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AUTHOR’S PREFACE

As is indicated on the title page, this book is intended for use
as a textbook. In other words, it is the author’s purpose to offer
a main line of orientation to students who wish to become ac-
quainted with the general trend of Colloid Chemistry or who desire
to undertake research in this particular branch of Chemistry.

The limitations imposed by this purpose will be apparent in
the general plan of the work and in the degree of completeness
with which the subject is treated.

In the first place, the author, believing that the choice of a
general plan of attack is a matter of personal preference, has
deliberately chosen the methods of Physical Chemistry to outline
the path along which the study of colloids should be pursued. On
several occasions his personal opinion has been brought to the
fore. This will be particularly noticeable in the treatment of
lyophile colloids. It may be stated that in a textbook the sub-
jective method of approach is not undesirable. In fact, it is of
prime importance for a student to develop a trend of thought;
whenever he is confronted with a definite hne of reasoning, this
trend will be an incentive either to adopt the new concept or to
reject it; hence, a subjective treatment is conducive to independ-
ent study. As J. S. HaLpaNe has said, “the whole business of
a university teacher is to induce people to think.”

In the second place, a textbook cannot treat the subject matter
exhaustively. Comprehensive works on Colloid Chemistry are,
moreover, available, and it would be wholly superfluous to try to
improve on an excellent volume like FREUNDLICH's “ Kapillar-
chemie.” The reason for the existence of a textbook lies in its
limitation. This is true not only with respect to the mumber of
subjects dealt with, but also with respect to the treatment of each
separate subject. Completeness has nowhere been the aim, but
the arguments are constantly advanced.
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viii AUTHOR'S PREFACE

The author has tried to treat the subject matter as simply 88
possible. In many instances, therefore, he has first presented a
preliminary, elementary discussion of some particular problem.
In such cases the arguments used are necessarily mcomplete, but
the main idea is fixed in the mind of the reader. In subsequent
sections or chapters the solution of the problem is outlined more
rigorously, or a previous proof is supplemented. For instance,
the fundamental fact of the charge on colloids is introduced as
the direct outcome of cataphoretic experiments. The resulting
colloid-chemical inferenees immediately attract the reader’s
attention. The next chapter describes how the capillary electrical
phenomena determine the potential of the double layer, regardless
of the manner in which the latter is formed. The constitution of
the double layer is then made a subject of discussion in the suc-
ceeding chapter.

To simplify the problems presented, elementary considerations
have been employed, wherever possible. In speaking of the elec-
tric double layer, there can be no doubt that the theory of Gouy
is more satisfactory than the one proposed by HeLmuoryz;
however, since the former is as yet far from complete in a good
many points, it is advisable in a number of cases to use the much
simpler representation of HrumuovLTz. This scheme has been
followed repeatedly, and a different line of reasoning has been
given only when the subject under discussion required a more
advanced point of view. Other topics have been treated in the
Same manner.

The main part of this book was written in 1925. The transla-
tion has been read and approved by the author and supplemented
by new data. To ProrEssor vAN KLOOSTER, of the Rensselaer
Polytechnic Institute, Troy, N. Y., who has translated the Dutch
manuscript, the author is indebted for his painstaking labor in
rendering the text in English and for the most valuable criticisms

which he has offered.
H. R. Knuyr

Van’t HorF LABORATORY,
Utrecht,
Spring, 19286,
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PART I

General Introduction






COLLOIDS

CHAPTER 1

PRELIMINARY CONSIDERATION OF COLLOIDAL
’ SYSTEMS

1. Colloidal systems.—Dispersion. As a result of theoretical
considerations which originated during the years 1880-90 we have
at present a clear idea of dilute solutions such as those of glucose
and barium chloride. The work of vax’r Horr, Raovrr, and
others, dealing with the measurement of osmotic phenomena, viz.,
osmotic pressure, lowering of the freezing point, elevation of the
boiling point, etc., enables us to find the molecular weights of
dissolved substances, while, on the other hand, the researches of
Hir1orr, KorLRAUSCH, ARRHENIUS, and WI. OsTwaLD have led
to a knowledge of the formation of ions in solutions. We cannot
grasp concepts developed by the above investigators unless we
assume that the dissolved substance is gplit up into molecules or
ions. The measurement of the quantities just mentioned is a
measure of the chemical molecular weight and allows us to dis-
criminate between conditions of dissociation and association that
may exist for any given solute in any given solvent,

By using another nomenclature, the meanieg of which is self-
explanatory, we might say that glucose is molecularly dispersed in
the sotvent, whnile 'parium énlloride 1s tonically dispersed and partly
molecularly dispersed insofar as the undissociated molecules are
concerned.

Whether the dissolved molecules and ions are present as such
in the solution or combine with & number of solvent molecules
(hydration or solvation) is a question that has been much discussed.
Up to the present time it has not been answered satisfactorily

3



4 CONSIDERATION OF COLLOIDAL SYSTEMS Sec. 1.

although there are numerous indications in favor of a possible
solvation.

1t is a striking fact that an agueous solution of glucose or of
barium chloride is formed at once when either of these substances
is placed in water and stirred for a few moments. The state of
molecular dispersion is produced spontaneously; hence the free
energy of the system water + dry substance is greater than that
of the molecularly dispersed system.

Comparing the so-called colloidal solutions with the two men-
tioned above, we can mske the following observations: If hydrogen
sulphide is passed into a solution of arsenic trioxide, the latter
will agsume a yellow color and the solution will be found to contain
an apparently homogeneous subdivision of arsenic trisulphide
particles, which will be discussed later. 1f, however, finely
powdered orpiment is placed in water, no arsenic sulphide will go
into solution, even after several hours of stirring; it is evident,
therefore, that the free energy of the system solid arsenic tri-
sulphide 4 water is less than that of a homogeneous system.

The same staterment holds for the bebavior of a substance such
as agar-agar. Agar-agar threads do not dissolve spontaneously
in water, even at 50°. If, however, the temperature is raised to
about 90°, there is formed an apparently homogeneous system
which may be cooled to about 40° without any appreciable change
in its stability. (At a still lower temperature there occurs a
special process, gel formation, which for the present will not be
further discussed.)

These two systems, therefore, are not formed spontaneously
but can only be ohtained in a roundabout way. Curiously enough,
these colloidal systems do not show any osmotic phenomena.
Their oamotic pressure, depression of the freezing point, and rise
of the boiling point, if present at all, differ so little from zero that
we are not certain whether they bave any real meaning or not.

A comparison of the true solutions of glucose and barium chlo-
ride with the colloidal solutions of arsenic trisulphide and agar-agar
leads to the assumption that the latter substances oceur in col-
loidal solutiobs in a much coarser state of subdivision than the
former ones, which, as stated before, must be molecularly dis-
persed. The comparison of these two kinds of solutions will be
continued in the following paragraphs for the purpose of determin-
ing whether this supposition can be confirmed.
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A substance that occurs in true solution can, of course, be
precipitated, either completely or partially, by means of double
decomposition with suitable reagents. If, for instance, phenyl-
hydrazine is added to the solution of glucose, the dissolved sub-
stance is precipitated in the form of a hydrazone. If a solution of
MgSO, is added to the solution of BaCly, BaSO, is precipitated.
Stoichiometry teaches that in these cases there exists a simple
ratio between the quantities of the reacting substances.

On adding magnesium sulphate to the colloidal solution of
arsenic trisulphide, we find that minute quantities—about one
millimole per liter—are sufficient to precipitate the arsenic sul-
phide, Wwhile, on the other hand, for an extremely small quantity
of dissolved agar-agar, a concentration of about one mole of mag-
nesium sulphate per liter is required. In neither case is there any
stoichiometrical relation whatsoever between the reacting sub-
stances; hence we are dealing with a phenomenon quite different
from the one in which molecularly dispersed substances are thrown
out of solution by metathesis.

Assuming, then, that colloidal solutions are not molecular dis-
persions of the solute but consist of coarser aggregates, we naturally
expect that the added magnesium sulphate molecules will react
only with the outer molecules of the colloidal particles, and hence
that simple stoichiometric relations will no longer exist between
the added substance, which is split up into molecules (or ions),
and the colleidal particles, which participate in the reaction with
only a part of their molecules.

Several circumstances, therefore, justify our surmise that col-
loids differ from true solutions by their coarser subdivision.
However, the realization of this fact was delayed for years by the
circumstance that the microscope did not reveal any heterogeneity
in colloidal solutions and that, furthermore, filter paper, even the
finest, did not retain any trace of a residue in the filtration of col-
loidal solutions.

While eolloidal solutions, when viewed under the mieroscope,
are apparently homogeneous, to the naked eye they often appear to
be turbid when examined at right angles to the path of a beam of
light. ‘When observed sn the path of an incident beam they are
perfectly clear. Since in the microscope we look toward the
source of light, colloids appear transparent. A colloidal system,
therefore, scatters the light aidewise, while a true solution, as a
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rule, does not. When the light that strikes the colloidal solution
is partly reflected and partly trapsmitted, the liquid presents a
turbid appearance,

The phenomenon of the scattering of light by eolloidal solu-
tions and nebulae is called the TynpaLv effect (see further Chapter
VIII, Sec. 39). On this phenomenon is based the principle of the
wltramicroscope, an optical instrument in which the Ty~npaLL light
is observed microscopically. Experience has shown that this
Ty~pavuu light is caused by the scattering of the light at the surface
of the particles dispersed in the liquid. In the ultramicroscope,
the light scattered by each particie may be observed scparately,
and we arc thus able to recognize the presence of separate particles.
The ultramicroscope confirms the conception developed above
regarding the difference between true solutions and colloidal
solutions. The discussion of the ultramicroscope and these
optical phenomena will be deferred to Chapter VIII.

As to the passing of colloids through filters, mentioned pre-
viously, the following observation can be made. There is a
characteristic difference between true and colloidal solutions:
Substances in true solution normally pass through parchment
paper, while colloids do not. Granam observed this fact as early
as 1861. At the same time he stated that while substances in
true solution diffuse readily, substances in colloidal solution lack
that property almost completely. As we shall find later (see
p. 140), the very low rate of diffusion of substances in eolloidal
solution is closely connected with the fact that they are not as
finely divided in the solvent as substances in true solution.

Researches with the ultramicroscope have shown that we can
divide dissolved substances into three groups, depending on the
state of subdivision: (1) particles that can be observed under the
microscope are called microns; (2) partieles that can be observed
only by means of the ultramicroscope are called uliramicrons or
submicrons; and (3) particles that remain invisible in the latter
instrument are termed amicrons. The boundaries between these
three groups cannot be sharply defined, since the visibility of a
particle does not depend entirely on its size. As a first approxima-
tion, we may say, however, that the limit of microscopic visibility
lies at 0.2, while the limit of ultramicroscopic v151b1hty hes around
10mgfl mm.= 1000g; 1p = 1000mg; lmu = 10AU (Angstrom
units)].
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All such particles appear to be in a state of vigorous motion.
This so-called Brownian movement (see p. 137) is closely con-
nected with the kinetic energy of the molecules.

To summarize the previous discussion, it may be ssid that in
true salutions matter is split up into molecules, while in colloidal
solutions larger particles, polymolecular particles, are present.

It is customary to call a colloidal solution a s¢l, while the name
gel is used exclusively for the jelly-like mass that is formed, when,
for instance, a gelatin solution solidifies completely without any
visible separation.

