as foam stabilizers. They are, however, suscep-
tible to alkaline hydrolysis. More stable water-soluble products
can be prepared from the fatty acid-monoethanolamine conden-
sates by the addition of ethylene oxide. )

(. Partial esters of fatty acids with alcohols containing more
than two hydroxyl groups.

Partial esters of fatty acids with alcohols containing only two
hydroxyl groups should be classified under group A. The fatty
acids in group C contain mostly 12— 18 carbon atoms. As alcohols
generally glycerol and hexitol anhydrides (hexitans and hexides)
derived from sorbitol are used. To increase the solubility, these
esters can be ethoxylated 1°.
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The total production of surfactants and especially of nonionics
in USA during 1950—1960 is shown by the U.S. Tariff Commis-
sion data 2° in Fig. 5.

The total production of surfactants has increased about 250 9.
The proportion of nonionics has grown from 13.5 %, to 29.5 9.
Their production amounted to about 200 000 tons in 1960,

A look into the future is given by Table 2 which shows the
estimated production of nonionics in 1965 21,

Production of nonionics Estimated production of

in USA in 1959 nonionies in USA in 1965
Alkyl phenol ethylene oxide
adducts around 90 million lbs. | around 155 million 1bs.
Tall oil ethylene oxide
adducts » 50 » o » 20 »
Fatty alcohol ethylene oxide
adducts | » 45 » o " 70 » »
Fatty acid alkanolamides » 100 » B v 185 »
Miscellaneous » 90 » v v 120 » »
— —_ |
Total around 375 million lbs. | around 520 million 1bs. |

Table 2. Production of nonionics. Qutlook for 196521,

The total production will increase about 40 %, Alkylphenol
adducts and fatty acid alkanolamides will then be the two
largest groups. With the exception of tall oil polyglycol esters,
a,d%ronounced rise is predicted also for the other ethylene oxide
adduects.
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Analysis of Surface-Active Agents
in Detergents

Azxel Johansson

Royal Institute of Technology, Stockholm, Sweden.

Introduction

A steadily increasing number of surface-active agents is hecom-
ing available to the manufacturer of industrial and household
detergents, and the analysis of these materials may therefore
seem to be an onerous task. In praetice, however, the task will
not be too difficult owing to the fact that only a few of the ad-
vertised surface-active agents are really used. Furthermore, the
mixing of these agents is subject to certain rules. A general
knowledge of the properties of surface-active agents is therefore
mdispensable to an analytical chemist in this field.

Many factors influence the analysis. The sample may oceur
in one of several forms — a paste, an aqueous solution, a powder
admixed with electrolytes, ete. The surface-active agent fraction
may congist of one or several components. The customer may
ask for either a cursory or a thorough investigation.

This article is disposed so that the simple problems of identifi-
cation and estimation of a one-component sample are dealt with
first. The procedure for a one-component sample is directly
applicable to the separated components of a complex mixture,
Lastly, some examples are given of the separation process, which
may be varied as required.

Identification

Good schemes (1, 2) exist for the specific classification of sur-
face-active agents. They are based on the elemental composition
and functional groups of the agents, both of which are deter-
mined hy the modern methods of qualitative organic analysis.
The analyses, which are easy to perform as they require no com-
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Figure 1. ATR attachment.

plicated apparatus, give good results especially when the nature
of the sample is not entirely unknown. There is no doubt, how-
ever, that the most reliable and most widely applicable method
is the use of infrared spectroscopy. Identification by this method
is performed in the following way.

The surface-active agent is first separated from other compo-
nents, This is usually effected hy extraction with hot 90 o/
alcohol, in which most surfactants are soluble. If the sample
contains water, it is evaporated to dryness before the extraction.

After evaporation of the extraction solvent, an infrared spec-
trum is taken of the residue. In many cases the residue is a
viscous paste from which it is difficult to prepare a sample sui-
table for taking an IR spectrum. The new technique of measuring
the attenuated total reflectance (ATR) is very useful in this case
(Fig. 1). The ATR technique permits a direct recording without
any special treatment of the sample such as its dissolution, ad-
mixture with potassium bromide, etc.

The principles of ATR may he explained in simple terms as
follows. When a beam of radiation is totally reflected internally
from a surface of a prism, there is an exchange of eneray hetween
the prism and the medium in contact with it. That this must be
S0 is easy to understand in view of the fact that the angle of
total reflectance is a function of the indices of refraction of both
media. The effect is as if a little of the energy escaped from the
reflecting surface of the prism, penetrated a few microns into
the surface of the material in contact with it, and then returned
to the prism. Energy is lost at wavelengths at which the sample
absorbs so that a plot of the reflected energy versus wavelength
produces a curve that is very similar to a conventional absorp-
tion spectrum. The actual thickness of the sample has no effect
on the spectrum, and so it is not necessary to prepare a thin film,
The preparation consists only in bringing the sample into contact
with the prism.
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Table 1. Infrared Absorption Bands of Surfactants (Wave number, cm™),

Bands at
1430
Soep 1560
695
i Alkyl Sulphates 1220 —-1267
Primery Y P 1075 —-1100
1000
834 — 840
Alkyl Sulphates 1228 —1250
S v P 1063 —1075
926 — 945
t 1170—1220
Sulphonates T
650— 695
ide adducts 1235—1250
Ethylene oxide I e
926 — 953
833— 862
886 — 893

The IR spectrum ohtained in this way, or in the.u.sua'l way
using a solution or a KBr disc, is used for the identification of
the surface-active agent. On the whole the procedure is the same
as that used for the identification of any substance. The absorp-
tion bands due to the functional groups in the agent are first
identified (Table 1). In this way it is possible to decide whether
the agent is, for example, a soap, a sulphonate, an ethylene
oxide condensate, ete. A more detailed study of the spectrum
sives further information about the molecule, e.g., whether it
contains an aromatic ring, whether it is an ester, ete. The deter-
mination of, for example, the length of an ethylene oxide chain
by IR-spectroscopy is, however, very diffieult, as members of
homologous series have very similar spectra when the mole-

cules are large. : o
There are gseveral systems available for the identification of

the spectrum of an unknown substance. Sadtler Research Labo-
ratories, Philadelphia, USA, have compiled several hundred
veference spectra. ASTM data are available as TBM punched
cards, and in Europe, Verlag Chemie and Butterworth have
collected spectra and other data of a number of mut-ermfls on
needle cards. Another good source of reference spectra is the
second volume of Hummel’s book (1) on the analysis of surface-
active agents; it contains about 500 spectra.

Quantitative determination .
The quantitative determination of the surface-active agent
is usually made gravimetrically. The sample is extracted and
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the solvent evaporated. As mentioned previously, hot 90 9,
ethanol is usually used for the extraction, but some inorganic
material, e.g. sodium chloride, may be extracted by aqueous
alcohol and in these cases it is better to use acetone for the extrac-
tion. In order to avoid losses from evaporation or decomposi-
tion, fatty acids and sulphonic acids are determined as their
sodium salts. The quantitative determination may, however,
be performed volumetrically in some cases. The drawback of
titrimetric methods is that it is necessary to know the molecular
weight in order to obtain the weight of the active agent. The
titrimetric methods cannot therefore be used for unknown
samples, but they are very important, for example, for the
control of a product when the surface-active agent is known.

Tonic surfactants are titrated with a surfactant of opposite
charge, an anionic surfactant being titrated with a cationic
agent, and vice versa. The method is based on the fact that an
anionic and a cationic surfactant form a complex that is in-
soluble in water. The solubility product is about 10710 to 102,
which means that it is of the same order as that of silver chloride.
Contrary to the behaviour of ordinary electrolytes, the solu-
bility of the complex has a minimum value at the equivalence
point. An excess of the titrant or of the compound titra-
ted solubilizes the complex. In order to obtain a more favour-
able equilibrium, the complex is extracted with an organie
solvent.

The procedure for the titration of an alkyl sulphate or an
alkylarylsulphonate may be outlined as follows. An about 0.005
M solution of the surface-active agent is prepared by dilution
with water. Methylene blue, which as a cationic dye forms a
complex with anionic agents, is added as indicator. Chloroform
is added to the solution, whereupon the methylene blue complex
passes into the chloroform phase. The mixture is then titrated
with a standard solution of, e.g., cetylpyridinium bromide
(2 gfliter). Toward the end of the fitration the cationic agent
liberates the dye which is distributed between the two phases.
The equivalence point is reached when both phases have the
same blue colour. The titration may be varied so that soaps
are or are not titrated. Nonionics do not interfere.

The titrimetric determination of ethylene oxide condensates
may be performed by the method of Schonfeldt (3). The active
agent is precipitated by excess potassium cyanoferrate (II).
The precipitate is filtered off and washed, and the excess cyano-
ferrate titrated with standard zine sulphate solution, eyano-
ferrate (I11) and diphenylamine being used as indicators. As it is
necessary to use empirical factors in the calculation of the sur-
factant content, it is impossible to use this method for surfac-
tants of unknown structure.
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Separation into classes

As mentioned above, it is in some cases possible to titrate one
class of surfactant without interference from other classes.
Usnally, however, the analysis of mixtures of surface-active
agents is not possible without first separating the components.
Of the separation methods used in conventional analysis, only
a few are applicable to surfactants. The use of distillation is
restricted by the high boiling points of many surfactants. Liquid-
liquid extractions are not often feasible because of the tendency
of surfactants to form emulsions, but are useful in some cases.
Extraction of solid materials under a variety of conditions may
hring about separation, and there are also var%ouﬁ other separa-
tion procedures applicable in special cases. The successful use
of these procedures requires a detailed knowledge of the behavi-
our of the components in the mixture. One mel\.t.lmt], which is
frequently satisfactory, is based on the use of ion exchangers.

Various procedures have been described but the present dis-
cussion will be confined to the method which has proved to be
effective in our laboratory. The procedure may be illustrated
by the analysis of a mixture of an alky[aJ'y.]sul].)]mn&te, a toluene-
sulphonate and a nonylphenol ethylene oxide adduct. The sample
is digsolved in 90 %, ethanol and a 10-ml aliquot is taken for the
analysis. The amount of sample and the volume of the solvent
are chosen so that the aliquot contains 20—50 mg of each com-
ponent. ) ) .