True solutions and colloidal solutions differ morphologically in
degreeof dispersion. The latter expression gives rise to the dis-
tinction between dispersion medium (or dispersing phase) and
dispersed phase. 1If mastic is dissolved in alcohol, & true solution
is obtained. Qu pouring a little of this solution into water, we
obtain a colloidal solution of mastic in water, as shown by the
immediate appearance of the TynpairL effect. The water (or,
properly speaking, the water in which a little alcohol ia dissolved)
is called the dispersion medium, and the mastic the dispersed (or
disperse) phase. English scientists spesk of internal and external
phase, while the French call the dispersed particles micelles or
granules (reference will be made later to a difference between the
meanings of these two words; ¢f. p. 101) and the dispersing phase
milieu extérieur or liguide intermicellaire. Thc word micell(c) is
also used considerably in English,

Heretofore, the dispersing phase has been tacitly assumed to
be a liquid. There are disperse systems, however, that are built
up differently,. Wo. Oswarp has pointed out that, in general,
disperse systems can be distinguished as follows:

1. G+ G 4. L+ G .84+¢C
2. G+ L 5. L+ L 8.8+ L
.G+ 8 6. L+ 8 9.8+ 8

In this classification, S represents the solid state (solidus),
L the liquid state (liquidus), and G the gaseous state. Further-
more, the first capital letter indicates the dispersion medium, and
the second the dispersed phase. System 1 is a mixture of two
gases, Bince gases mix freely and form molecular dispersions, the
system (¢ + @ falls outside the field of colloid chemistry. System
2 represents the eondition known 28 a fog: liquid droplets dispersed
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in a gas such asair. System 3 is a smoke: solid particles dispersed
in air. System 4 is a foam, consisting of isolated gas spaces en-
closed in cohering liquid films. System 5 is the emulsion of one
liquid dispersed in another liquid. System 6 is a suspension.

System 7 is a comparstively rare one. It ineludes the finely
divided gaseous inclusions found in certain minerals. The gels,
consisting of liquid enclosed in solid walls, belong to system 8.
System 9 is represented by materials such as gold (or ruby) glass
in which minute gold particles are dispersed in a solid mass of glass.

Although it is formally correct to consider all these disperse
systems as more or less related to one another, the development of
colloid chemistry has shown that only a few of them are.closely
connected, while others arc but remotely related to one another.
Colloid chemistry has been developed chiefly in the direction of
systems 5 and 6, representing colloidal sols, and system 8, which
is often formed from systems 5and 6. It would be wrong, however,
to suppose that the knowledge gained from these three systems
might be transferred without change to systems 2 and 3, viz.,
to a fog or a smoke. Henceforth, the discussion will be confined
to colloidal systems in a more restricted sense. A writer on dis-
persoid chermistry who attempts to discuss the general properties
of all these systems is bound to fall into superficial generalities
since the specific properties of the different systems show profound
differences.

Nevertheless, it may be stated that disperse systems of widely
differing character are possible and that the characteristics of a
disperse system are not linked to any particular kind of substance.
GRraHAM, therefore, was mistaken in his classification of colloidal
and non-colloidal (or crystalloidal, as he called them) substances,
since, in geperal, any substance can be brought into the colloidal
state. Colloidality is not a specific property of a definite type of
substance but represents a possible state, comparable with the
liquid state, the gaseous state, and the solid state.

Moreover, crystallinity does not stand out in striking contrast
to colloidality. The X-ray researches of DEBYE and ScHERRER
(see p. 124) have shown that in the large majority of colloidal
systems the dispersed particles are minute crystals.

2. Electrical Properties——One of the most important prop-
erties of colloidal particles is the fact that they are generally
electrically charged with respect to their surroundings. When an
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electric current is passed through a colloidal solution of AssSs, it
will be found after a while that the dispersed substance has aceu-
mulated at the anode. Without claiming that anything else has
occurred in the liquid but the displacement of the AsyS;, one may
state that the sulphide has migrated as a whole, whereas in a
solution of copper chiloride the chlorine moves toward the anode
and the copper toward ihe cathode.

Furthermore, the direction in which a colloidal particle moves,
with respect to the electric current is a specific property of that
particle. An AsyS; particle moves toward the anode and is there-
fore, apparently, negatively charged, while a particle of FesOs movea
toward the cathode and must, therefore, be positively charged.
A ol of ferric oxide may be prepared by hydrolyzing ferrie chloride
at higher temperatures. On pouring a few
drops of a solution of this substance into
boiling water, hydrolysis takes place and o
reddish-brown iron oxide so! is formed. If
the solution thus obtained be placed in 8
dialyzer (a vessel over the bottom of which
parchment paper is stretched; see Fig. 1), the
hydrochloric acid which is formed passes
through the parchment into the outside water
(which may be renewed repeatedly) while a pure colloidal aolu-
tion of ferric oxide remains behind.

In subsequent chapters, it will become evident that there is an
intimate connection between the electrical properties of a sol and
added clectrolytes. It has been known for a long time that many
colloidal solutions are extremely sensitive to small quantities of
added electrolytes. Lixper and Picrox have studied this rela-
tionship in detail. Although these matters will be fully discussed
in Chapters IV and V, their results may be summarized here in the
following statement: For a negatively charged colloid, the amount
of electrolyte required to produce precipitation is, in genersl,
determined by the valence of the cation of that electrolyte, the
valence of the anion being of subordinate importance. For a posi--
tively charged sol, the valence of the anion determines the precipi-
tating power of the electrolyte.

In general, a monovalent ion has a mild flocculating power; a
divalent ion is much stronger in this respect; a trivalent one is
still more powerful; and so on. In the case of the particular
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AgoS; ol used, the coagulaling poini (or Umiting walue), ie.,
the concentration of electrolyte required to precipitate the sol
completely in two hours, is 56 millimoles per liter for KCl, 0.68
millimole per liter for BaClz, and 0.091 millimole per liter for
AlICI;. Hence the floceulating powers of ihese electrelytes are in
the ratio of 1:8:500. The converse of these relationships is
presented by the previously mentioned positively charged FexOs
sol. Whereas 60 millimoles of KCl (inonovalent anion) were
required for precipitation, only 0.6 millimole of K280, (divalent
anion) produced the same effect.

3. Two Types of Colloids.—In the previous paragraphs it
has been shown that colloidal systems have three general character-
istics: (1) they are not optically void but show the TyNpALL
effect; (2) when dialyzed they appear to contain particles that
do not pass through parchment; and (3) they migrate under the
influence of a difference in electric potential. Although all col-
loidal systems have all these properties in common, they fall,
nevertheless, into two large classes. These two groups have been
designated as suspensoids and emulsoids. In another classifica-
tion, the terms lyoplobe and lyophile are employed. On the cor-
rectness of these nomenclatures, an opinion will be expressed
later (see p. 167). The differences between these two groups are
as follows:

{a) The suspensoids, or lyophobe colloids, to which belong the
metal sols, the hydroxide sols, and the sols of inorganic salts, are
systems which in most of their physical properties differ only
slightly from their dispersion media. The viseosity of a gold sol
and that of an arsenic sulphide sol differ little from that of water.
Emulsoids, or lyophile colloids, which include the sels of albumin
and the higher carbohydrates, form disperse systems in which the
properties of the dispersing phase are considerably modified by the
dispersed eolloid. The high viscosity of a glue solution is a familiar
example.

(b) There is an important difference in the behavior toward
eleetrolytes. Suspensoids undergo flocculation by the addition of
minute concentrations of electrolytes, whereas large amounts of
an electrolyte are necessary to preeipitate emulsoids; the so-called
saliing out of proteins requires comparatively large concentrations
of electrolyte (except in the case of salts of heavy metals). There
is still another important difference in the precipitation of these
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two groups. Addition of water to the system after flocculation
causes emulsoids to return to the state of colloidal dispersion,
but does not have this effect upon suspensoids; hence, flocculation
is as a rule, irreversible, for suspensoids, and reversible for emulsoids.

() The ultramicroscopic image of one group is often different
from that of the other.  Most suspensoids give a well-differentiated
ultramieroscopic picture consisting of bright particles in vigorous
Brownian movement. Emulsoids, however, usually show only a
diffuse light cone.

(d) Finally, the clectrieal properties are quite different. A
suspensoid, ordinarily, has an electric charge of a definite sign, and
only by very special methods (to be discussed later) is it possible
to change this sign. On the other hand, most cmulsoids, more
particularly protein sols, change their charge readily, so that they
are positively charged in an acid medium and negatively charged
in an alkaline medium.

From the first-mentioned difference it follows immediately
that there is apparently no mutual reiation hetween the suspen-
soidal particles and the dispersior medium.  Hence, the properties
of the latler hardly change, whereas in emulsoid systems, which
are rightly called lyophile, a reciproeal action between the dis-
persed phase and its medium takes place. This explains the
striking contrast in the behavior of the two classes of sols. Although
the opposing characteristics are not absolute (no contrasts cver
are, for that matter!) it is expedient to accept the above systematic
distinction between these two main groups of colloids.

4. General Problems of Colioid Chemistry.—In the preceding
sections it has been shown that colloidal systems are systems in
which a substance, although not in true eolution, is nevertheless
present in a state of fine division.  The question now arises: How
is it possible for such a system to maintain itself? As we know,
the boundary between each particle and the dispersion medium is
the seat of an interfacial energy which always strives to unite the
particles in order to reduce the interfacial area. This tendency of
particles to unite and form larger aggregates is universally known:
small droplets tend to unite and form drops; small crystals grow
together and form large units.

Since the particles in a colloidal solution are in Brownian move-
ment, they are continually in a condition to collide with each other.
At first sight it is inconceivable why the boundary tension just
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referred to does not cause the particles to cling together whenever
a collision occurs, and thus destroy the colloidal system. It is an
equally striking fact, that, at least in the case of suspensoids, the
addition of a small quantity of electrolyte brings about a con-
dition which really is in agreement with this expectation: “on the
addition of an electrolyte the dispersed particles unite, the system
exhibits flocculation, and the disperse system is destroyed.

Hence, the object of the present discussion is, (1) to explain
the comparatively great stability of the colloidal solution, and
(2) to show why and how electrolytes can destroy this stability.

The first step will be to give an account of what really does
take place in the interfacial boundaries. Chapter II will bedevoted
to this problem.

Becondly, the large part played by electrolytes, in connection
with the fact that most sols are electrically charged, gives rise to
the assumption that special electrical causes have an important
bearing on the phenomena under consideration; hence the electrical
conditions in the interface between particle and medium must be
closely examined in ordér to solve the problems just mentioned.
Chapter III will deal with this interfacial electricity, while in
Chapter IV the facts established in the two preceding chapters
will be developed into a theory of stability which, at present applies
only to suspensoids.



CHAPTER I
BOUNDARY PHEROMENA

6. The Liquid-Vapor Boundary.—The best-known boundary
phenomenon is that which exists at the surface of a liguid in con-
tact with saturated vapor or air. We are all familiar with the
appearance of 4 concave or convex meniscus and with the rise and
fall of liquids in capillary tubes.

LAPLACE, as early as 1806, evolved a theory to sccount for these
phenomena, basing his reasoning upon the idea that liquid and
vapor meet sharply in one plane. Later, vAN bEr WaaLs revised
the theory of Laruack, working on the assumption that the transi-
tion from liquid to vapor is not discontinuous but continuous.