Before commencing the analysis, an ion exchange column is
prepared. Air-dried, Dowex 50 x 8 resin is sieved to isolate
particles of diameter 0.07—0.15 mm (100—200 mesh) and lt.he
fines are removed by repeated sedimentation and decantation.
One millilitre of the resin is added to a tube with an internal
diameter of 6 mm to give a column 35 mm high. The resin is
converted to the hydrogen form by passing through it 10 ml u.f
3 M hydrochloric acid, and is then washed first with water until
the effluent is neutral, and then with 10 ml of 90 9 ethanol.
The ethanol used in the analysis must be deaerated in vacuo
before use, and stored in closed bottles.

The sample is passed through the resin at a flow rate of about
I ml per minute and the composition of the effluent followed
by means of an ultraviolet absorptiometer *, which allows the
location of the fraction of interest. The ion exchanger is washed
with 90 %, ethanol until the effluent no longer absorbs ultra-
violet light; ten millilitres are usually sufficient. . )

The total effluent is next passed through a column (8 > 50
mm) of the strongly basic anion exchange resin Dowex 1 x 2.
Particles of the desired diameter (0.07—0.15 mm) are isolated

* LKB Uvicord 4701, LKB Produkter AB, Stockholm, Sweden.
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Figure 2. Separation of surface-active agents by stepwise elution.

in the same way as described for the cation exchanger. The
anion exchanger is converted to the sulphate form by percolat-
ing nearly saturated sodium sulphate solution through the resin
(in chloride form) in the column until the effluent is free of chlo-
ride and then washed with water until a sulphate-free effluent
is obtained. After being washed with deaerated 90 9, alcohol,
the column is ready for use.

The sample solution from the cation exchanger is passed
through the anion exchanger at a flow rate of 1 ml per min.
The composition of the effluent is recorded with the Uvicord as
described above. Illustrative results are presented in Fig. 2.

The first fraction contains the non-ionic components of the
sample, i.e. the ethylene oxide adduct and the unsulphonated
raw material of the alkylarylsulphonate. The acids are retained
on the column, which is partly converted to the bisulphate form.
One washing with 10 ml of alcohol is sufficient to remove all
non-ionics from the column. (If the column is washed with water,
sulphuric acid will gradually be released. Washing with alcohol
does not elute any sulphuric acid).

The column is then washed with 2 ml of water, and the toluene-
sulphonic acid retained on the column is eluted with 25 ml of
aqueous 3 M hydrochloric acid. During this operation the column
is partly converted into the chloride form and sulphuric acid is
released.

The third component of the sample, the alkylarylsulphonie
acid, is eluted with 30 ml of 0.5 M alcoholic hydrochlorie acid
(40 ml of cone. HCI dissolved in 960 ml of 95 9, ethyl alcohol).
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The quantitative determination of the three components is
made spectrophotometrically using an ultraviolet spectrophoto-
meter. The first effluent fraction is diluted to 200 ml and the
absorbance at 270 my is measured. The second and third frac-
tions are diluted to 100 ml and the absorbances at 262 myu are
measured.

The procedure may be modified in several ways depending
on the composition of the sample, If the sample contains soap,
the fatty acids are found in the first fraction as they are not
absorbed on an anion exchange column in the sulphate form.
If there are no non-ionic components in the sample, the soap is
estimated quantitatively by titrating the fatty acids and weigh-
ing the soap after evaporation of the solvent. If a separation of
fatty acids and nonionics is desired. this is easily done with an
anion exchanger in the hydroxide form.

The method of separation to be used depends on the nature
of the components of the mixture and must be selected after
some knowledge of the composition has been gained. This is
most easily obtained by infrared methods. The results of a separa-
tion are also best controlled by following the infrared absorption
of the fractions.

Separation within the classes

After the separation into classes, it may be necessary to carry
out a more detailed characterisation of one particular class. It
may. for example, be of interest to know the mean molecular
weight of the fatty acids in a soap, or even to separate the com-
plex mixture of fatty acids into individual components.

The determination of the mean molecular weight is usually no
problem. Soaps, sulphates, and sulphonates are converted to
acids by means of a strong cation exchanger in the hydrogen
form, and then titrated with standard alkali. The mean length
of a polyoxyethylene chain is determined by treating the com-
ponent with hydriodic acid and estimating the liberated iodine
(5). For a thorough investigation of a class, gas chromatography
is the most powerful method. Procedures for the separation of
fatty acids or esters of fatty acids are well known and descrip-
tions of satisfactory procedures are available from the instru-
ment manufacturers, The separation of ethylene oxide adducts
by means of gas chromatography is difficult because of the low
volatility of these compounds. The special technique worked out
by Horning and described in detail by Haahti (6) in his doctorate
thesis has been found to give good separations of waxes, steroids
and other substances of high molecular weight. The method has
been used for the analysis of non-ionics, but good results have
been obtained only when the ethylene oxide chain is rather short.
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Interfacial Phenomena in Industrial Research
Kjell Groth

K. Groths Laboratorium, Lidings, Sweden.

During the last few years more and more opportunities have
appeared to apply the disciplines of colloid and surface chemistry
and physies in industrial research. The use of surfactants to
modify old processes and make new ones possible is rapidly
growing, At the same time we have learned much more about
the mechanisms behind the technical properties of surfactants
and the right type of surfactant and its concentration range can
be chosen for a special purpose with a higher probability of
success.

The fundamental interfacial processes are still best explained
by a purely mechanical picture of the arrangement of the
surfactant molecules at the interfaces of interest. Fig. 1a shows
a hydrophilic surface, a hydrophilic golid resting on it, and a
drop of oil spread on the same surface, all submerged in pure
water. When the pure water is replaced by a very dilute solution
of a surfactant (well below the CMC), a monolayer is formed on
the hydrophilic interfaces (Fig. 1b). The polar ends (the heads’’)
of the surfactant molecules face the solid surfaces and the hydro-
carbon ends (the “tails”) are directed towards the water. The
result is that all surfaces have become hydrophobic. At an in-
creased surfactant concentration (at or above the CMC) a second
molecularlayer is adsorbed on the solid surfaces (Fig. lc). The
surfactant molecules orient themselves tail to tail and accordingly
the hydrophilic heads of the second layer are directed towards
the water, making the solid surfaces hydrophilic again. At this
concentration the oil surface is affected as well. A monolayer is
adsorbed, oriented with the hydrocarbon tails in contact with
the hydrocarbon molecules of the oil drop and the hydrophilic
heads directed towards the water, making the surface of the oil
drop hydrophilic.
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Fig. 1a—d. The adsorption of a surfactant at increasing surfactant concentra-
tion on an oil drop and a hydrophilic solid, both resting on & hydrophilic surface.
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The figures la— Ic can be taken to illustrate the initial stages
in detergency. The adsorption of one or two molecular layers
is accompanied by, e.g., changes in the contact angles (discussed
below) and the electrical repulsion forces. These forces combined
with the agitation used during the detergent process result in
the removal of solid and oily dirt as shown in Fig. 1d.

Fig. 2 shows the conditions in a solution above the CMC. Free
ions and micelles are present in the solution and the surface is
covered with a monolayer. In the centre of a micelle the environ-
ment is nearly the same as in an organic solvent. In fact, the
micelles can dissolve hydrocarbons in their central parts (Fig.
3a). Long-chain neutral polar molecules, e.g. fatty alcohols,
enter thesurface or palisade layer of the micelle (Fig. 3b). By a
suitable choice of compound well-stabilized micelles can be ob-
tained which dissolve large quantities of hydrocarbon in their
central parts (Fig. 3c). The dissolution of oil-soluble substances
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Fig. 3a. Simple micelle containing solubilized hydrocarbon (dark rods).
Fig. 3b. Mixed micelle composed of an alkyl sulfate and & long-chain alcohol.
Fig. 3c. Mixed micelle as in Fig. 3b, but containing solubilized hydrocarbon.

in the palisade layer and in the central part of the micelles is
usually termed solubilization. _
The hydrophobization and hydrophilization effects described
above may be measured in several different ways. Contact
angle measurements seem to be easiest to understand. At the
interfaces between air, a liquid and a solid, the forces shown in
Fig. 4 are operating. The contact angle, 0, is, as usual, measured
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Fig. 4. Forces acting on an air bubble in contact with a mineral surface and a
liquid.

within the liquid phase. The equilibrium equation for the hori-
zontally acting forces is:

ysja = Ysj1, 1 YLjacos®

where yqy is the interfacial tension between the solid surface and
air, yey, the interfacial tension between the solid and the liquid,
and y;,, the surface tension of the liquid. o .

Further interpretation of this fundamental equation is found
in textbooks of surface chemistry and the reader is referred to
the excellent new book by Davies and Rideal .

When the contact angle is zero the solid is completely wetted
by the liquid. This is, e.g., the case for a quartz surface in pure
water. If a small amount of a cationic surfactant, e.g., cetyltri-
methylammonium bromide is added, long-chain cations are
adsorbed on the quartz surface and the contact angle becomes
finite. On further addition of the surfactant, the contact angle
goes through a maximum at a concenfration com‘espnpdu}g to
the formation of a complete adsorbed monolayer. At still higher
concentrations the contact angle diminishes again and when‘ it
falls to zero, a complete double molecular layer is formed. I he
concentration required varies with the pH of the solution. Study-
ing the effects of increasing the surfactant concentration at,
e.g., pH 4, one finds that the contact angle is zero until ca. 1 mg
per liter has been added. The contact angle is finite until the
concentration is raised to 76 mg per liter. At this concentration
the contact angle again becomes zero. The use of contact angle
measurements is further discussed below in connection with the
flotation process. )

The types of emulsions which are formed when different pro-
portions of an oil and water are mixed, and when various sur-
factants and different ways to prepare the emulsion are used is a
question which hag interested many chemists and has been the
subject of thorough studies during many years. A valuable con-
tribution towards a better understanding of the effect of the

—147—

properties of the surfactant was made by Griffin in a series of
publications during the years 1949—1956% In these publica-
tions he introduced the HLB-scale, i.e. he arranged certain sur-
factants in a scale according to the hydrophilie-lipophilic balance
in the molecule. A low value on the scale points to a tendency
to dissolve in oil and a high value to a tendency to dissolve in
water. In accordance with Bancroft’s rule, water-in-oil emulsions
are formed with the aid of surfactants with a low HLB value and
oil-in-water emulsions with the aid of surfactants with a high
HLB value. The HLB values may also be of some help when
predicting the effect of a surfactant as a wetting agent, washing
agent, solubilizing agent, ete.

[nvestigations into the conditions determining the type of
emulgion formed have been continued hy, e.g., Davies and re-
ported at the Congress of Surface Chemistry in London 8 When
an emulsion is prepared by shaking, both water-in-oil and oil-
in-water emulsions are formed at the start. The resulting emul-
sion type depends upon the relative rates of coalescence of the
two types of emulsions. These rates again depend on the hydra-
tion and the electrical charges of the surfactant molecules and
on viscosity.

Davies has further noted the interesting fact that the logarithm
of the ratio of the coalescence rates of the water-in-oil emulsion
and the oil-in-water emulsion varies as the HLB value of the
surfactant used. In this way the HLB value, originally an
empirical quantity, has been shown to rest on a kinetic basis.
The practical use of the HLB scale has been facilitated by the
fact that Davies has been able to calculate the HLB values from
the chemical formula by the aid of empirically determined group
numbers. It should be observed that the above discusgion has
been concerned only with the type, and not with the stability
of the emulsions,

After this general characterization of the fundamental pro-
cesses some technical applications of surface physics and chem-
istry will be reviewed. '

Capillarity

The rise of water in narrow capillaries was observed alveady
by Leonardo da Vinei (1490) and this phenomenon was quantita-
tively treated by Fabry (1676). The capillarity of finely divided
solids is of the utmost importance in geotechnical science and
in several of the technical processes reviewed in the following.
In a elean narrow tube of glass partly filled with water, the pres-
sure within the fluid will be that of the surroundings diminished
by the pressure due to the ordinary capillary force corresponding
to the inner diameter of the tube. A reduced or negative pressure
of the same origin is utilized when pelleting fine iron ore before
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further metallurgical treatment. Spherical pellets with a dia-
meter of one to two cm are formed from moistened iron ore in
a rotating drum. The pellets are surprisingly strong if the moisture
content is adjusted so that all the water meniscl on the surface
point inwards and have their maximum curvature. Ip some cases
the negative pressure inside the pellets has been estimated to be
12 atm ¢ This, however, is a negligible pressure _comp:m!'t-tl with
the very high negative pressures (100 atm) obtained with cera-
mic materials. )

The effects described are obtained only if the solids are wetbted
by the liquid used, and the resulting pressure is pmpnrt-u.uuq to
the surface tension of the liquid. Thus surfactants are normally
avoided and used only if the solids are poorly wetted.

Changing the viscosity of tnorganic suspensions

In the wet-process manufacture of ]mrt'.la_,m]l cement small
amounts of polymeric phosphates, citrates, anionie m'ul nonionie
surfactants, sulphite waste liquor, ete., arve added in order to
improve the slurry pumping characteristics or En increase t.h.e.
percentage of solids in the slurry. Addition .Ui 0,1 % of a ]]Jl..\t-ll.i'l-.‘-
containing 40 %, sodium carbonate and 60 9, sodium t‘l'l.lm’l_\::
phosphate makes it possible to raise the percentage of solids
from 31 to 38 in a certain slurry with no change in the viscosity.

Despite the fact that very effective heat recovery installations
are incorporated in modern cement kilns, energy would be saved
if the amount of water fed to the kiln could be reduced. However,
in mill scale trial runs it is very difficult to determine the energy
gained as several variables have to be changed when a slurry of
Tower water content is fed to the kiln. By simulating the process
on an analogue computer, Lyons et al.” have recently been able
to show that the energy gain depends upon how the feed is
changed. Compared with a base run, 30 %, 1'@(_1\1{:1':1011 in slurry
water vields a 15 9, improvement in heat utilization when the
slurry volume feed rate is held constant. At the same time the
overall capacity of the kiln is increased by 16 %o- If, instead, the
solids feed rate is held constant, only a 4 9%, improvement in
heat utilization is attained. _ )

The lowering of the viscosity of kaolin suspensions by the
addition of polymeric phosphates can be (Expleuued. a_ccm‘dmg
to Lyons in the following way % The edges of the kzmlllmte plate-
lets, normally positively charged, now get a negative charge,
the same charge as the platelet faces already have. The result
is increased repulsion between the particles and hence a lower
viscosity, Holtzman has studied the effects of sodium citrate
and sodium hydroxide and found an increased negative charge
which is equally distributed over the faces and the edges of the
kaolinite platelets 7. When anionic surfactants are added to
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kaolin suspensions, an increase of the overall negative charge
is likewise ascribed to the adsorption of incomplete double mole-
cular layers. Concerning nonionic surfactants, the theoretical
background of the effects is even more complicated 8. This has
been studied by, e.g., Ottewill .

In view of the size and economic importance of the cement
industry and all the industries handling clay suspensions, more
extensive studies of how to control the water content of these
suspensions ought to pay off well.

Weitting

Damage is often caused by oil that has escaped from oil-tan-
kers and oil reservoirs. Newspapers publish reports on contamina-
tion of shores and death to seabirds caused by oil on the sea.
The contamination of ground water, however, caused by waste
from oil tanks is also very serious. This is the main reason why a
committee has been sponsored by the Royal Swedish Academy
of Engineering Sciences to investigate the possibilities of pre-
venting oil spill and decontaminating places where oil pollution
has already occurred. Professor S. Brohult is the chairman of the
committee, which has one foreign member, Professor Per Ekwall.

If an oil-container has been leaking and the oil has penetrated
a soil layer, the sources of drinking water in the neighbourhood
are often contaminated, which gives rise to many serious pro-
blems, both economic and social ones.

The decontamination of such an area is very difficult to carry
out and involves several different operations. Here only the
surface chemistry of the displacement of the oil by water can be
treated. This displacement parallels the displacement of oil by
water from almost empty oil wells. The soil layers are usually
hydrophilic and are hence more easily wetted by water than by
oil. Consequently it is possible to displace the oil by water, but
this must be done very slowly to avoid occlusion of oil in the
soil. If, instead of pure water, a solution of a surfactant is used,
the displacement can be made more rapidly and effectively.
Surfactants suitable for this purpose should be good wetting
agents with a low adsorption and with little effect on the surface
tension. Most suitable are nonionic surfactants and especially
the polypropylene oxide-polyethylene oxide condensates. Methods
for the technological purification of soil contaminated with oil
are under development.

De-wetting

As mentioned in the general introduction, surfactants may be
used not only for wetting but also for de-wetting. One adsorbed
monolayer makes the surface of a solid hydrophobic. Such is
the case when long-chain, film-forming amines are used to in-
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crease the heat transfer in steam condensers by producing drop-
wise condensation and when the same amines are used in road-
building to increase the adhesion of bitumen to wet stone chip-
pings in “tar-macadam” paving mixtures. _ N

In froth flotation the working principle is also to make some
of the mineral species in a mixture hydrophobic. The surfactants,
here called collectors, are added in small amounts to a suspen-
sion of finely divided particles produced by crushing and grind-
ing the ore in water. The eonditions are chosen so that only one
or two of the mineral species in the mixture become hycl]'uprhoblc
enough to form a contact angle of 50°—7(" against air. Chese
species adhere to the small air bubbles 1‘|rr>{‘luced in the bottom of
the flotation cell and float to the surface with the air hubbles. At
the surface the mineral particles are scll'a]'m(l_nﬂ .l',ogvi'sher with a
layer of froth, formed with the aid of special frothing agents.
The remaining minerals leave the flotation cell at the bottom.
Usually the valuable part is taken out in the froth, but sometimes
the gangue is floated off, e.g., the silicates in some rich iron ores
are collected by long-chain amines.

Within certain limits the contact angle and the transport to
the surface increase with the concentration of the collector.
However, it should be remembered that the cf)nc(?ntratlons used
always are far below the (MC. Special investigations have been
made to find out how large a part of the available surface has to
be covered by the collector in order to attain the above-mention-
ed contact angle values. With well-defined chemicals and mine-
rals it has been shown that often only 5 %, of the surface need
to be covered. )

Because it is rather time-consuming to prepare a _mmeral
surface for contact-angle measurements and test flotations are
laborious, more rapid methods have been developed for the
investigation of flotation properties. The Z-put-g:ntml determina-
tion is such a method. In a micro-electrophoresis experiment the
Z-potential is determined before and after the addition of test
collectors to a mineral suspension. The potential differences
obtained, called Z-coefficients. for different concentrations of
the collector often make it possible to judge the value of the
collector as a flotation agent for the mineral in question.

Tt should be mentioned here that the determination of: th.e'Z-pote.ntial and
many other electrical measurements are of great general significance in surface
chemistry.

The flotation technique described can be applied to suspensions
with particle diameters down to the range of 50 y, possibly 20 4.
Particles smaller than these do not have the inertia necessary to
come into close enough contact with the air bubbles.
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For a long time it has been one of the goals of flotation research
to find methods to effect separations of suspensions of very small
particles. In practice one meets this problem when trying to
separate kaolin from titaniferous impurities or when trying to
recover minerals from phosphate slimes. To cope with these
difficulties Minerals and Chemicals Co. in Meclntyre, Georgia,
USA, has developed a new process called ultraflotation 1, Here
one uses an auxiliary material of normal particle size in addition
to the main material containing submicron particles. These slime
particles are treated so that certain of them adhere to the
auxiliary material, which is floated off in the usual way.

The possibilities to oleophilize soil minerals with the aid of
surfactants, especially those of the cationic type, could probably
be utilised in connection with the prevention of oil contamina-
tion of the sub-soil water. Oil which penetrates soil treated with
long-chain amines is able to displace the water and to wet every
soil particle. This implies that much more oil than usual can be
kept in a certain volume of soil and further spreading of the oil
is prevented. It is of special interest that water, e.g., rain, cannot
displace the oil from the treated soil.

In our northern countries with wet autumns and cold winters
roads have to be built much more carefully than in southern
countries, owing to the risk of frost-heaving. The material used
in the foundation must have a low capillarity to prevent water
from saturating by capillary suction the part frozen during the
winter. As roadbuilding materials grow more scarce, the time
bas come to test inferior materials in combination with cationic
surfactants (long-chain amines) which are able to destroy the
capillarity of the soil.