The condition of the molecules near the boundary is depicted
in Fig. 2. The basic idea is that the molecules excrt an attraction

- "“®——-n

-

Fia. 2.

upon one another, in such a way that at a certain distance from a
given molecule the attraction exerted upon it becomes negligible;
hence each molecule is assumed to be surrounded by a sphere of
attraction. If a molecule is within the sphere of attraction of
another molecule, each exerts a noticeable attractive force upon
the other. In Fig. 2 are sketched a number of molecules with
their surrounding spheres of attraction. If the lower part of the
figure represents the liquid and the upper part the vapor, it will
be seen that a molecule within the liquid is usually so balanced
that in the upper half of its sphere of attraction there are as many
molecules as in the lower half. Such a molecule is considered to
be attracted equally strongly in all directions. On approaching
13
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the boundary, we soon meet a particle, such as a, having a sphere of
attraction in which the lower half is completely filled with molecules
of liquid while the upper half is only partly filled. Since the
vapor has a lower density than the liquid, there are fewer molecules
in the segment bed than in the equally large segment efg, and con-
sequently the force tending to draw a upward is less than that
tending to draw it downward. Such a molecule will be subjected
1o a one-sided attraction toward the liquid. It is clear that the
same is true of all molecules between lines I and II. According
to this mode of reasoning, each liquid is under a so-called internal
pressure, as was indicated in the theory of LaPLAcE.

1t is evident, however, that the real relationships are not as
they appear in the figure, where a sharp boundary surface (the
fully drawn line) is assumed. Since the molecules situated
between lines I and II are more strongly attracted toward the
liquid, the closer they are to the boundary surface, it is evident
that a state of equilibrium must be established, so that a density
gradient between lines I and IT exists. Hence, instead of a bound-
ary surface, there is a boundary layer, which is not a mathematical
plane but a layer of a certain thickness. For this reason, the
expression ‘‘boundary layer” will henceforth be employed,
rather than “boundary surface.”

Extensive researches of vaxy pER WaaLs ! and his pupils have
made it clear that this continuous density gradient aceounts for
the so-called surface tension. The internal pressure is, as we
have seen, a force acting in a direction perpendicular to the bound-
ary surface; the surface tension, however, is a force acting in a
direction parallel to the boundary surface and tending to decrease
the surface to a minimum. Hence, an increase in surface requires
the expenditure of energy, since it is a movement against the direc-
tion of the force. The surface is, therefore, the seat of a surface
energy; and, if we define the surface lension as the force that
operates in each square centimeter of cross section of the surface
to hold it together, the surface energy must be the work necessary
to increase the surface by one square centimeter (at constant
temperature).

This line of reasoning was applied to the example of the
liquid-vapor boundary, but nowhere was anything introduced
that was specific for this combination. Precisely the same reason-
ing would apply if the lower half of Fig. 2 were assumed to repre-
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sent, for instance, liquid phenol, and the upper half water (more
correctly speskiog, if the figure were assumed to represent the
equilibrium between two liquid phases in the system water-phenol).
Consequently the same phenomena oceur at the boundary of
two liquids, as will be discussed in Sec.7.

As an example of the effect of surface tension, it may be noted
that small droplets tend to distill to larger ones. This can be
readily observed under the microscope by placing & number of
drops in 8 cell of a mieroculture slide. It is evident that small
drops have a greater vapor pressure than large ones, since one
gram of small drops has more potential energy than one gram of
large drops. If both are to be vaporized, diffcrent amounts of
energy will be required; hence these two kinds of drops cannot
exist in equilibrium with the same vapor. (For a further dis-
eussion, see Sec. 80.)

Similarly, since small crystals sublime to large ones, we may
conclude that there algo exists a surface tension at the boundory
of a solid in contact with its vapor.
(See further, p. 26.)

The surface tension exerts, so to
speak, a compressive force on a drop.
The magnitude of this pressure can be
easily computed. Let us consider a
drop with radius r (Fig. 3) at theend of &
eapillary tube, connected on the other
side with a large volume of liquid.
The volume of the liquid can be changed T ]
by means of the piston Z. When the Fo. 3.
drop at the end of the capiliary is in
equilibrium with the large mass of liquid, the work done in
slightly changing the position of the piston must be equal to

. the work required for a corresponding increase of the surface of
the drop. Or:

Pdv=oda . . . . . . .. ()

in whieh P is the pressure exerted, dv the change in volume, o the
surface tension, and dw the change in the surface area.

For a ehange in radius from r to r + dr, the increase in volume
is 4xr2 X dr, while the increase in area amounts to

dr(r + d)? — 4ar®
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or
4712 + Srrdr + 4wdr? — 4xr2,

which, neglecting dr? (a quantity of the second order), becomes
8rrdr.
Hence, equation (1) is changed to:

P X 4wridr = o X 8wrdr
or:

Tt follows that the amount of compression resulting from surface
tension becomes greater as the radius of the particle becomes
smaller. It is, therefore, possible for the density of small particles
to be somewhat greater than the depsity of the larger aggregates
from which they were derived.

The surface tension (o) can be determined by different methods.
The first to be mentioned is that which makes use of the capillary
rise (or fall), k. The relation between k and ¢ is given by the
~quation: )

20
" duRg
in which d. 13 the density of the liquid, R the radius of the capil-
lary, and g the acceleration due to gravity. The angle of contact
which the liquid makes with the walls of the tube is here assumed
to be zero.?

The surface tension is not always measured in absolute units.
The alternative consists in establishing a comparison with water
as a standard. This method, of course, can be applied also to the
measurement of the capillary rise. Using the same capillary, we
determine first the rise for water and then the rise for the liquid
under observation. In this manner, we calculate the relative
surface tension without measuring the diameter of the capillary.

Apother method for the determination of surface tension is
that which employs the stalagmometer.® This apparatus (Fig. 4)
consists of a pipette, the end of which is ground flat (in order to
give a larger dropping surface) and then polished. A constriction
at the bottom of the tube causes a retardation in the flow of the
liquid. The drops form at the flat tip, and fall as soon as the force
of gravity balances the surface tension. The greater the latter
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the larger the size of the drops formed. For a given volume of

liquid, the number of drops formed is inversely propor-
tional to the surface tension. Using a definite volume,
we first determine the drop-number for water, and then,
with the same volume, the drop-number {or the sample
liguid. Or, we may proceed differently. Filling the
pipette, first with water and then with another liquid, we
may weigh & number of drops® By means of the
specific gravity of the liquid, the results are calculated
in terms of equal volumes.

A third method is that of the so-called maximum
bubble pressure.® The tip of a tube, through which air
{or another gas) is blown, dips first into water and
then into the sample liquid. The pressure required to
let the gas-bubble escape {rom the tip is a measure of
the surface tension.

A

Fra. 4.

A fourth method consists in measuring the force necessary to
remove an object from the surface of the liquid. This force is
measured with & balance.* As objects, a small plate, a ring,®

. 6.

* A veory ient t is the micro-torsion bal made by the

Central Scientific Co. {Chieago, I}  (Fig. 5.)
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or a rod 7 may be used. This method is especially well adapted
for relative measurements, although it can also be used for absolute
measurements.”

6. Mixtures.—We shall now consider the effect of added sub-
stances on the surface tension of a liquid, for instance, water.
TFor the present, however, electrolytes in general are excluded,
since these give rise to more complicated capillary clectrical
phenomena. (See p. 39.)

In studying the cffect of added substances on the surface
tension of a liquid, we find that this effect varies greatly for dif-
ferent substances. Some substances lower the surface tension;
others leave it unchanged; while a few are capable of raising it.
If there is a change, however, the effect always increases with the
concentration.

Another important property, common to systems of more
than one component, and known for a long time, is that the con-
centration in the interior of the liquid and that in the boundary
layer are not always the same. In the boundary layer, the con-
centration of one of the components is often much greater than in
the liquid itself; sometimes, however, it is smaller.

This phenomenon may be demonstrated by artificially increas-
ing the surface of a liquid, e.g., by making it foam strongly, since
a lamella of foam is a liquid which has an area large in comparison
with its volume. Miss BExson 8 has verified this fact by compar-
ing the concentration in the foam obtained from an amyl alcohol
solution with the concentration in the solution itself.

WiLLARD G1BBs ? first deduced thermodynamically the relation
between the change of concentration in the boundary fayer and
the effect of the dissolved substance on the surface tension of the
liquid. If a substance lowers the surface tension, the boundary
layer is richer in this substance than the bulk of the liquid; and,
conversely, if the substance raises the surface tension, the boundary
layer is poorer.

Variations in the coneentration in the boundary layer are com-
monly called adsorption. Positive adsorption is that which occurs
when there is an increase in concentration; when a decrease in
conecentration in the boundary layer takes place, the adsorption
is said to be negative.

The rule of GiBBs may be derived by considering the following
isothermal cyclic process:
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Imagine a liquid mixture with a surface tension ¢ and a surfuce
», while the “osmotic pressure” in a volume v would be »,

{1) At constant volumne, the surface is increased. This re-
tuires the work edw, while the osmotic pressure changes from x to

(2) The second step consists in keeping the surface constant
while the volume is inereased. In other words, the solution is
Tiluted with the solvent while the shape of the container is changed
n such a way that the total arca remains constant. The work
lone is equal to the osmotic pressure times the volume change and

unounts to [
aw> 1
- “—lde | di.
1 i (aw 3 J

dwing to the dilution, the surface tension varies as a result of the
‘hange in concentration and becomes

g+ (g)udn

(3) Next, the original surface is restored and the system
serforms work equal 10 the surface tension times the change in

urface, or
- { ¢+ (%?)le'} dw.

At the same time, the osmotic pressure reverts to the original
calue, 7.

(4) Finally, in restoring the old volume, for which the work
rdy has to be performed, the system is brought back to its original
state. The sum total of the energy changes must be equal to 0:

ydw—{w-{-(—a—’l>dw}dv-—{y+<g'—> dv}dw+1rdv=()
Qw/ ov/ .

Hence, the following relationship exists:

From this equation of GiBBs, we can derive an expression for the
:xcess concentration (positive or negative) in the boundary,
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Let us assume that n moles are dissolved in v liters. If the sub-
stance is homogeneously distributed throughout the liquid, its
concentration in the liquid is:

¢ =

ERE]

If we call the excess concentration in the houndary layer, per
square centimeter, u, we obtain:

o= s P €]
Equation (2) can be written:
doe de _ dr de
- E"@ = E‘E; - . . . . . . (4)
From equation (3), it follows that:
de _  n—uw ¢
dv eI T Ty
and:
de _ _u
dw v

Substituting these values in equation (4), we get:

Cte i
T T Ve
or, since » = RT¢, and (2—7; = RT, the final result is:
¢ do
u-——-k—-‘T-a. e e e e e (5)

From this equation, we see, in agreement with the rule of
QGieBs, that u is positive, i.e,, the boundary layer is richer in the
do
dc;
the surface tension decreases on addition of this substance. Con-
versely, the boundary layer is poorer in the added constituent when

dissolved substance when —- is negative, or, in other words, when

% is positive, i.e., when the surface tensior increases with the

concentration,

For the liquid-vapor boundary layer, it is extremely difficult to
test this relation experimentally. In order to determine u, we must
know the concentration of the boundary layer per square centimeter.
Tt will be readily understood that it is exceedingly difficult to realize
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conditions under which the total surface of the boundary layer is
known and, at the same time, tbe concentration of the boundary
layer is accessible to determination apart from the remainder of
the liquid. However, since the previous discussion does not
include anything that is specific for the liquid or the vapor phase,
equation (5) applies equally well to boundary phenomena between
other phases. We shall presently see that verification of equation
(5) is sometimes possible. (Sce Sec. 7.)

Positive adsorption is a much more important phenomenon
than negative adsorption, for the following reason: By the addi-
tion of & second substance, u may bhe considerably diminished but
may not be greatly increased.  This becomes clear if we consider
only the two extreme cases. Suppose we have a liquid of a
certain concentration. Then the increase in the concentration
of the boundary laycr is, s0 to say, unlimited; hence, a very dilute
solution can be extremely concentrated in the boundary layer,
1f, however, negative adsorption takes place, the concentration of
the boundary layer can, in an extreme case, be equal to 0, but the
boundary layer can never contain less dissolved matter than is
present in purc water. While, for positive adsorption, the con-
centration can increase without limit, it can decrease only to a
certain extent in the case of negative adsorption.  Accordingly, we
shall see that positive adsorption plays a more important rble than
negative.

This is still further emphasized by the fact that solutions in
water are the ones most frequently discussed. Water, however,
has an cxceedingly high surface tension, as can be seen in Table 1,
where the surface tension {at 20°) is listed for a nwmmber of
substances.

TABLE I
Scarace Tension 1N DYnes PER CENTIMETER AT 20°

Bubstance Le

Ethyl ether. .......... 18
Ethyl alechol. .......... ... 22
Methyl alcohol. . 23
Glycol. ...... 46
Aeeticacid................ 23
Chloroform. ............... 26

33
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Only mercury, molten metals, and fused salts have surface tensions
which exceed that of water. Added substances generally decrease
the surface tension and therefore give rise to positive adsorption.

The influence which one substance exerts on the surface tension
of another is primarily determined by its own surface tension.
The curve representing the surface tension as a function of the
concentration approaches a straight line as the surface tensions of
the two constituents of the mixture approach equality. The
additive, straight-line character of the curve disappears gradually
with the increase in the dif-
ference between the surface
tensions of the pure sub-
stances, and the curve may
even exhibit a minimum

Surface tension

¢ 01 02z 03 04 a5
Coneentration Cono. in males, Liter
Fia. 6. Fia. 7.

1,0

(Fig. 6). If we consider the cases represented by the third and
fourth curves in Fig. 6, we notice that the change in the surface
tension with the concentration is greatest near the left-hand side
of the diagram. Adsorption phenomena are therefore most
pronounced for very small concentrations.

Organic substances, particularly those that have a long chain
of carbon atoms or one or more benzene rings, exert the greatest
surface activity, that is, they cause the greatest change in the surface
tension of water. In general, the surface activity in an homologous
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series increases with the number of carbon atoms. An example is
given in Fig. 7 where the surface tensions for aqueous solutions of
{atty acids, from formic acid to valeric acid, are reproduced.

Looking at these phenomena from the standpoint of the
theoretical physicist, we do not as yet possess a molecular theory
which would enable us to predict a quantitative connection
between surface tension and concentration. So far, it has only
been possible to propose an empirical relation between these
quantities.

FrevnoLics 10 has pointed out that the lowering of the surface
tension by a dissolved substance, for moderate concentrations, can
be represented by an equation of the following form:

7
Ac =g, . . . . . . . (8)
where s and n are constants for a given substance. That the lower-
ing of the surface tension is proportional to a fractional power of
the concentration is indicated by the initial shape of the curves in
Figs. 6 and 7. By the use of logarithms, the above expression
may be written:

logAc=logs+%logc. N (4]

Log Ac and log ¢ are in linear relation, which agrees well with the

Log, Ag

shservations, as shown in Fig. 8, where the data of Fig. 7 are
plotted logarithmically. From the fact that the lines in Fig. 8
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1
run parallel to each other, we note that " for these different acids

is practically constant.
We have seen in equation (5) that the amount of substance
adsorbed is intimately connected with the change in surface ten-
1

gion. For a change of the latter proportional to ¢*, the amount

adsorbed will bear a similar relationship to the concentration.
FreunpLicH ! has maintained, therefore, that for the amount

z adsorbed at constant temperature the following relation exists:

. z
where Zw is the total boundary surface. Hence — represents the
- )

amount adsorbed per square centimeter. This equation, usually
called the adsorption isotherm, is poorly adapted to experimental
verification in the. gas-liquid equilibrium, for the same reasons
that were suggested with regard to equation (5).

The speed with which a dissolved substance changes the surface
tension of water is generally great. Within a few seconds, the
surface tension reaches its final value. Since the’process does not,
however, take place instantaneously, we must distinguish between
a dynamic and a static surface tension. The former is measured
at a newly formed surface, whereas the second belongs to a surface
that is completely in equilibrium with the interior of the liquid.
Once in a while it happens, as for instance in the case of soap
solutions, that the time required to establish equilibrium is quite
considerable.

7. The Liquid-Liquid Boundary.—At the boundary between
two immiscible hiquids, there also exists an interfacial tension.
This is evidant at once from the fact that a small amount of oil
introduced into water forms a round drop (flattened only by the
force of gravity). We conclude that there is a tendency toward
minimum surface; consequently, surface energy is present at the
oil-water boundary. The conditions at the interface between ail
and water are, in many respeets, similar to those represented in
Fig. 2. Also, the methods of measuring the interfacial tension
ed out i m & manner analogous to those discussed in
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liquids enables us to measure the capillary rise or fall of the inter-
face. Using a stalagmometer filled with one liquid and dipping
into the second, we can count the number of drops and arrive at o
conclusion regarding the interfacial tension, just as in the case
of liquid and air. Even the method of “pulling apart” can be
applied to the interface of two Liquids,

If a foreign substance is dissolved in the water, the cffect of
the added constituent on the interfacial tension ean be studied
in the manner described above. TFor instance, the addition of a
little soap decrcases considerably the interfacial tension between
oil and water.

In the case of the liquid-liquid combination, we arc in n much
more favorable position to test equation (5).  For one reason, it is
possible, as we have seen, to measure the effect of the sub-
stance to be adsorbed on the interfacial tension; moreover, we
are able to divide one liquid into fine droplets of known dimen-
sions and in this way create a large surface
that i3 completely known. Lewis and Par-
1wk, 2 in particular, have used this method
to cheek equation (5), the former by measur-
ing the adsorption of different substances by
drops of paraffin oil (or of mercury) emulsified
in water, the latter by doing the same for sinall
droplets of mercury which moved in a stream
through a liquid.

Parrick’s work was earried out in an
apparatus such as that sketched in Fig. 9,
A iz & reservoir containing mercury. By
means of a ground-glass stopper, it is con-
nected to a tube, B. TFine grooves in the
stopper allow the mercury to fall in fine
droplets into the tube B. The rain of
mercury falls from B into the reservoir C,
where it collects with the loss of its large
surface.

When B and € are filled, for instance,
with a solution of pirriL acid in water, the ad-
sorption of the picric acid by the mercury will
lower the concentration in the tube B, while in C the a,dsorbed
quantities will be released.
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Since the rain of mercury exerts a strong stirring effect, it is
necessary to keep the liquids in C and B from mixing.

A eounter-current device from the reservoir E and the outlet F
brings about a stationary condition in the upper part of the tube
B and thus makes it possible to draw conclusions with regard to
the change in concentration caused by the rain of mercury.

The results of Lewis and of PaTrick approximately confirm
the formula: the greater the quantity adsorbed, the greater the
effect of the adsorbed substance on the lowering of the surface
tension. For both phenomena, the order in PaTrICK’S experiments
was the following: new fuchsin, picric acid, salicylic acid, mercur-
ous sulphate. Quantitatively, the relation did not hold; the
amounts adsorhed could not be calculated, by means of equation
(5), from the lowering of the surface tension.

However, since we are dealing with electrolytes, the surface
process is evidently complicated to a degree not covered by the
assumptions underlying the formula of Giees. This deviation
will be more fully discussed on page 40, where the influence of
dissolved electrolytes will be dealt with.

8. The Solid-Gas Boundary.—It has already been pointed out
(p. 15) that there must exist a boundary tension at the mterface
between solid substances. Unfortunately, there are no means at
our disposal by which such boundary tensions can be measured.
However, all phenomena thus far discussed that are related to
boundary tension are plainly in evidence, and the relation between
concentration and amount of substance adsorbed also applies here.

It is generally known that gases condense at the surface of
charcoal, or, in other words, that gaseous adsorption takes place
at the solid-gas boundary. A piece of charcoal, previously heated
over a flame, on coming in contact with ammonia gas collected
over mercury in a eudiometer tube, causes an immediate rise of
the mercury column, due to the condensation of gas at the surface
of the charcoal. -

On page 24 the following relation was discussed:

1
Eiw=k'c". e . ®

The totsal area Zw is a quantity which is not readily measured
for a piece of charcopl. In order to check this equation, we start
from the following consideration: .
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In all probability, the surface of 2 grams of charcoal will be
twice that of 1 gram of charcoal, especially if the charcoal is so
finely divided that it can be evenly mixed. Hence, we can replace
Zw by m, where m represents the weight of the charcoal used.
We must keep in mind, however, that the constants then only
hold for one and the same sample of charcoal.

The formula of the adsorption isotherm then takes the follow-
ing shape:

1
Za k"
m

Since, for a gas that follows the law of BoyLE, the pressure is
proportional to the molecular concentration, we may write, instead
of ¢, the gaseous pressure, P. Hence formula (8) becomes:

1
N R
m

or, on changing to logarithms:
1
log—z~ = logk 4 —log P.
m n

This equation i8 expressed graphically by the curve drawn in
Fig. 10. The adsorption is relatively greater the smaller the
pressure.

In general, it may be stated that the results of numerous investi-
gations are in agreement with this formula. Nevertheless, several
attempts have been made to place the
formula of the adsorption isotherm on a
better theoretical foundation.

The first attempt to place the theory
of adsorption on a kinetic basis was made
by Languuir.'® The adsorbent is repre-
sented by & crystal lattice in the interior
of which all valences are saturated, while
at the surface this is not the case. Lane-
MUIR assumes that the unsaturated va-
lences are respongible for the adsorption.
These projecting valences are, however, distributed regularly over
the ‘surface and form adsorbing spaceg in that surface. Gas
molecules coming within the sphere of attraction of these spaces
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are adsorbed, but, owing to their kinetic energy, which acts in the
opposite scnse, they tend to escape; hence, we have, simul-
taneously, condensation on the surface and evaporation. A state
of equilibrium is established as soon as the rate of condensation
per square centimcter of surface is exactly counterbalanced by
the rate of evaporation.

Let 6 represent the fraction of the total number of available
spaces occupicd per square centimeter of surface; then 1 — 6 is
the part that is unoceupied.