Research workers at General Mills, I11., have tested the ability
of cationic surfactants, e.g., long-chain amines, to consolidate
clayey soils. Added as water-soluble acetates, the amines are
used in a quantity corresponding to 25 %, of the base exchange
capacity of the soil. For most clayey soils this means an addition
of 0.5—1.0 9, calculated on dry soil, but of course much less
when the soils contain larger particles. Clayey soils treated in
this manner do not take up liquid water and do not become soft.
Field tests have shown that the variation of the moisture con-
tent of the treated soil under varying climatic conditions is less
than 4 0.5 %,

Retardation of evaporation by monolayers

In southern countries evaporation from lakes and water reser-
voirs can lead to severe losses of water resources of a nation or
smaller regions. For a long time there has been a search for
methods to retard the evaporation. The best treatment found
hitherto is to spread monolayers of film-forming substances,
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e.g., saturated fatty alcohols, on the reservoirs. Early investiga-
tions were made by Hedestrand,"* bhut the first large-scale field
test was made by Mansfield in Australia in 1955 % o

When molecules pass across the interface between a liquid
phase and a gas phase, they encounter three diffusional resistan-
ces, due respectively to diffusion in the gas phase, across the
monomolecular region constituting the interface, and through
the liquid below the interface. In the case of evaporation from
the liquid phase the last mentioned resistance, which 'lm-s to do
with the transport of the material to the interface, disappears.
The resistance in the gas phase is to a high degree dependent on
the movement of the gas phase. The resistance in the interface
is 5000 times greater when a water surface is covered by a mono-
layer of, e.g., cetyl alcohol. When this resistance is combined
with the resistance in the gas phase, the result is that the total
resistance is roughly doubled, which means that the evaporation
is reduced to one half of its original value. In field tests normally
areduction of only 30 to 35%, is attained. One reason for this rather
low retardation of the evaporation is that the surface stress
imposed as a wind blows over the surface tends to compress the
monolayer downwards to its collapse pressure and leaves some
part of the surface uncovered on the windward side. .

Intensive research work is going on to find more effective
methods and chemicals to reduce the loss of water through
evaporation 13, Scientists in India, Deo et al.'*, have found that
a more effective retardation of the evaporation at high tempera-
tures, e.g. 30°C, is obtained with fatty alcohols to which one mole-
cule of ethylene oxide has been added.

The evaporation from snow fields is also of great interest, as
the snow often, e.g., in Sweden, forms an important part of the
water resources available during a whole year for the production
of electricity. Field and laboratory tests were performed in
Lapland and laboratory tests in Stockholm to investigate the
possibilities to retard the evaporation from snow 1°. The major
problem in forcing a fatty alcohol to spread on a cold surface is
the provision of the energy required for the transition from the
solid phase to the film. This can be accomplished by adding a
pigment such as red iron oxide to the alecohol, to form an absor-
bent for solar radiation. During insolation the surface tempera-
ture of the pigment particles is supposed to increase sufficiently
for film formation. There may be several other means to facilitate
film formation, e.g., the choice of alcohol and admixture of sub-
stances, such as camphor or solvents, that break up the crystal
lattice.

However, the net effects on the suppression of evaporation
were small and not conducive to the application of the methods
on a large scale.
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On the other hand, it is obvious from the experiments that the
pigment-alcohol mixtures produce some suppression of the eva-
poration in spite of the fact that the energy absorption from
insolation is greatly increased. As a net effect, a much more
rapid melting may therefore be obtained in the spring. In this
way one might be able to avoid severe spring floods by starting
off the melting on the southerly slopes of mountains rather
early, which would result in the distribution of the melting over
a longer period of time. The effectivity of the method is exempli-
fied by its ability to melt ice. Open water was obtained on a lake
covered with ice 70 cm thick during the course of 2 or 3 weeks.

It seems that the fatty alcohols affect the evaporation of snow
in another way than they do the evaporation of water. Snow and
ice crystals are covered by a thin film of fluid water down to —
7°C. Probably the fatty alcohol displaces this film and prevents
the snow and ice crystals from evaporating.

Monolayers of fatty alcohols have a surprisingly large effect
on the evaporation of small droplets of water. In air of 80 9,
relative humidity droplets with a radius of 1/100 mm persist for
1300 seconds if covered with a monolayer, whereas uncovered
droplets disappear within 2.5 seconds. Advantage is taken of
this effect when spraying water in coal mines to avoid dust
explosions 1, and might be of great importance to industries
handling dry, finely divided solids.

Finally, it may be reported in this lecture that the Royal
Swedish Academy of Engineering Sciences in Stockholm has
appointed a committee for surface chemistry, of which Professor
Per Ekwall is the chairman. The main objectives of the commit-
tee are to represent Sweden in international co-operation as far
as surface chemistry and its applications are concerned and, fur-
ther, to work for a skilful application of the methods of surface
chemistry in modifying old processes and devising new ones in
industry and medicine,
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The Mechanisms of Detergency

Martin Hellsten
AB Helios, Stockholm, Sweden.

The technical importance of the different detergency opera-
tions may be judged either from the number performed over a
certain period of time or from the magnitude of the surfaces
cleaned. Choosing the former way, we get the following pic-
ture with western cleaning habits according to Kling 19:

Number of operations/person.year

Personal hygiene 1,000
Dishwashing 100
Clothes-washing 10

When the magnitudes of the surfaces are considered we have
the following figures:

Area cleaned/person.year

Clothes-washing 4,000,000 m?
Dishwashing 200 m?
Personal hygiene 100 m?

It has been assumed that the clothes were made of cotton with
a specific area of 30 m?/g (Vickerstaffl). In dishwashing and
cleaning of the skin, it is assumed that the surface area is not
greater than the macroscopic area. The general experience in
the field of detergency also shows that washing of textiles is a
much more difficult operation than the other fields of cleaning
and it is only this form of detergeney that will be considered
further here.

Teatile materials

It can be estimated that at least 80 9, of the textiles that is
washed in water solutions is made of cotton. It may then be
relevant to say a few words about the characteristics of cotton
fibre. It consists of a tube of cellulose 3 cm long with a diameter
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of 20—30 myu. The surface is covered by helically wound fibrils
with a diameter of 10—40 my and the crevices between these
have a width of 50— 60 my. It has long been thought that the
strong adherence of dirt particles smaller than 50 mu to cotton
fibres is due to a mechanical entrapment of the particles in these
crevices. According to Shuttleworth and Jones 1%, such an inter-
pretation is not valid; the strong adhesion of the small particles
can be explained simply by the weak electrostatic repulsion
between a particle smaller than 100 myg and a plane surface.
It has also long been assumed that hydrophobie synthetic
fibers (polyamide, polyester and polyacrylonitritrile) should bind
fatty substances more firmly and hydrophilic pigments more
weakly than cellulosic fibres. Systematic washing experiments,
partly carried out with fatty substances containing radioactive
tracers, have not confirmed this supposition (Wagg ¥.*). As
normal laundrying always leaves a certain amount of fatty
substance behind on the textile material, the specific area and
the construction of the fabric is probably more important for
the binding of fiber and dirt than the chemical nature of the
fibre itself.

Composttion of textile dirt

The dirt on textiles is mainly of two types, human secretion
and air-born dust. The sebaceous glands of the skin are respon-
sible for an important part of the water-insoluble ingredients
of dirt. The results of an analysis of sebum from the forearm
of a man are according to Cameron and Spector 2 the following:

Free unsaturated fatty acids 15 9
Free saturated fatty acids 15 %
Triglycerides 32.5 9%
Waxes (including cholesterol esters) 15 9%
Sterols 5 9%
Squalene 5 %
Paraffins 7.5 %
Unidentified compounds (incl. oxidized squalene) 5 9%

As an example of air-born dust, the following is an analysis of
street dirt from Diisseldorf (Gotte 6):

Water soluble 7.4%
Ether soluble 9.5 %
Water 5.09%
Total carbon 28.7 %
Ash 49.4 %,
Si0, (total) 24.5 %
Fe, 0, 4+ Al,O,y (mainly as silicates) 11.4 9
CaO (total) 7.0 9%

MgO (total 1.4 9%

CaO (water soluble) 2.0 %
MgO (water soluble) 0.6 9%
N 0.3 %
pH (10 % slurry) 9.8

W
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Fig. 1. Interaction between particle and fiber surface (strong repulsion).
(After Durham *).

The high content of free fatty acids in sebum and the high
degree of unsaturation (iodine number about 80) as well as the
content of soluble calcium and magnesium salts in airborn
dirt have all a pronounced influence on the washing process.

Besides the impurities mentioned, textiles also contain water-
soluble substances such as sodium chloride, urea and carbohyd-
rates, as well as other particles, e.g., scales from the epidermis
and loose fibres. These latter impurities usually present no pro-
blems in laundering, although proteinaceous dirt, which is very
common, i poorly removed by usual washing procedures.

The following data illustrate the removal of the main dirt
components in heavily soiled pillowslips:

Before After Reduction
washing washing in 9%
Content of black (K) * 13,9 0,9 93
Content of fatty substances as a
percentage of textile weight 5,7 1,5 74
Protein content as a percentage of
textile weight 0,564 0,37 31

* Content of black (K) is calculated from the reflexion (R) of the pillow case
according to Kubelka-Munk 1: K = (85—R)?/2 R. K is considered to be pro-
portional to the amount of (pigment) dirt if the particle size distribution is
constant,
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Fig. 2. Interaction between particle and fiber surface (weak repulsion).
(After Durbam 4).

In spite of the unsatisfactory washing results obtained with
proteinaceous dirt, very little is known about the mechanism
of its removal and hence the following discussion will be limited
to pigments and fatty substances.

Pigment-like dirt

Durham 4 has discussed the system textile fiber/pigment in
terms of the theory of the stability of lyophobic colloids proposed
by Verwey and Overbeek 17, Accortlmg to this theory the inter-
action between fiber and pigment is composed of a van der Waals
attraction (V,) and the electrostatic repulsion hetween the bimo-
lecular layers of adsorbed ions on the surface (Vy).

At very short distances the Born repulsion (V,,) caused by the
electron shells of the atoms operates (See Figs. 1 and 2). I‘he
point (! represents the solid (flocculated) condition while A
represents the washed (disperse) condition. In order to make the
washing easier the energy difference C—B should be as small as
possible; to prevent redeposition the difference A—B should be
as big as possible. Both conditions will be fulfilled if the repul-
sion V; can be increased sufficiently. V; is increased by the
adsorptlon of anionic surfactant or hy hydroxyl ions which both
increase the surface potential. Vy, can be inereased also by bind-
ing the multivalent eations {mamly caleium ions) which have
been introduced into the system by the water or the dirt. This
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Fig. 4. Necessary surface potential for a stable suspension as a function of elec-
trolyte concentration for various particle sizes (1:1 electrolyte).
(After Durham 3),

binding of cations is the main function of the so-called detergent
builders.

A very striking illustration of the influence of caleium ions
has heen given by Jones and Parke ?; their results are reproduced
in Fig. 3. The washing was per formed in water containing 2,25
mmu]e;’l calcinm ions “to which had been added twice theeqm-
valent amount of complexing agent as well as 2,15 mmolefl
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Fig. 5. Necessary surface potential for a stable suspension as a function of
electrolyte concentration for verious particle sizes (2:2 electrolyte).
(After Durham 2).
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Fig. 6. Schematic representation of adsorption of micelles of non-ionic surface
active agent of diameter d.
(After Ottewill 1°).

alkylarylsulphonate. It is easy to see that theJcalcium ion con-
centration should be less than 1076 g ion/l (less than0,005°dH)
for the best results.

Durham ® calculated the surface potentials necessaryjfor sta-
bilizing suspensions of certain particle sizes in the presence of
increasing amounts of 1:1 and 2:2 electrolytes. The results of

Potential energy of interaction
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Fig. 7. Schematie diagram of potential energy of interaction against distance of
separation for two spherical particles in the presence of a non-ionic sterie harrier,
(a) Vy finite, () Vg zero, d=diameter of non.ionie micelle, B shallow potential
energy minima, Curves T and 1T represont differont values of the van der Waals
constant A A for IT = A for L.
(After Ottewill 15).

these calculations are summarized in Figs. 4 and 5. The graphs
show that it should be very difficult to stabilize fine suspensions
in the presence of caleinm ions.

It is well known that many nonionic surfactants are very
efficient suspending agents although they obviously are unable
to alter the surface potentials of the particles. Ottewill 1® has
explained this rather puzzling observation by assuming that
the nonionies are adsorbed at the surfaces in the form of micelles
as soon as their concentration exceeds the CMC (Figs. 6 and 7).

These micelles will act both by presenting a steric hindrance
and by decreasing the van der Waal's constant, and thereby
the attraction V,. Ottewill (loe.cit.), however, points out that
it is equally probable that the absorption may occur as a closely
packed vertically oriented monolayer with the polyoxyethylene
chain towards the aqueous phase. The net effect, however, will
be very similar except that the distance d will be slightly different
in the two cases’.

Non-polar fatty substances

Fats and hydrocarbons are forced away from the fibre surfaces
by a process of preferential wetting analogous to that in which
air is displaced by an aqueous solution. See Fig. 8 (Harker 7).
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Fig. 8. Triglyceride drops on a nylon fiber

a) in air ]
b)) after 7 min. in nonylphenolethoxylate solution
c) after 15 min. in the same solution

(After Harker 7).

If this preferential wetting is to proceed sponta::'-eously,tt%e
spreading coefficient 8 given by following equation must be
positive (Adam '):

S = Vso — Ysw — Yow « ¢ « (1)
; i . ; RO
‘here 7., is the interfacial tension at the fibre-oil interfa i
where e 1; » » » » » fibre-solution interface
Lm, »o» P B » »  oil-solution 111139%1‘1&00

The l':::;;‘itil(.! fiber has, however, a rough su_rface. which will n.?it
be completely freed from oil during the washing process. Aa:'.ct_nl :
ing to Moilliet et al® equation (1) can then be replaced by the

g to ]
following:

Sl:'J’so—'yow_Asw-)’sw'—AOWS.’ygw. . (2)

where Agy is the fraction of the apparent fiber-water 1111:9.1‘fac(_i
that really consists of the interface of fiber a;g‘_mnst \)fz:terfa:ﬁ;
Aows is the remaining fraction which aceordingly consists of the
oil-water interface. . ) )

It is easy to imagine that in many practical cases Auy. 18
much great.ul‘ than Asw, and thus the effect of the surfactant on
Ao will determine the course of the preferential wetting.
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festite fiper

Fig. 9. Schematic representation of tho forces acting on an oil drop at a fiber
surface immersed in o detorgent solution.

At the same time the adsorption of surfactant on the fiber,
which leads to a decrease of y.,, will be of little mportance.

Even if the spreading coefficient S in equation (1) is negative,
a preferential wetting by the water solution may be possible
if mechanical energy is introduced into the system (Durham 4).
If the work of adhesion between water and fiber is W, and that
between oil and fiber W,,, the following equations will hold

(see Fig. 9):
Wsw = YPwa T Vsa — Vsw
Weo = Yos + Ysa — Vso
Vso = ¥Ysw T Yow - cos @AC

where yy, = surface tension water-air
Voa = » » oil-air
Vsa = » » fiber-air

O ac = angle according to Fig. 9.
From these equations:

Wsw — Ywa — (“'Tso — }’0:1)
Yow

To get the best possible displacement of the oil phase, @;¢
(measured in the water phase) should be made as small as pos-
sible. i.e., cos @.c should be as large as possible. The two terms
within the brackets are not influenced by the surfactant in the
water phase, whereas both y., and y.e will be decreased by the
adsorption of surfactant. Normally W., will also be increased
by this adsorption, which is hence favourable,

co8 Opc =

Polar fatty substances

It has already been mentioned that about one third of the
fatty substances secreted by the skin are free fatty acids. It is
well known that these can he removed by alkaline water solu-
tions at elevated temperatures. At temperatures below 100°C
and at pH values below 11,5, the fatty aecids cannot be com-
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Fig. 10. Remaining lauric acid on cotton cloth as a f\‘mction of concentration of
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11. Schematic representation of the interaction between soap, polar dirb

and water during the washing process.
(After Lawrence '%).

Fig.

pletely removed with a (_-.thinatior} of surfact‘an.t‘ midqﬁlléa};
Fig. 10 shows the results from a series of w.aslnngh ln rtl‘ o
distilled water containing 2 g/l -ﬂ,lkylphum:lp.u]yglj_\_:'cum e fl(;‘.] ; .
inereasing amounts of trisodium (_u'tiutph.nsp]mte.‘ E ieces 0 ‘iumlll(;li
cloth containing 0,8 meq. of lauric acid per gram wel of\t\a{i lt-.t i
these solutions and it was found that about 0,05 meq. ot 1atby ac

moved. It is tempting to assume that

ot t be re .
per gram could not be ( ping b e, The
iq residue consists of an adsorbed monolayer ot latty Q1. ©
e aon. e is about 100 A2, which

surface area available to each m(nlecule. | o
is about b times greater than the area In a cloge-packe d% .
1t is then reasonable to assume that the whole cotton suriace

of 30 m?/g has not been available to mo

greatly resist normal waghing operations.

lecules of the size of

lauric acid, A more general conclusion from this experiment w;}}
be that polar dirt which has been adsorbed on the fibre wi
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If a fatty alcohol (or fatty acid) is added to a water solution
of a surfactant, the latter will penetrate the fatty alcohol and
form liquid-crystalline phases containing surfactant — alcohol
— water. Some of these phases have a very high viscosity and so
represent a strong hindrance to further penetration (Lawrence 12).
Mechanical work during the washing will have a profound in-
fluence by breaking up these liquid-crystalline phases so that
the penetration can go on. This line of thought is illustrated in
Fig. 11 (Lawrence 13).

A very thorough study of the liquid-crystalline phases formed
in the system sodium caprylate-decanol-water has been made by
Ekwall et al.5 They found that at least five liquid-crystalline
phases with different structures and widely different mechanical
and chemical properties may be formed.

It is to be hoped that the new knowledge gained in the fields
of dispersions and liquid-crystalline phases will clarify also the
hitherto very little known mechanisms of detergency.
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Solubilisation Phenomena in Physiology and
Pharmacology

Lars Sjoblom

Institute of Biochemistry, Abo Akademsi, Abo.

Introduction

Solubilisation is a term introduced by McBain 1® to denote
the process by which dissolved association colloids incorporate
within their micelles foreign compounds, which thereby are
brought into solution in solvents in which they are normally
insoluble. By solubilisation it is possible to prepare, for example,
aqueons solutions containing lipoid compounds that are insoluble
in water. The solutions that result from the solubilisation are
thermodynamically stable systems, and should not be confused
with the more or less unstable emulsions and suspensions that
also are often prepared with the aid of association colloids.

The theoretical aspects of solubilisation will not be considered
in this connection. It may, however, be mentioned that the
mechanism of solubilisation varies with the chemical nature of
the solubilised and solubilising compounds and that in many
cases the details of the mechanism are not known.

Solubilisation is employed for many practical purposes and it
probably also plays an important part in different. processes in
living organisms. Z'able 1 gives an idea of the diversity of the
processes based on the solubilisation power of association colloids.

Table 1. Pratical applications of solubilisation phenomena.