Furthermore, let a be the fraction of the total number of col-
liding molecules (u) that adhere to the surfacc. When the gas is
in equilibrium with the surface, the rate of evaporation must equal
the rate of condensation, or:

vh = au(l — 6),

where » is the rate at which the gas would evaporate if all available
spaces were completely covered.  From this equation it follows
that:

o
Ty —+ apx
On placing 2= B, we got:
v
g = B
14 8u

The number of molecules colliding per square centimeter () is
proportional to the gas pressure, P.  For Su we can write k1P, by
combining the proportionality faetor and the factor 8 and calling
the result k;. Since 6 is proportional to the number of adsorbed
molecules, u, we can substitute = for § and combine the new
proportionality factor with k; in the numerator, thus obtaining
another constant, k2, whence: .

v kaP
T 1+ kP
This equetion gives us a relation between the amount of gas
adsorbed, u, and the equilibrium pressure, P, resembling the rela-
tion expressed in Fig. 10. This becomes clear from a consideration
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of the two extreme eases. For very Jow pressures, kiP in the
denominator becomes negligible compared with unity, so that:

w = kol

This corresponds to the initial steep slope of the adsorption
isothcrm, which starts almost as a straight line.

At very high pressures 1P becomes very large compared with
unity, so that:

U = :\—f = constant.

This agrees with the practically horizontal portion of the
adsorption isotherm at high pressures.

LanaMmuik has confirmed the accuracy of his formula in experi-
ments with mica as adsorbent, using methane at pressures below
0.1 mm. mercury. The theory has been extended o as to include
amorphous substances.

Although this linc of reasoning is quite important for a clear
understanding of adsorption phenomena, it nevertheless meets
with some serious objections.

In the first place, we notice that adsorption iz reduced to &
process of chemical affinity, and yet it 15 not specific in character,
being thus in striking contrast with the specific nature of chemical
combination. The supporting evidence includes the fact thut the
chemically inert gases, helium and neon, arc scarcely adsorbed by
charcoal. It should be remembercd, howcever, that argon is
truly adsorbed.

Secondly, the theory is based on the idea that the adsorbed
layer is only one molecule deep; otherwise a covered space would
also be able to adsorb. Although the hypothesis holds true in
certain cases (zee p. 42) it is, as a general statement, open to
grave doubt.

A highly interesting investigation by Laup and Cooringe 4
has, furthermore, brought out the fact that gases are frequently
condensed into liquids in the adsorption layer, which in that case
is certainly many molecules thick. Henee the attraction exerted
by the surface extends, directly or indirectly, much farther than
the dismeter of the adsorbed molecule.

Porany: 15 has made a more complete study of the cases
gealing with the adsorption of condensed gas or liquid, while
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Ivtn 15 and several other workers have continued the investiga-
tions of kinetic phenomena begun by LANGMUIR.  Since none of
the theories advanced by these investigators covers the whole
field of adsorption phenomena more accurately than FREUNDLICH S
¢lassical formula, the use of this familiar expression will be con-
tinued in this book.

The phenomena of gaseous adsorption show very clearly that
the adsorption ecquilibrium is a reversible one. TFor instance, if
we increase the volume after the adsorption equilibrium has been
established, the carbon rcleases as much gas as is required by the
above formula, in accordance with the change in pressure due to
the increased volume.

FreUnDLIcH, in his splendid book, “Kapillarchemie,” has
called attention to the following fact: When we perform adsorp-
tion experiments for a given adsorbent with a number of different
gases, and then repeat these experiments with another adsorbent,
we often find that in both cases the gases are adsorbed in the same
order. ‘This justifies to a certain extent the supposition that the
specific character of an adsorption depends more on the properties
of the gas than on those of the adsorbent.

A large surface, such as occurs in the case of amorphous carbon,
cannot in itself be considered a sufficient reason for a great amount
of adsorption; we frequently meet with large surfaces that adsorb
only slightly. This is easily understood in view of the facts
mentioned above. The adsorption proeess is determined not only

. d
by the surface capacity but also by the relation z-iz’ that is, by the
c
influenoce of the substance to be adsorbed on the boundary tension.
it . .
The value of — naturally varies for differcnt substances.

The solid-gas equilibrium can be readily measured, as far as
the adsorption is concerned, since equilibrium conditions can be
checked directly from the gas pressure and no analytical determina-~
tions of concentration have to be made. Various problems of
general interest for the study of adsorption have, therefore, been
carefully worked out for this equilibrium. One of these is the
manner in which a mixture of two gases is adsorbed. Since this
.question will play an important réle in a later part of this discus-
sion, it may bestated here that in most cases both gases are
adsorbed from a mixiure of the .two, but each is adserbed
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to a lesser extent than if it were present alone. A certain mutual
displacement exists, therefore, but in spite of this the completely
reversible character of adsorption phenomena is maintained, the
final equilibrium being independent of the order in which the gases
are brought in contact with the adsorbent.

The speed with which equilibrium i% established in this case is
quite considerable. A few minutes are more than sufficient to
bring about a perfect adsorption equilibrium. If, however, any
chemical reaction takes place subsequently, cither between the
gases and the adsorbent, or between the gases themsclves in the
adsorption layer, more time will be required to reach a final state
of equilibrium.

9. The Liquid-Solid Boundary.—As evidence for the existence
of a liquid-solid boundary tension, the facts mentioned at the begin-
ning of Sec. 8 may again be cited. Here, too, there are indications
that a boundary tension does exist. For instance, if a number of
small crystals arc in eontact with their solution, while at the same
time a few larger crystals are present, it is quite apparent that the
smaller erystals are more soluble than the larger ones; hence the
former dissolve continuously and the latter grow, since the solu-
tion is supersaturated with respect to the larger crystals. This
phenomenon must likewise be explained on the supposition that
a boundary energy plays a role just as with small drops which
have a greater vapor pressure than large ones (sce Bec. 80). This
interfacial tension is as yet not accessible to measurement.

A number of adsorption phenomena which are of great impor-
tance in the study of colloid chemistry will now be discussed.

Adsorption experiments on a pure liquid in contact with a solid
wall have not been made, and are naturally exceedingly difficult.
The condition existing in the boundary layer of water in which
carbon powder is suspended is, no doubt, different from that of
pure water itself. A certain condensation of molecules, per-
haps a displacement of the equilibrium between single and
double molecules, takes place. This problem, however, has not
been solved experimentally.

On the other hand, there have been frequent and successful
attempts to determine the degree to which a substance dissolved in
water is condensed in the boundary layer of a solid adserbent.
This problem is much easier to solve, since the amount adsorbed
ean be-derived from the difference in concentration between the
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original solution and one with which the adsorbent is in equi-
librium.

It has been known for a long time that the constituents of a
solution can be removed by means of charcoal powder. Colored
substances, in particular, are often removed in this manner.
When charcoal is added to a solution of a dye, the intensity of the
color will decrease or the color will disappear completely, depend-
ing on the amount of charcoal used. The same thing happens
when a quantity of wool is employed. The adsorption of the
color becomes manifest by the dyeing of the white adsorbent.

Regarding an adsorption process of this kind, a number of
remarks may be made.

{a) This process is an equilibrium reaction and is quantitatively
expressed by the equation of the adsorption isotherin, discussed in
connection with equations (8) and (), viz.:

P 1
==kt 0 0 L. L. (10)

m

where z is the total amount adsorbed, m is the amount of adsorbent
used, and & and n are constants characteristic of the substance
adsorbed.

By plotting the amounts adsorbed as ordinates against the

equilibrium concentrations as abscissae,
= we obtain the curve represented in
Fig. 11.

We have previously seen that the log-
arithm of the amount adsorbed must be
proportional to the logarithm of the equi-
librium concentration. InFig.12anumber
of adsorption isotherms are reproduced,
while in Fig. 13 the same isotherms are
represented logarithmically, It will be
noted that the lines are straight and
more or less parallel to each other, which means that they have the

1 .
same slope. Hence — is a quantity of little specific character. In
n

fact, its value lies mostly between 0.3 and 0.7. A like remark was
made previously, on page 24, concerning the exponent in equa-
tion (6) indicating the relation between As and c.
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It can readily be shown that this phenomenon is a true revers-
ible equilibrium. This can be done by twice investigating the
adsorption equilibrium of a
solution in contact with an
adsorbent: Starting from a
certain amount of dissolved
substance we measure the
equilibrium  concentration
and then add a concen-
trated solution to the dilute
system; next a coneen-
trated system is diluted in
such a manner that the
same total concentration is
reached as before. It will
be seen that the equili-
brium concentration for the adsorption process is the same in
both cases.

(b) The peculiar shape of the adsorption isotherm drawn in
Fig. 11 shows that the effect of the adsorption is greatest in very
dilute solutions. By comparing the amount adsorbed with the
corresponding equilibrium
concentration, we sec that
for small values of ¢ this
ratio is most favorable to
theamountadsorbed. This
inference is in complete
agreement, with the state-
ment made on page 27.

The fact that the ad~
sorption process gives rise
to such considerable dis-

Fre. 13. placements, particularlyin

very dilute solutions, can

be used directly as a means of explaining numerous occurrences
taking place in concentrations which, at first sight, appear incred-
ibly small. Such are catalytic phenomena, enzyme reactions,
and the effects of disinfectants and poisons. In all these processes,
where extremely small concentrations have great effect, this
action 18 due to the fact that somewhere an adsorption plays a
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réle and 2 minute concentration is considerably increased in
some boundary layer. It is perhaps not a mere coincidence that
most of these substances are characterized by great surface
activity.

Closely connected with this great activity in small concentra-
tions is the fact that it is exceedingly difficult to wash out the last
traces of an adsorbed substance. Washing is, in fact, nothing
but following the adsorption isotherm in the opposite direction;
by repeatedly pouring water over the adsorbent, we get equi-
librium liquids of fairly high concentration, which are then
removed. Owing to the peculiar shape of the adsorption isotherm,
the effectiveness of washing decreases disproportionately as the
amount retained by the adsorbent becomes smaller. Moreover,
it is on these very properties that the fastness to washing of dyed
textile fibers depends.

(c) These equilibria are likewise quite rapidly established.
RoBERT MARC 1€ has found that the adsorption of starch by pow-
dered crystals is 90 per cent complete within a few seconds. In
general, adsorption equilibria of this kird are established in a few
minutes. Whenever we meet with an adsorption reaction that
does not reach a final value within this period of time, we can be
reasonably sure that it is not a simple one. For instance, in the
adsorption of oxalic acid by charcoal, the condition reached after
ten minutes apparently does not represent complete equilibrium
since the concentration of the liquid continues to decrease, although
very slowly, for several hours. Further investigations !’ have
shown that the adsorbed oxalic acid reacts with dissolved oxygen,
and that this process is catalytically accelerated in the adsorption
layer. This combination of adsorption and chemical reaction
occurs frequently. Pure adsorption processes are characterized
by a rapid attainment of the final state of equilibrium.

(d) Again, it may be stated that a large surface is in itself not
sufficient to produce a high degree of adsorption, since the adsorp--

tive power of an adsorbent depends specifically on the value of gf-
c

Unfortunately, we cannot measure o or its change with the con-
centration. Frequently the adsorbability is compared with the
value of ¢ for the liquid-gas equilibrium, a comparison which is
not directly permissible. Nevertheless, it so happens that sub-
stances that have greai surface activity under one set of condi-
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tions are also well adsorbed under other conditions. For an
homologous series this regularity holds, indeed, quite well; but
whereas phenol lowers the surface tension of water less than amyl
alcohol, the former is, nevertheless, better adsorbed.!s

In general, the following rules ean be given concerning the
adsorbability of various substances:

The adsorption is slight for all inorganic substances with the
exception of the halogens. Moreover, the salis of the heavy
metals are adsorbed to a somewhat greater extent than those of
the alkali metals. This is also truc of all aliphatic substances
having several hydroxyl groups, such as the sugars.

The adsorption is stronger for all other aliphatic substances and
for the inorganic substances chlorine, bromine, and iodine.

The adsorption is strongest, generally speaking, for aromatic
substances. The more benzene nuclei they contain, or the more
complicated their structures are (as in the case of the alkaloids),
the better they are adsorbed.

It may be stated in a general way that, apart from constitutive
differences, & more complicated molecular structure coincides with
greater adsorbability.

(¢) Asin the case of the solid-gas equilibrium, we find here that
the order of adsorbability is the same for different adsorbents;
but it should be repeated emphatically that only non-clectrolytes
are considered; the statement just made, viz., that the order of
adsorbability is independent of the adsorbent, is not valid in
those cases where phenomena of electro-adsorption predominate
(see p. 39). The equality of the order of adsorption in various
adsorbents is of considerable import, because in colloid-chemical
discussions we often deal with adsorption proeesses that cannot be
measured directly for colloidal particles. The corresponding adsorp-
tion experiments have usually been carried out by means of a
suitable charcoal powder; hence, it is worth knowing that the order -
of these phenomena is the same in different adsorbents, and that
some of the results may be transferred from one series to
another.

(f) The influence of the temperature on the adsorption
process is generally small. Ordinarily, the adsorption decreases
with rising temperature. In Fig. 1 are reproduced the loga-
tithmic adsorption isotherms for the a.ds«_)rption, by charcoal, of
acetic acid dissolved in water, at 0°, 50° and 94°. From the loca-
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tion of these lines it is seen that k decreases with rising temperature,
1.

while — increases somewhat.
n

Sometimes we meet with cases in which higher temperatures
are conducive to the adsorption process. In general, boundary
tensions decrease with rising temperature; the liquid-gas boundary
tension, as is well known, approaches zero; when the eritical
temperature is reached the boundary tension becomes zero. For
the liquid-liquid interfacial tension this rule does not hold in all
cases. The boundary ten-
sion, to be sure, approaches
zero as the critical solution
temperature is reached, and
the rule is applicable to all
systems having an upper crit-
ical solution temperature.
But there are also systems
that possess a lower critical
solution temperature, and for
these the boundary tension
increases with the tempera-
ture. We do not as yet know what the conditions are for the
boundary tensions at solid surfaees, but, knowing the behavior
for liquids, we should not be surprised if the same two possibilities
were found to occur at solid boundary surfaces.

As stated above, the most frequent case is that in which the
adsorption decreases at higher temperatures. According to the
theorem of van't Horr-Le CHATELIER, we are dealing, in this
case, with a process which takes place with evolution of heat.
Hence the heat of adsorption is usually positive. It should be
kept in mind, however, that this heat is a differential heat of adsorp-
tion for which there are at present no data available. Iven
determinations of infegral heats of adsorption are quite rare.
When 2 millimoles of crystal violet are adsorbed by charcoal from
an agqueous solution of the dye, the heat evolution amounts to
16 calories.!®

(9) The influence of the medium on the adsorption process
may be embodied in the following rule: a substance that is easily
adsorbed is a poor adsorption medium. The following example
illustrates this. clearly: Aleohol dissolved in water is fairly well

A
.

Log..

Fic. 14.
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adsorbed by carbon. A dye that is well adsorbed from its aqueous
solution is poorly adsorbed from an aleoholic solution. Since
aleohol itself is so well adsorbed, it i< a poor adsorption mediun.

. . . . do
This rule is easily explained when we remember that 5. ka
de

measure of the adsorbability of a substance. In Figs. 15, a, b, and
¢ arc plotted the changes in the boundary tensions for the three
systems just mentioned. Since aleohol is so well adsorbed, its
¢ — ¢ curve must have a steep slope. It was stated on page 21
that alcohol has a surface tension considerably below that of water
(Fig. 15b). The same is true of the dye (Fig. 15a); but for the
combination alcohol 4+ dye (Fig. 15¢) these houndary tensions

- - C -
H,0 Dye H,0 Aleohol  Aleohol Dye

Fia. 15,

necessarily differ very little. Hence the curve is only slightly
inclined and the adsorption is small.

The foregoing statements indicate clearly that we can often
successfully remove a substance, adsorbed in an aqueous solution,
from the adsorbent, by pouring over it a liquid that is well adsorbed
itself and hence is a poor adsorbing agent. This may possibly be
connected with the fact that phenol dissolved in water is a strong
disinfectant, while its action as such is much less when dissolved
in oil or in alcohol.?® At any rate, this fact corroborates the
statement, made on page 33, that adsorption processes very
probably play a réle in disinfection.

More than one attempt has been made to determine whether
the adsorption process is really a reversible equilibrium phe-
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nomenon, in other words, whether very small concentrations—
mere traces,—removed by a clean surface from a solution, leave
an equilibrium concentration in the liquid. The fact that a solu-
tion of a dye, on the addition of a sufficiently large amount of
adsorbent, is completely decolorized might naturally cause one
to ask whether there is not a complete exhaustion of the solution.
Even so, it is quite possible, of course, that a few molecules are
left in the solution, but that they are too few in number to be
perceptible to the eye. From a kinctic standpoint, we must,
howcver, assume that, for an adsorption surface in equilibrium
with the liquid, as many molecules condense on each square centi-
meter of surface, per unit of time, as there are molecules going
into solution. This necessitates the presence of a number of
molecules in solution. Consequently, it is difficult to get away
from the idea that a complete adsorption is an impossible limiting
case. Although the peculiar shape of the adsorption isotherm
shows that the attraction exerted on the dissolved molecules by a
totally unsaturated surface can be very great, and that it ap-
proaches the limit, nevertheless the kinetic considerations just
given seem to exclude an adsorption isotherm having a vertical
tangent at the origin.

On the other hand, the guestion has been asked: Does the
adsorption go on indefinitely with increasing concentration, or do
we finally reach a state of saturation? In fact, there are indica-
tions that in some cases the adsorption isotherm runs horizontally
at higher concentrations. Even so, the impression prevails that
LANGMUIR’S idea of a monomolecular layer covering a surface is
not generally valid.

ScumipT 2! originally worked out a theory of adsorption based
on the assumption of a saturation concentration, but later 22 Le
rejected this idea.

The phenomenon of the simultaneous adsorption of two sub-
stances has been very little studied for non-electrolytes. The
impression prevails, however, that here too (see p. 30) both sub-
stonces are adsorbed, each one to a lesser degree than if it were
present alone, and in such a manner that the more strongly
adsorbed of the two predominates in the mixture and thus hampers
the adsorpiion of the second substance. We are, in these cases,
dealing with phenomensa of displacement, as is shown in the table
below.28
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TABLE II
ADSORPTION DISPLACEMENT oF GLUCOSE BY VARIOUs URETHANES

Initial solution: 9 g. of glucose per liter; 3 g. of blood charcoal.

Glucose Urethane in moles per liter
; x i Initial ¢ T
I m solution HI
3 | 123 — — -
T 0 0.072 1 0.031 0.014
2 060 0.074 | 0021 | 0.018
31 023 0.070 0.009 | 0.020
8
|

0.07 0.070 0.004 } 0.022
f |

* In the original article the value 7.8 is given, whith is no doubt a typographicel error,

This is a clear case of displacement. The adsorbed glucose is
partly forced out of the boundary surface by the addition of a
urethane. The more readily the added substance is adsorbed,
the more prorounced is this displacement. The higher members
of the homologous series are, as we know, always more strongly
adsorbed than the lower. It is not necessary to discuss the sig-
nificance of such phenomena for the elucidation of pharmacological
processes.

10. Adsorption of Electrolytes.—An investigation of adsorp-
tion phenomena for electrolytes shows that their behavior is
undoubtedly similar to that of non-electrolytes. For instance,
we can readily determine the adsorption isotherm for a solution of
oxalic acid, succinic acid, benzoic acid, etc. Nevertheless, it is
apparent that influences of a different nature enter into play.
This follows immediately from the fact that displacement phe-
nomens as described in the previous section are only observed in
case both adsorbed substances are non-electrolytes. On the other
hand, an electrolyte is hardly affected by the presence of a non-
electrolyte and, conversely, the adsorption of a non-electrolyte is
not modified by an electrolyte.2¢ If two electrolytes occur simul-
taneously, they generally displace each other, but in some cases
both are adsorbed more strongly than. when present alone.?s
Furthermore, an electrolyte is, as a rule, not adsorbed as & whole,
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on account of ionic interchanges between the ions of & substance
already adsorbed and those of a newly adsorbed electrolyte.

The more complicated character of electrolyte adsorption is
shown in an experiment which vaN BEMMELEN 20 described as
carly as 1881. He prepared manganese peroxide from KMnO4
and sulphuric acid. The acid was washed out until it could no
longer be detected in the wash water. When a solution of KCl
was added to the manganese peroxide, the solution showed an acid
reaction. It seemed, therefore, that the KCl was hydrolyzed.

‘When a solution of new fuchsin in the form of its hydrochlorie
aeid salt is adsorbed by blood charcoal,?? the outside liquid becomes
completely decolorized but appears to contain all the chlorine on
the addition of HNOy and AgNOQs;.

What happens in these two examples may be represented as
follows: During the preparation of the manganese peroxide the
latter adsorbs sulphuric
acid in such a way that
the SO, ions condense on
the surface of the peroxide.
Opposite each sulphate
ion there are two corres-
ponding hydrogen ions, so
that a particle of peroxide
is surrounded by an elec-
tric  double layer, as
sketched in Fig. 16. On
the addition of a solution
of KCl to the manganese peroxide powder thus prepared, an in-
terchange oceurs, the potassium taking the place of the hydro-
gen; the hydrogen enters into the solution in an amount equiv-
alent to that of the chlorine present, and as a result the
outside liquid gives an acid reaction. Apparently the same thing
happens when new fuchsin hydrochloride is adsorbed. Here, too,
a displacement adsorption takes place. However, it is less
clear what the original ion is which is replaced by the ion of new
fuchsin. It is probably derived from the ash content of the
charcoal, since the phenomena, in the form described above, do
not take place in case the charcoal is entirely free from electrolytes.

The adsorption of electrolytes, as sketched in these two cases,
therefore, has not the ome-sided character of the adsorption
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phenomena discussed previously. The latter were related to the
lowering of the surface tension, while here a displacement adsorp-
tion oceurs, electro-equivalent quantities being adsorbed and given
off. 2 For this reason we may characterize these two different
types of adsorption as non-polar and polar adsorption. 1t goes
without saying that in the casc of polar adsorption electrical
phenomena play an important role, which will be fully discussed
in the next chapter.

Since these two kinds of adsorption are quite different, the
question might be raised whether it is reasonable to use the
designation ‘“‘adsorption” for both. By adsorption we mean,
however, only an increase of concentration in the houndary layer
irrespective of the mechanism by which this increase is brought
about.