Processes Exemples
I Detergency Solubilisation of lipoid dirt particles
Extraction Removal of thiols from petroleum

Dyes, cutting oils; disinfectants,

| |
|
| Preparation of solutions for ( ‘
) insecticides; pharmaceuticals ‘

different purposes

| Emulsion polymerisation Production of synthetic rubber,

PVC, etc.
Transport of lipids within the organism;

r Physiological transport
absorption through skin and

1 | mucousmembrames
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In the following, only solubilisati

n ‘ , on phenomena connected witl
glifi.ol?g-\]' lort Iﬁlarmncniog.\_', especially the work carried 011113

bhis field at the Institufe of Physical Chemi ’
Akademi, will be reviewed, . emistry at the Abo

Carcinogenic Hydrocurbons

The first systematic investigations on the solubilisation of
physiologically active lipids seem to have been those on poly-
eycelic n..?'oma-('-ic hydrocarbons with careinogenic ])1-(1f;111'tir-'slcoﬁ-
ducted in Abo. These hydrocarbons are pr;’mticallV.insnlulble in
water which renders their use in physiological experiments diffi-
cult. Hence, many attempts were made to prepare aqueous dis-
persions containing them. Occasionally also association colloid,
were used in these attempts 181,73,81,109,16180 Flkywal] who h ;
previously studied the solubilisation of lower hydrocarhons ia
cluding naphthalene, anthracene, and phenathrene 37,5, in 193117-
extended his investigations to include the polyeyelic carcinogens
(I}e fﬁg;d ]f;l‘lz;,]tl &ssolcia,t-it.;l_: cuLllnids solubilise appreciable anuimta:

ydrocarbons *. Later, the solubilisation of several
gglrﬁjli)g:nczsmof tggs t}:lple in solutions of__'different association
i e, 621_((:;15 _ll:v lstudled by Ekwall and co-wor-

Ty %Mo, . Similar results have also been briefl
}‘(_‘-]_J{]II"ted by Klevens 7. Some typical solubility ourves are giv ;V
in fig. 1. Strange enough, there is some paralielism l";e.t.\w-"e:; f-;l];
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g’lar;l:n g‘gile .s(cl)lubﬂltloes of polyeyelic hydrocarbons in aqueous solutions of asso-
R b01 ])Sj g‘t 40 Ei',a" 20-methylc.holan!;hrene in different association colloid
ety 1:1 2 ) erenh ydrocarbons in sodium cholate solutions. DMBA . 9,10-
i 2);) ;2-benzanthracene, BA: 1,2-benzanthracene, BP: 3,4-benzpyrene
K -methylcholanthrene, DBA : 1,2,5,6-dibenzanthracene. According t 5
Ekwall, Setilid and Sjéblom 59, . L2
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Fig. 2. The beginning of the solubilisation of 20-methylcholanthr'ene in aqueous
solutions of nonionic association colloids. According to Sjéblom 1,

solubility in association colloid solutions and the carcinogenity
of the hydrocarbons investigated, the most potent carcinogen
(9,10-dimethyl-1,2-benzanthracene) being the most soluble.

Advantage was taken of the strong fluorescence of the poly-
eyelie hydrocarbons in the solubility determinations. Since the
solubilisation of these hydroearbons begins at the CMC, the
measurement of the fluorescence intensity was found to offer a
simple routine method also for the determination of this concen-
tration limit in association colloid solutions 37,%5,85,38,42,161,129,65,
As shown in Fig. 2, the beginning solubilisation of 20-methyl-
cholanthrene at the CMC is accompanied by an increase in the
fluorescence intensity of the solutions.

The biological properties of the aqueous solutions containing
solubilised carcinogens were studied by Setili, Ekwall, and co-
workers. The solubilised polyeyelic hydrocarbons refain their
carcinogenic activity irrespective of the type and chemical
nature of the association colloid used as solubiliser and are able
to produce malignant tumours both in the skin *¢,'%71% and in
the stomach wall 199-146,158 of mice. The low surface tension of
the colloid solutions promotes the penetration of the carcinogens
not only into the skin and the forestomach, but also into the
glandular stomach of both mice and cats 54739148184 This was
established by the aid of the fluorescence microscope technique.
Furthermore, it was found that surprisingly low concentrations
of solubilised earcinogens produce tumours. When the concen-
tration of the carcinogen is low, the average time of response
decreases with inereasing colloid concentration 3%,41,149,158,
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Fig. 3. The solubilities of steroid hormones in aqueous solutions of association

colloids at 40°C. a. Oestrone in different association colloid solutions. b. Diffe-

rent steroid hormones (and 20-methylcholanthrene) in sodium dodecyl sulphate
solutions. According to Ekwall, Sjéblom and co-workers 5,,169,162,

Aqueous solutions containing solubilised carcinogens seem to
be suitable for use in experimental cancer research, but it may
be emphasized also that the extensive use of association colloids
not only in detergents and cosmetics, but also in foods and many
other products, involves a possibility of promoting chemical
carcinogenesis in man.

Steroid Hormones

The studies on the solubilisation of polyeyclic hydrocarbons
were soon followed by investigations into the possibility of
solubilising steroid hormones. In 1949, Ekwall and Sjéblom %
found that these lipids are solubilised in even greater amounts
than the carcinogens. Further investigations ©1,51,64,182,160,162 o
vealed that, in general, corticosteroids, progesterone, and testo-
sterone (4%3-ketosteroids) are solubilised in about ten times
greater amounts than the oestrogens which have an aromatic
ring in the steroid skeleton. The solubilisation of steroid hor-
mones begins at the CMC and the solubilities in solutions of
different association colloids vary within wide limits. Some
typical solubility curves are given in Fig. 3. Similar results
obtained with nonionic association colloids have also been
briefly reported by other investigators 282, Also synthetic
oestrogens such as, e.g., hexoestrol have been solubilised 50-61,123,

Also solubilised steroid hormones retain their physiological
activity as shown by the animal experiments of Ekwall, Sjs-
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Table 2. The relative potencies and durations of the effects in mice of cestrogens

administered percutaneously in different solvents. The potency of hormone

injected subcutaneously in arachis oil = I. Probit analysis. According to
Sjsblom 160,163,

Solvent Relative potency + S.E. ?;::tfzgﬁ
Oestrone  |Oestradiol-178| with oestrone |
|
| Arachis oil 0.133 -+ 0.028] 0.156 + 0.052 1.48
Helianthus oil 0.182 4 0.052 1.43
Benzene 0.963 + 0.313 0.705 4- 0.103 1.59
Acetone 0.995 -+ 0.499 1.59
Sodium caprate, 3 9%, 0.322 + 0.084| 0.618 4- 0.440
Sodium cholate, 10 9%, 0.415 4+ 0.082 1.76
Sodium dodecyl sulphate, 10 9, | 0.362 - 0.083| 0.357 4 0.115 1.50
Tetradecyltrimethyl- |
ammonium bromide, 2.7 %, | 0.518 + 0.233| 0.429 4 0.235 1.18
“Tween 207, 10 9% 0.340 + 0.089| 0.364 4+ 0.118 1.47 |
) 80 %, 0.198 1 0.067| 1.25 |

blom and co-workers 147,34,160,163,63,164 The ability of association
colloid solutions to promote penetration of solubilised oestrogens
through the skin has been quantitatively investigated in
mice 169,18 Some of the results with different solvents expressed
as relative potencies compared with the effeet of hormones
injected subcutancously in arachis oil in the Allen-Doisy test
are collected in Table 2. When the oestrogens are dissolved in oil,
about seven times more hormone is required on percutaneous
administration than on subcutaneous injection to produce the
same effect. When the hormones are dissolved in volatile organic
solvents, such as benzene or acetone, the relative potency
approaches unity, ¢.c., percutancous administration of the hor-
mones in these solvents is as effective as subcutaneous injection
of the hormones in oil. Association colloid solutions considered
as solvents also promote the penetration of the hormones through
the skin and they are about three times as effective as oils irre-
spective of the nature of the colloid, at least when moderate
colloid concentrations are employed.

Also the actual penetration into the skin probably involves
solubilisation. Owing to their low surface tension, the association
colloid solutions come into intimate contact with the lipids in
the skin appendages (hair follicles and sebaceous glands). These
lipids may then partly be solubilised, which promotes the con-
tinued penetration of the hormones. If the micelles of the colloid
golutions are stable in the envitonment concerned, an equilibrium
is established between the hormone in the colloid solutions and
in the other lipids present. When the micelles are broken down,
the hormones are precipitated. In both cases, however, a hor-
mone depot is formed in the skin. The hormone may then be
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gradually absorbed from this depot with the result that the phy-
siological effect after percutaneous administration in association
colloid solutions persists for a longer time than when the same
amount of hormone is injected subcutaneously in oil. On percuta-
neous application of oestrogens in other solvents, too, hormone
deposits with a prolonged effect are formed in the skin by diffe-
rent mechanisms. The possible mechanisms in the different cases
have been discussed elsewere 1. The figures in Table 2 give an
idea of the prolongation of the effect on percutaneous adminis-
tration of oestrogens.

The prolonged action of percutaneously administered hor-
mones is advantageous from a practical point of view, since a con-
tinued effect is usually pursued in hormone therapy. As solvents
for the hormones the association colloid solutions offer several
advantages over oils and volatile solvents; these include ease
of handling and the possibility of accurate dosage.

Fat-Soluble Vitamins

As shown by the experiments with solubilised carcinogenic
hydrocarbons, the association colloids promote their penetra-
tion through the stomach wall. This also applies to other solu-
bilised compounds, and the increased absorption may be an
advantage in, e.g., the oral administration of water-insoluble
pharmaceuticals. Consequently, solubilisation has in recent
years been employed more and more in pharmacy. Especially
aqueous solutions containing solubilised fat-soluble vitamins
are widely used.

Already in 1928, Smith 1657167 ghgerved that the vitamins A
and D dissolve in the soap solutions formed by the saponifica-
tion of vitamin-containing oils. The solubilisation of fat-soluble
vitamins with the aid of nonionic association colloids was
mentioned in a patent specification by Freedman and Green 7
in 1947 and since then numerous preparations of this kind have
been introduced commercially. However, data on the solubilisa-
tion of fat-soluble vitamins are very sparse in the literature.
Nakagawa and co-workers have published solubility data for
vitamin A palmitate 124125 and menadione 122, Watanabe and
co-workers 179 ag well as Gstirner and Tata 82 have reported some
data on the solubility of different fat-soluble vitamins in solu-
tions of nonionic colloids and Boon and co-workers?2® have
recently reported on the solubility of vitamin A palmitate in
“Tween 80”-glycerol-water systems. Solubility values obtained
by Ekwall and Sjoblom % are shown in T'able 3.

Despite the limited information available on the solubilisation
of these compounds, numerous reports on the properties of
such aqueous vitamin solutions have been published. Already
in 1946 Tomarelli and co-workers 17 reported on the absorption




Table 3. Approximate solubilities (mg per ml) of fat-soluble vitanins in associa-
tion colloid solutions at 20°C. Ekwall and Sjéhlom 3.

o ) . | Vitamin
Association colloid solution A r D | E
Sodium dodecyl sulphate, 20 9, ‘ 1.6 ’ >0.12 15.9
Sodium cholate, 20 9, 4.5
"”Tween 607, 5 %, 10.8 0.3 2.8
"Triton X-100”, 10 9% 30.
»Lissapol N”°, 20 9%, > 1.7 0.05 >40.

of solubilised carotene from Tween 80" solutions following both
oral and intramuscular administration. The absorption, trans-
port, and enzymatic conversion to vitamin A was more rapid
than when the carotene was administered in oil. To prevent
oxidation of the carotene, a-tocopherol was solubilised in the
solutions. Similar results were later reported by Herbert and
Morgan *, Numerous investigations %,107,111,138,169.95 have also
revealed a markedly improved absorption of solubilised vitamin A
after oral administration and also after percutaneous applica-
tion 198, Furthermore, the stabilities of solutions of solubilised
vitamin A in aqueous colloids have been shown to be superior
to those of its solutions in oil ¥3,2%, An extraction procedure
based on solubilisation in Triton X-100" solutions has been
proposed for estimation of vitamin A in natural products 7.

No details are to be found in the literature on the properties of
solutions containing other solubilised, fat-soluble vitamins. It
may, however, be mentioned that Dam 3 has suggested that the
K-vitamins produced by microorganisms in the intestinal tract
may be extracted from the bacteria by bile salts, i.e., by
solubilisation.

The search for water-soluble vitamin derivatives has at least
in one case led to the synthesis of a compound with the properties
of an association colloid. Sodium a-tocopheryl phosphate behaves
like an association colloid as its aqueous solutions are able to
solubilise both polyeyelic hydrocarbons ' and steroid hormo-
nes 3, The enzyme inhibiting effect of this compound has also
been attributed to its colloid chemical properties 14,

Miscellaneous Pharmaceuticals

Fat-soluble vitamins are by no means the only compounds
that are used in solubilised state in pharmacy. There are numer-
ous pharmaceuticals which often are more or less unconsciously
employed in solubilised form. One of the oldest preparations of
this type is the disinfectant Liquor kresoli saponatus, t.e., a
soap solution containing solubilised cresols. Unfortunately, the
literature in this field is extremely difficult to survey, because
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a great deal of the work concerned was done with purely practical
goals without any consideration or even without any knowledge
of the solubilisation phenomenon. In many cases when emulsions
and suspensions are prepared and stabilised with the aid of
association colloids, solubilisation may take place. A number of
cases in which the solubility of pharmaceuticals in water most
probably has been enhanced by solubilisation will be described
below.

Already in 1932 Smith 17 studied the phenomenon that many
simple organic compounds dissolve in sodium oleate solutions.
Among these were several pharmaceuticals, e.g.. chloroform,
tetrachloromethane, benzene, toluene, nitrobenzene, thymol, anisole,
and benzaldehyde. Ekwall 37,42,48,65 has later studied in more
detail the solubilisation of several of these compounds, as well
as others, such as zylene, cymene, and cyclohexane.

Some of the above compounds are antiseptics and germieides,
Also many other compounds with such properties have been solu-
bilised and the influence of the colloids on their activity has been
studied extensively. Especially phenolic compounds have been
the objects of numerous investigations. Comprehensive studies
on the physical chemical properties of soap solutions eontaining
solubilised eresols have been published hy Angeleseu and co-
workers 378, Cresols solubilised by alkyl sulphates have also been
employed as nematicides for agricultural purposes '™, Hydro-
quinone, resorcinol, and e and fl-naphthols were solubilised by
Angeleseu and Manolescu ® and the solubilisation of heaylresor-
cinol has been reported by several anthors ™.97.19 The solubility
of o-benzyl-p-chlorophenol in potassinm dodecylate solutions has
been determined by Berry and co-workers %% who also were
able to solubilise this phenol in oleate and ricinoleate solutions.
Some 15 phenolic antiseptics were studied by Erlandson and
Lawrence 7 as regards their interaction with ’Tween 80”. The
properties of hexachlorophene in association colloid solutions has
been studied by several authors 1%,%6,97,19 Thig compound as well
as dichlorophene were also included in the comprehensive studies
of Mirimanoff and co-workers #2724,26,66,112 oy the interaction
between different association colloids and various antiseptics
with pronounced fungicidal properties. Other compounds studied
by these authors were wadecylenic acid, «-naphthoquinone, 2-
methylnaphthoguinone, and phenylmerewry borale. In general,
these authors found that anionie colloids enhanced the fungicidal
action, whereas nonionic colloids more or less inhibited the activ-
ity. In this respect, phenylmercury compounds have been
studied also by other workers 128,87, Furthermore, Kita and co-
workers * studied the effect of ’Tween 207 on the distribu-
tion in rats of such orally administered compounds labeled with
203Hg. The passage of these compounds to the kidney and liver




—174—

was accelerated by the colloid. Comprehensive investigations on
the solubilisation of jodine and the release of this antiseptic from
solutions containing surface-active agents have been published
by Allawala and Riegelman 2. Their results indicate that the
concentration of solubilised iodine is not an index of the anti-
septic activity of the solution, which depends on the thermo-
dynamic activity of the iodine in solution according to Fergu-
son’s principle 2. Later, Riegelman and Crowell 1427144 have
studied the effect of association colloids on the rectal absorption
of '8-labeled <odoform and 2,4,6-trisodophenocl. From their
results these authors concluded that association colloids do not
damage mucous membranes. The release of iodine and mercuric
oxide from ointments containing nonionic colloids has also been
reported 1. The literature on the synergistic action of association
colloids on germicides has recently been reviewed by Shafiroff 159,

Among antibiotics, chloramphenicol has been studied as regards
its solubility in Tween’ solutions %. The interactions of different
types of association colloids and several other antibiotics (baci-
tracin, neomycin, penicillins, polymyxin, streptomyecin, tetra-
cyclines, and tyrothricin) in ointments has been investigated by
several authors 21,29,67,7,12,74,136,133 Both synergism and antago-
nism seem to occur, but it is difficult to evaluate the role of
solubilisation in these cases. In this connection it may also be
mentioned that several antibiotics, e.g., penicillins and strepto-
mycin, themselves are association colloids in character as shown
by Hauser 8. At least to some extent their physiological effect
seems to be connected with their colloid-chemical properties.
This assumption is supported by the fact that simple association
colloids may effect similar morphological alterations in micro-
organisms as antibiotics do 7.

Phenacetin and diethylbarbituric acid are solubilised by aryl-
sulphonates according to Bresser 2?. Solubilisation of different
substituted barbituric acids in ”Tween” solutions has also been
reported 9174,104,104a105  ()n the other hand, Kiittel 1%¢ was not
able to solubilise phenacetin with the aid of ’Tweens”. He also
got negative results with different sulphonamide derivatives, exclu-
ding sulphanilamide itself. Zac¢ek’s studies 183184 3]0 indicate
that Tween’ solutions do not solubilise sulphonamides. Salicylic
acid and its derivatives (alkali salts, esters) as well as phenyl-
pyrazolone derivatives (amidopyrine) have also been solubili-
sed 174,118,101,1042  WWith the aid of Tween solutions Kiittel also
solubilized benzocaine and phenolphthalein 194,104a That the water
solubility of glycerol trinitrate is increased by Tween 20 has
been demonstrated by Nylander 132,

Linde 1% reported interesting results for an antihistamine
(2-(N-phenyl-N-benzylaminomethyl)-imidazoline) in combina-
tion with "Tween 20”. Normally, antihistamines do not inhibit
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the gastric secretion induced by histamine. However, when a
one per cent ’Tween 20”’ solution was injected intravenously at
the same time as the antihistamine, the gastric secretion was
inhibited. The author suggested that the effect may be due to
increased permeability of the secreting cells by virtue of the sur-
face active agent. Possibly a solubilisation phenomenon was in-
volved, but the experimental technique employed prevents any
conclusions in this respect.

Plant Drugs and Their Extraction

Essential oils and their components form a large group of
pharmaceuticals which have been employed in solubilised form.
Extensive investigations on the solubilisation of terpineol by
sodium oleate have been performed by Ekwall and Henriksson 37,%0
and the solubilisation of menthol by "Tweens” has been mentio-
ned by different authors70274,101,10%  Monte Bovi and co-
workers 14117 hayve published several papers on the solubilisa-
tion of different essential oils for the preparation of certain gale-
nicals such as "aromatic elixirs” and concentrated aqueous solu-
tions. Phase diagrams for the system containing peppermint oil,
"Tween 20” and water at different temperatures have been
published by O'Malley and co-workers . Also resinous tinetures
have been prepared with the aid of “Tweens” and the addition
of these colloids to anisated ammonia spirit prevents the forma-
tion of a precipitate 17%!™, Furthermore, "Tweens™ have been
employed as solubilisers in the preparation of syrups containing
essential oils and tinctures 12, Camphor has been solubilised in
“Tween” solutions by Kiittel 104,

Association colloid solutions have been employed even in the
extraction of essential oils from plant material with more favour-
able results than are attained with the usual extraction meth-
ods 127,884 FWyurthermore, the extraction of alkalotds, e.g.
from Belladonna and Hyoscyamus leaves, Cinchona bark, and
Ipecac root is enhanced by both anionic and nonionie association
colloids 39,28, Similar results have been obtained also with glycosi-
dal drugs (Cape aloe) . Solubilisation of pharmaceuticals of
these two groups has also been mentioned by other investiga-
tors 170,17 and  already in 1929, Verzir and Kuathy 170,17
were able to dissolve gquinine in bile salt solutions. The anthel-
minic santonin has also been solubilised 4,

However, a reaction between the positively charged alkaloid
ions and the anionic association colloids may also be postulated.
The results of Nixon and Cheetham 128 seem to indicate that such
a reaction takes place between sodium dodecyl St.l]])ha:t-&j and
codeine, morphine, and strychnine. However, the precipitates
formed dissolve in an excess of the colloid probably through solu-
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bilisation. Similar results were obtained with other basic phar-
maceuticals such as procaine and acridine derivatives.

The effect of surface active agents on the absorption of g-
strophanthin and digitoxin in frogs has been studied by Nakano 126,
On oral administration, low concentrations of “Tween 80"
greatly enhanced the absorption of g-strophanthin, whereas high
concentrations of the colloid were without effect and even de-
pressed the activity of digitoxin. On subeutaneous injection this
colloid suppressed the action of both eardiae glycosides. Krause 1!
found that also sodinm dodecyl sulphate enhances the effect of
orally administered g-strophanthin in different mammals and
Eybl " obtained similar results with guinea pigs following
rectal application.