The adsorption of electrolytes often takes the character of a
permutite interchange: hence, it is clear that this process is not
affected by non-clectrolytes, which cannot take part in it
(Micnaeiis and Rona %), Before this fact was demonstrated,
however, KruyT and vax Dtixn? had already observed that
phenol was not entirely without cffect on the adsorption of
KCl by blood charcoal. KovLrnorr 30 has studied these matters,
using ash-free sugar coal prepared according to the methods of
BarteLL and MiLikr,* and has found that this substance
adsorbs electrolytes only slightly, sinee no interchange is possible,
Insofar as they are adsorbed, however, displacement, for instance
by alcohols, really does oceur, as we are then dealing even when
using electrolytes with non-polar adsorption. The slight adsorp-
tion of electrolytes in this case can only be aseribed to their
adsorption as molecules; hence it is equivalent to that of nom-
electrolytes and is subject to displacement by non-electrolytes.

11. Theory of Langmuir and Harldns.—Qur insight into the con-
dition of some substances in the adsorbed state, especially of those
that are polar, has been considerably extended by the work of the
aforenamed American investigators, who arrived, by different
methods, and independently of each other, at the same conclusion,
briefly formulated as follows: At an interface the molecules do
not lie at random, but are oriented in a definite manner.

First of all, the researches of Irving Laneuuir 32 will be dis-
cussed: A very small quantity of oil, ptaced upon the surface of
Wwater, will spread over the surface. When the amount of oil is
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just sufficient to cover the surface, or is insufficient to do 50, we
may assume, on the basis of a theory advanced in 1899 by Lorp
RayLEIGH,?3 that the oil layer is one molecule thick. Lawamuir
used this phenomenon as a starting point, and studied it in two
ways.

Devaux * had previously performed experiments of the fol-
lowing nature: A glass tray contains water (Fig. 17a). Tpon
the surface of the water are placed two strips of paper, 4 and B,
covered with paraffin (to prevent the paper from being softened
by the water). By moving A all the way across the tray into the
position C, all impurities present on the surface of the water are
removed. The second strip, B, now lies on the perfectly clean
surface. A drop of oil, obtained by dissolving a measured quantity
. of oleic acid in benzene,
i is allowed to fall on the
! surface of the water be-
tween the two strips.
When the benzene has
evaporated, a film of oleic
acid remains behind. Care

c H
L
I
1

@ 1
a b e is taken to choose a proper
amount of oil, so that the
Fie. 17. latter only partly fills the

space between the two
strips. The strip B is moved in the direction of A (Fig.
17b) until the oil film just covers the area between the strips
(Fig. 17¢). To distinguish the oil-covered area from the clean
water surface, a little talc powder is sprinkled upon it. By
blowing gently, at an angle, upon the surface, the talc is made to
collect on the oil film so that its surface can be plainly recognized.
LaneMUIR measured the area covered by the oil. Thus he
knew, on the basis of RaYLEIGHs theory, the area covered by a
given number of oleic acid molecules. The number of molecules
was found by dividing the weight of acid used (50 mg. in his
experiments) by the molecular weight of the acid, and then mul-
tiplying the quotient by 61 X 1022
‘What happens in these experiments may be best compared to
the situation shown in the sketch, Fig. 18. Let us imagine a
number of marbles placed in a large tray (Fig. 18a). By pushing
the marbles toward each other by means of a movable partition,
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we bring about the state of affairs indicated in Fig, 18b. By
moving the partition still farther toward the left, we get the condi-
tion shown in Fig. 18¢. The behavior of the marbles in Fig. 18b
is similar to the position of the
oil film as represented in Fig.
17¢c.

By sharply distinguishing loo 0 co0o ool
between the different condi-
tions shown in Fig. 17, Lanc-

MUIR was able to perfect the kmmgmd

method of DEvaux. By means
of a special balance, a method

was developed which enabled b&l&ﬁL____J
him to measure the force acting
on the strip A (see Fig. 17) as
a function of the area between
A and B, containing the oil film. Fia. 18.

B is kept in its position by

weights placed on the pan. The results of these measurements
can be represented by curves of the type drawn in Fig. 19,

The forces exerted on A {equal to the weight placed on the

pan to keep the float B in position) are plotted as ordinates, while

the corresponding areas are plotted

as abscissae.  Starting from the

right, viz., the region of large areas,

we notice that no foree is required

to keep the float in place. At the

point 8 we find that it suddenly

becomes necessary to apply a rapidly

S increasing force (from 8 to H) for a

Aren slight decrease in area. Beyond the

Fa. 19. point H no further increase in foree

is necessary to decrease the surface

of the oleic acid. From here on, the curve runs practically in a
horizontal direction.

It is clear that the first part of the curve, as far as 8, is com-
parable with the situation of Fig. 18z. At the point S the
molecules practically touch each other. Between S and H the
monomolecular film undergoes its maximum compression, and
further decrease in area causes the appearance of a second layer

Pressure
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of molecules, as in the situation sketched in Fig. 18c. Numerous
determinations by LANGMUIR always gave the same results.
More precise measurements by Apam,?® who worked with various
organic substances under different conditions, in the same type of
apparatus as used by LANGMUIR, led to results which were invari-
ably the same. The gradual curvature below S may be explained
as follows: The fatty-acid molecules on the surface are subjected
to a movement of heat; hence, the film which is not yet completely
compressed acts as a two-dimensional gas; in other words,
the heat motion exerts a pressure in two dimensions. The curved
part, therefore, indicates the foree which is required to compensate
this pressure whenever the area of the film is reduced. It is evi-
dent that the curvature below S follows an equilateral hyperbola
as expressed by BoyLe’s law, since the product of the force
exerted and the surface is constant.

These measurements again confirm the existence of a mono-
molecular layer consisting of a known number of molecules. The
diameter of & molecule is found by dividing the area by the num-
ber of molecules; while the length of a molecule, perpendicular to
the oleic acid-water interface, is derived from the quotient of
volume and area.

The dimensions of an oleic acid molecule, in the direction
parallel to the interface and in the direction perpendicular to it,
differ considerably. If the molecules were not oriented, this result
would be inexplicable. Furthermore, it would not be clear why
oleic acid spreads upon a water surface. These experiments and
others have shown that only those substances that have an electric-
ally polar group show this phenomenon. A saturated hydro-
carbon, for instance, does not expand in the shape of a mono-
molecular layer but stays on ‘the water as a rather flat drop. It
appears, therefore, that the polar group is attracted by the water
and that the oleic acid molecules float upon the water with their
long dimension vertical. .

Some results of LANGMUIR’s investigations are given in Table
III. It may be seen that he studied acids differing in the length
of their chains of carbon atoms. The second column gives the
number of carbon atoms in the molecule; the third shows the
diameter of. the cross section parallel to the interface; while the
last column tabulates the calculated length of the molecules,
expressed in millimicrons (Img = 10-6 mm.). In spite of the dif-
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ference in Jength, the cross section of ali molecules is the same, viz.,
0.5 mp.  The length, however, depends on the number of carbon
atoms in the chain.  These results have been confirmed by the
recent investigations of MARCELIN ¥ and Grirpin

TABLE Ii1

Number of Diameter of

Acid used ! Carbon atoms eross seetion Length in mp
| it g
Palmitic acid. . . . ‘ Cu | 0.45 o
Stearic acid . ... .. J Ciy : 047 2.5
Cerotic acid.. . ... .. Cog : 0.50 3.1
Muyricyl aleohol. .. J Cao i ¢.52 1 1.1
I

TFollowing an entirely different train of thought. W. I). Har-
KINS 38 arrived at similar conclusions: If a column of water with
1 5q. em. of ¢ross section (Fig. 20) is pulled in two, there are formed
2 sq. en. of new surface. Since
the surface tension of water is
73 dynes, the work necessary to
pull the liquid apart is2 X 73 E
ergs. Reunion of the two halves Water
results in the liberation of these Water
146 ergs; hence the work of Benzene
cohesion (W) for water amounts
to 73 ergs per squarc centi-
meter.

If we divide a column of il N
benzene (with a surface tension
of 28 dynes per square centi-
meter) having the same cross
section, into halves, the work
of separation is 2 X 28 ergs,
and restoration of the original column sets frec 56 ergs.  There-
fore, W. i3 here 28 ergs per square centimeter.

If one-half of the benzene layer is placed on top of one-half of
the water layer, we obtain a benzene-water interface with an inter-
facial tension ¢z = 35 dynes per square.centimeter. In order to
break the new column st the interface, there would be required

Fig. 20.
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an amount of work equal to 73 4 28 — 35 = 65 ergs per square
centimeter; hence the work of adhesion (W,) for water-benzene
equals 65 ergs. The work necessary to separate the two phases
is, therefore, considerable; a great amount of potential energy
must be overcome to break the contact. The question arises:
What is the nature of this potential energy? HARKINs infers
that it is the energy required to keep the molecules oriented in a
definite position. Polar groups always orient themselves away
from the air toward the water. Polar groups obviously include,
first of all, ionogen groups, such as the carboxyl radical, and
also groups containing oxygen, nitrogen, sulphur, or halogens,
viz.,, —OH, =0, —NHz, —8H, etc. These polar groups possess
electric stray fields, and the free energy is a minimum when these
stray fields occur in 'a space containing other polar molecules,
whereby mutual compensation takes place. It may be stated in
this eonneection that water has a very pronounced polar character.

Data on aliphatic substances in particular give a good founda-
tion for these premises. Let us see, for instance, what the cohesion
is for hydrocarbons and their derivatives in which an end carbon
atom is substituted. The value of W, in ergs is as follows:

hydrocarbons: for all around 45
monochlorides: for all around 47
alcohols: for all around 55

monocarbonic acids: for all around 57

With respect to the adbesion of these substances fo water, we
find that their W, toward water is:

hydrocarbons: for all around 44
monochlorides: for all around 81
aleohols: for all around 92

monocarbonic acids: for all around 95

These figures give rise to the following considerations:

If a hydrocarbon column is broken into halves, no orientation
takes place, for the reason that there are no polar groups present.
The result is that W, is exceedingly low. If, however, there is
a polar group present in the molecule, orientation occurs and some
energy is required. But at the place of rupture the molecules. of
the boundary layer orient themselves with their non-palar hydro-
carbon chains turned toward the air and the polar ends pointing
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in the direction of the liquid; hence we separate two non-polar
parts, which exert little attraction on each other, and consequently
W, is raised comparatively little (cf. Fig. 21 @ where the small
circles represent the polar groups and the narrow bands stand for
the hydrocarbon chains).3?

The separation of hydrocarbons from water takes place like-
wise without orientation, because there is no directing polar group
present in the hydrocarbon; hence W, for hydrocarbons is approxi-

Fia. 21.

mately equal to W,. The situation is, however, completely dif-
ferent in the presence of a polar group, as is the case with alcohols,
acids, etc. These groups turn toward the water, and a rupture of
the interface implies that the attraction of polar groups must be
overcome. Inspection of the above figures shows that in those
cases W, is about 70 per cent higher than W. (¢f. Fig. 21b; the
slight solubility of these higher alcohols in water is indicated by
the small number of molecules in the water phase).

The polar character of double bonds is brought out by the fact
that W, is higher for unsaturated hydrogarbons than for the cor-
responding paraffine (W, = 43.8 for octane and 72.9 for octylene).



48 BOUNDARY PHENOMENA Sec. 11.

The benzene molecule, with its three conjugated double bonds,
apparently lies flat on the surface of the water. We can, further-
more, anticipate the results of substitution of polar groups in the
benzene nucleus, and the data obtained by Harkins are in excel-
lent agreement with these expectations. A detailed account,
however, falls outside the scope of this book.