Secondary Effects of Assoctation Colloids

Nonionic association colloids of the "Tween” type (fatty acid
esters of polyhydroxyethene sorbitan derivatives; Sorbimacrogol
esters) have been widely employed and found to be especially
suitable in pharmacy. They are chemically relatively indifferent
and usually alter the physiological action of the solubilisate
only when the conditions favour the formation of hydrogen
bonds. Otherwise, anionic colloids may react with basic pharma-
ceuticals and cationic colloids with acidic pharmaceuticals with
a depression of the physiological action. In contrast micelles that
carry a charge of the same sign as the solubilisate often enhance
the activity of the solubilisate. The rather extensive literature
on the interaction of association colloids and pharmaceuticals
has recently been reviewed by Nuppenau 13,

As regards their interaction with living tissues, the nonionic
colloids of the "Tween” type seem to be relatively well tolerated.
The fatty acid residue is split off by the lipases of the orga-
nism %8¢ and is then normally metabolised. The sorbitan part
of the molecule probably enters the carbohydrate metabolism.
Only the polyhydroxyethene part of the molecule is foreign to
the living organism. The monomer and dimer are known to
cumulate in the kidneys and produce toxic effects 1%, However,
the higher polymers containing five or more hydroxyethene resi-
dues seem not to be broken down in the ogranism and are without
pharmacodynamic effects 158,175, B.g., the polyhydroxyethene part
of “Tween 80 is excreted as such in the feces almost quantita-
tively within a short time 31,1, In contrast to the ionic associa-
tion colloids, which are known to be strongly hemolytic above
the CMC, solutions of ”Tweens” may be injected intravenously
without any untoward effect %137, This offers the possibility
of introducing water-insoluble compounds by the intravenous
route into the ogranism. The present author 1% has, e.g., found
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that progesterone solubilised in "Tween 20’ solutions is physiolo-
gically active when administered by this route to rabbits in
the McPhail test.

On the other hand, the "Tweens” have been found to exert
a cocarcinogenic effect 157,155 and when employed alone in higher
concentrations, they produce pathological changes in the tis-
sues 180,156 For surveys on other toxic effects of association colloids
the reader is referred to the papers of Gaultier and Fournier 7
and Ullmann 175,

Association Colloids in the Living Organism

The possibility of bringing physiologically active lipoid com-
pounds into aqgueous solution through solubilisation suggests
that solubilisation phenomena may play a part in different pro-
cesses in living organisms. Life is primarily connected with
water and all processes in living cells take place in a predomi-
nantly aqueous environment, Despite this fact, several physiolo-
gically extremely important compounds are lipids in character
and consequently are foreign to the normal hydrophilic environ-
ment of the living cells. Many association colloids are, however,
normal cell components (fatty acid and bile acid salts, phospho-
lipids, etec.) and solubilisation phenomena may hence in many
cases explain how physiologically active lipids are able to take
part in the reactions within the cells and how these lipids are
transported within the cells and through the cell membranes.

The Bile

In this respect especially the bile acid salts may be considered.
Their power to dissolve lipoid compounds was demonstrated
already a century ago %2 and the colloidal character of their
solutions was postulated in 1929 177. Micelle formation in bile
acid salt solutions was definitely proved by Johnstone and
McBain  and systematic investigations of their colloid-chemi-
cal properties have been carried out by Ekwall and co-wor-
kel‘s 38’40,42,129.

The bile acid salts occur in the bile in concentrations as high
as 0.1 M, which is far over their CMC’s. Tt is well known that the
bile salts are necessary for the absorption of lipids from the
intestines, but the mechanism of their action in this connection
is not clear. Primarily, the bile acid salts effect emulsification
of the fats, but certainly also solubilisation phenomena play an
important part. The lipases are characteristically activated by
bile salts, which may be interpreted by assuming that hydrolysis
proceeds faster when the reaction takes place in the intevior of
the micelles. Probably the absorption of fats and their produets
of hydrolysis takes place at least to some extent in a solubilised
state although this has not been definitely established. Further-
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more, Kennedy and Weiss ™ in their studies on the biosynthesis
of phospholipids found that the rate of this process is increased
10 to 20-fold hy adding 1,2-diglycerides together with bile salts
or "T'ween 207 thablv also in this case, the enzymatic reac-
tions are favoured when they take place in a micellar environ-
ment.

Bile contains also considerable amounts of cholesterol, which
at least to some extent is kept in solution by the solubilising
action of the bile acid salts. The ability of association colloid
solutions to dissolve cholesterol has been known for a long time
and the phenomenon has been studied by several authors from
time to time 193,14,176,1%8  Recently, more comprehensive studies
have been carried out hv Bkwall and co-workers 40,42,45-46,5:-64,
They found that the concentration of bile salts in the bile is not
alone sufficient to solubilise the cholesterol normally present
in the bile. However, bile contains also other association colloids
such as fatty acid salts and phospholipids which greatly enhance
its solubilisation power, Hofmann # has shown that monoglyce-
rides enhance the solubilisation power of the bile salts and Glover
and co-workers 33,7%13 have established that phospholipids play
an important role in the solubilisation of cholesterol by the bile
and that cholesterol as well as other sterols are absorbed in a
micellar state. Results indicating that the conversion of chole-
sterol to coprostanol proceeds in the solubilised state have also
been published ¥, Furthermore, it may be mentioned that buty-
ric acid and lactic acid, which may appear in the intestines as
products of fermentation or are introduced with food depress
considerably the CMC’s of bile acid salts ®%. Also “Tweens”
have been shown to increase the intestinal absorption of chole-
sterol 87,135,192 Tn this connection it is of interest to note that
Ekwall 4 has found that it is possible, by adding a paraffin-
chain alcohol, decanol, to sodium cholate solutions, to obtain
homogeneous solutions practically over the whole range from
water to decanol. These solutions dissolve large amounts of
cholesterol.

The solubilisation of cholesterol is certainly connected with
two common disorders: the appearance of gallstones and arterio-
sclerosis. Gallstones are often composed of nearly pure choleste-
rol and it has been shown that such stones dissolve rapidly in
bile salt solutions 4°. It is thus tempting to explain the appearance
of such gallstones to result from impaired production of bile
salts or otherwise decreased solubilisation capacity of the bile.
As regards arteriosclerosis, it is known that the disorder is
connected with a high cholesterol concentration in the blood.
However, it has been demonstrated that not only the concentra-
tion, but also the state in which the cholesterol appears in the
blood is of decisive importance for the development of arterioscle-
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rosis %2-93,148,69  Some results ** indicate that administration of
association colloids is able to prevent the disorder to some extent,
With the purpose of evaluating the possibilities of mobilising
cholesterol deposits through solubilisation Gemant 8 has done
some model exveriments and found triethanolamine salts of
fatty acids to be most effective in this respect. Of interest in
this connection are also the investigations of Ekwall and co-
workers 4746,52-54 They studied the conditions in which chol-
esterol precipitates from aqueous solutions and the state in
which it then separates. In the presence of small amounts of
certain association colloids the cholesterol does not separate in
crystalline form, but in a mesomorphous state together with the
association colloid and water. Several different types of such
mesomorphous cholesterol phases have been distinguished.

Interaction of Assoctation Colloids With Proteins

When biological systems are considered, an especially im-
portant property of ionic association colloids is their ability to
react with proteins%%. This reaction is often accompanied by
denaturation of the proteins, which is one of the reasons for
the high toxicity of cationic association colloids. With some
ahionic association colloids, however, very interesting pheno-
mena are observed. If, for example, sodium dodecyl sulphate is
added to a protein solution, a precipitate is formed, which,
however, dissolves in an excess of the colloid. This dissolving
process certainly is a kind of micellisation, since the insoluble
reaction products are brought into solution also hy nonionic as-
sociation colloids. In this connection, Ekwall and co-workers 3,48
have shown that the complex formed in the reaction of a protein
and an excess of association colloid itself has the properties of an
association colloid inasmuch as it is able to solubilise lipids such
as polycyclic hydrocarbons and steroid hormones. As pointed
out by Ekwall, these protein-association colloid complexes may
be regarded as extremely simplified models of the lipoproteins
in the organism. The generally accepted transport function of
the lipoproteins may hence be connected with solubilisation
phenomena.

The above-mentioned interactions between proteins and asso-
ciation colloids have also been applied in the solubilisation, isola-
tion, and purification of enzymes. Work in this field has been
reviewed by Morton 120,

Outlook

The aim of the preceding survey has heen to point out the
possibilities of preparing aqueous solutions of physiologically
active lipids through solubilisation as well as to indicate the
possible role of this p]u momenon in biological systems, However,
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the survey does not give any complete account of the action of
association colloids in living cells in general. For example, the
phenomena associated with the permeability of physiological
membranes greatly depend on the presence of association colloids
and probably also involve solubilisation mechanisms. However,
as regards the problems already discussed, some points may be
emphasized. ‘

From the pharmaceutical point of view, it seems particularly
valuable to have these possibilities of preparing aqueous solu-
tions of sparingly soluble pharmaceuticals. Furthermore, the
solutions offer several advantages over solutions in the usual
fat solvents. Basy dosage, superior stability, and increased
absorbability have been repeatedly demonstrated and it seems
reagsonable to expect an increased application in pharmaceuti-
cal practice. However, agsociation colloids must be employed
judiciously and possible unfavourable interactions between the
colloid and the solubilisate must always be kept in mind.

As far as the oceurrence of association colloid systems in living
organisms is concerned, solubilisation seems to be a factor both
in normal physiological processes as well as in the development
of pathological conditions. However, much work still remains to
he done both in the field of physical chemistry and in the field
of physiology before the significance of solubilisation phenomena
in life processes can be regarded as satisfactorily clarified.

The solubilisation capacity of the association colloids may
possibly be utilised in preparative work, e.g., in the extraction
and isolation of lipid compounds from natural materials. This
principle has occasionally been applied, but the possibilities
have not been fully exploited. Furthermore, it seems that reac-
tions between lipoid compounds could be conducted in the solu-
bilised state under conditions similar to those prevailing in
living cells in a similar manner as emulsion polymerisation.

Although the literature in this field is rather heterogeneous
and gaps clearly exist between purely chemical considerations
and physiological observations, the occurence of solubilisation
in living organisms and the possibility of using it in biochemical
and pharmaceutical practice scems well established and suggests
innumerable problems for further research.
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