From the standpoint of HarKINg' orientation theory, we can
readily understand several other facts. A polar group attached
to & short hydroearbon chain (for instance, in methanol, ethanol,
acetie acid, ete.) attracts the water so strongly that the hydro-
carbon chain is dragged down into the water; hence these com-
pounds are completely miscible with water.  If the length of the
hydrocarbon chain is considerable, the attraction is insufficient
and, as a result, we find that the higher alcohols and fatty acids
arc partially niscible or practically insoluble in water. Only the
polar groups of the molecules in the interface “dissolve” in the
water, i.e., are immersed, oriented toward the water.

It also becomes quite clear why W, is the same for all (higher)
alcohols: the interface on the alcohol side always consists of OH
groups and, on separating the layers, we do not, so to speak, pull
the water away from the different alcohol molecules but from a
layer of OH radicals, which is the same for all alcohols.

Furthermore, the reason why polar organic compounds accu-
mulate, i.e., arc strongly adsorbed, in boundary layers, now
becomes apparent. Let us consider, for example, a layer of ben-
zene placed on water. On adding butyric acid to the system, we
notice that this substance dissolves to a large extent in the benzenc
(organic substances generally are quite soluble in organic solvents),
but only slightly in water, in spite of the fact that its COOH
group is attracted by the water. Consequently, however small
the concentration of the acid may be in the benzene layer, the
butyric acid molecules move preferably toward the boundary
layer where part of the molecule, viz., the earboxyl group, can
remain in the water, and the rest, i.e., the hydrocarbon chain, in
the organic solvent. The result is, therefore, accumulation of the
butyric acid in the interface, in other words, strong adsorption.

The adsorption layer thus becomes a typical transition layer:
the two media are separated by an intermediate layer which con-
sists of a hydrocarbon radical on one side and a carboxyl group on
the other. As a -confirmation .of the ancient adage “similia



Sec. 11. REFERENCES 49

similibus solvuntur” (like dissolves like), each part of the molecule
dissolves in the medium that is like it.

These conclusions will be very helpful in the clucidation of
several colloid-chemical phenomena (for instance, those dis-
cussed on pp. 99 and 188},
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CHAPTER II1
CAPILLARY ELECTRICAL PHENOMENA

12. The Capillary Electrode.—The term capillary clectrical
phenomena will be used here for those eases in which electromotive
forces are influenced by processes that take place in the boundary
layer and are related to surface tension and adsorption phenomena.
The best-known example in this field is the capillary clectrometer,
a convenient form of which is shown in Fig. 22.
It is based on the following principle:

Two mercury clectrodes, ¢ and b, are con- i
nected by means of dilute sulphuric acid. One
electrode has a large flat surface, while the
other, which touches the sulphuric acid in a
capillary tube, has a deeply curved meniscus.
When a potential difference is set up between
the two electrodes, capillary phenomena must
take place at the mereury-sulphuric acid
boundary. The interfacial tension, o, will be
lowered by applying electricity to the surface
of the electrically uncharged mercury. This
is readily understood when we realize that sur-
face tension is the result of mutual attraction Fra. 22.
of surface elements; addition of an electric
charge causes a repulsion of surface elements; hence any electrie
charge (whether positive or negative) will cause lowering of the
surface tension. If, then, by charging the mercury, the surface
tension is lowered, the mercury will descend in the capillary.
When the movement of the mercury surface is observed through
a microscope, the instrument sketched in Fig. 22 serves as a very
useful electrometer. For a good understanding of the capillary
electrode, we should know that the mercury already has an initial
positive charge with respect to the sulphuric acid, as is easily seen
from NERNsT'S theory of solution pressure, Before the applica-

. . 51
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tion of an electrical tension the electrode is already charged;
hence the addition of a larger positive charge will bring about a low-
ering of the mercury level, while the addition of negative electricity

will act in the sense of lowering
- the electrical tension, and hence
the mereury will ascend. 1f the
added charge just balances the
existing charge the surface tension
will be & maximum. Further addi-
tion of negative electricity will cause
lowering of the meniscus. This is
graphically expressed in Tig. 23.
It follows that a maximum in the
electro-capillary curve is character-
istic of the uncharged condition of an electrode, thus permitting
the absolute measurement of another.

It cannot be denied, however, that the theory of this electro-
capillary has scveral defects. The maximum of the curve, and
also its symmetry, are influenced by added substances. In spite
of numerous investigations and various theoretical discussions,
the behavior of the electrode is not yet understood in all details.?

13. Capillary Electrical Phenomena.—There are four more
phenomena in which electrical potentials occur as a result of
peculiar conditions in the boundary layers. These potentials
can be increased or decreased, depending on phenomena which
are evidently closely connected with those of adsorption and
colloid chemistry. The phenomena referred to are as follows:
electro-endosmosis; potential of flow (also called streaming
potential); cataphoresis; and migration potential (potential of
moving particles, or Dorx effect).

The remarkable thing about these phenomena is that they occur
at boundary faces not involving any metals, and consequently
differ considerably from potentials of a galvanic nature. .

Electro-endosmosis is the phenomenon that takes place when
we dip a porous pot, filled with water, into a large volume of water,
and apply a potential difference between the liquids inside and
outside the pot. It appears then that a flow of liquid occurs in
the direction of the negative electrode (Fig. 24).

Polential of flow is, in a sense, the counterpart of electro-
endosmosis. If water is forced through the walls of a porous pot,

Potential

Fra. 23,
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a potential difference is set up between two electrodes placed on
either side of the porous wall, as a
result of the flow of the water.

Cataphoresis denotes the movement -
of small particles suspended in a liquid
when a potential difference is set up ]
between two electrodes dipping in the
liquid.

The phenomenon known as migration
polential is the converse of cataphoresis.
Electrieal tensions are set up as a result

-of the movement of particles through a
liquid. Since this motion is difficult
to reulize, this so~called Donx effect has Fe. 24,
been little studied.

A summary of these four phenomena ix given in the table below,

TABLE IV

CAPILLARY LLECTRICAL PHENOMENA

Phenomenon As a result of Name
i
Movement of the liquid ‘ Applied E. M., I i Fleetro-endosmosts,
with respect to the solid | :
wall. :
Movement of the wall (of | Applicd 1. M. 1" ! Cataphoresis,

the particle) with re- |
spect to the iquid.

E. M. F. st up. Flow of a liquid with ! Potential of flow.
respect to o wall.

[ {of the particle) with {Donn cffcet}.
respeet to the liquid.

i
i i
- E. M. T. sct up. 1 Movement of the wall ] Migration potential

The last two phenomena are not confined to liquid dispersion
media, nor is it necessary that the moving particles be solid.
Emulsified drops will likewise behave in this manner. Even
when these drops occur in the atmosphere, we may expect these
phenomena: By cascade electricily we ‘mean, for instance, the
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E.M.F. existing between a freely flowing stream of water and the
surrounding air,

In the sections that follow, the first three phenomena will
be more fully discussed.

14. Electro-endosmosis.—In studying the phenomenon of
electro-endosmosis, it is desirable not to operate with a porous
pot having a great many capillaries, but to choose a single capillary

for performing the

experiments.  This

M= was done by Huis-
8AFOFF.?2 The meth-

+ - od he used is sche-

Fra. 25. matically represent-

ed in Fig. 25. The

movement of the liquid was measured by means of a moving air
bubble. To avoid polarization phenomena, the electrodes did
not dip into the liquid but were placed in air, close to the ends of
the capillary. The large resistance offered by the air necessitated
the use of a frictional eleetrical machine to produce a sufficiently
high potential. 1If we imagine that the process consists in a move-
ment of the liquid with respect to the glass wall of the capillary,
as the result of an applied electromotive force, the liquid must
have an electric potential with respect to the wall. Evidently,
an electric double layer exists at the interface of liquid and wall,
as shown in Fig, 26. It is assumed that the negatively charged

F1a. 26.

ions all stick to the wall. . Why, in the case of an electrically
charged body without pronounced polar character, the wall is
always charged negatively with regard to the water, is a question
that will be left open for the present. We might imagine that the
OH ions of the water are more strongly adsorbed than the H ions,
and that consequently a double layer is formed as shown in Fig.
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26. While this idea will be accepted for the present, the matter
will be discussed in more detail on page 96.

If a potential difference is applied to the electrodes, the liquid
may be considered as being positively charged and hence as mov-
ing in the double layer toward the negative electrode.

It goes without saying that, in case the wall has a strongly
polar character, the sign of the preferentially adsorbed ion is
determined by this polarity. For instance, if the wall is made of a
substance with decidedly basic
character, it will be charged
positively. Prrrix 3 studied 130};
the sign of the electro-endos- —————— +.2,,—
motic moverent for walls of
various materials, for instance,
of AlxOs, which evidently is ===

charged positively with re- = +@ oz
spect to the liquid, with the =—=—3 “'.0“_5
result that the latter flows +@ ov

+@ ou-
+@ ox
+ @ o

toward the anode. Fig. 27 =

gives an idea of the condi-

tions that are supposed to

exist at a wall of this material. =—==
PerriN found that, besides this

oxide, barium carbonate islike-

wise positively charged, while

sulphur, silicates, and glass

acquire a negative charge. Comparatively neutral substances,
like naphthalene, carborundum, and cotton, also belong to this
group.

In colloid chemistry, we are interested, first of all, in the effect
of electrolytes on electric charges (see p. 9). The investigations
of PErrIN, and, more especially, thoge of EL1ssaroFF brought out
the fact that the jon that carries a charge opposite to that of the
wall determines the effect of the added electrolyte. The greater
the valence of this oppositely charged ion, the stronger its dis-
charging effect on the electric double layer; the valence of the ion
of like charge plays a subordinate part.

This rule holds, however, only for simple inorganic ions, with
the exception of the heavy metals, which behave similarly to or-
ganic ions by exerting a much stronger discharging effect; the
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same is true of the hydrogen ion and the hydroxyl ion. Further-
more, Euissarorr found that the charge of the wall could be
easily reduced to practically zero by electrolytes but that a reversal
of the charge could seldom be accomplished. In the table below
arc given some of ELISSAFOFF’s results.

TABLE V

VELOCITY OF THE ELECTRO-ENDOSMOTIC MOVEMENT

| Concentration in g-moles per liter *
Eleetrolyte

i ; ! 1
N 10 120 | 50 | 225 {4000
Poo | as | a0 4 | 38 | 26 | 5
B0 . 47 | 4 | 41 L 2% 8
50 1 48 ... P29 23
50 |40 32 | 29 } 27
50 . C29 ) 4 +
S50 43 Lo i 29 ‘\
JALSODs. . .. .. | 50 i 20 5 | 3] o0
Th(NOs)e. .t 50 | 4] 4+ | ‘
NaOHt............... 50 i I 99 ! o9
I | : | |

* 1 p-mole (micromole) =107 mole.
+ Means that the liquid flows towards the + electrode.
1 With quartz capillary.

The monovalent ions listed in the table lower the negative
charge of the glass wall to practically the same extent, irrespective
of the anion with which they are paired. On the other hand, we
see that the cation of a heavy metal, like silver, discharges more
strongly than sodium. Likewise, the hydrogen ion has a stronger
discharging effcct than that which would correspond to its valence.
The hydroxyl ion, although naturally combined with a cation,
occupies an exceptional position regarding capillary electrical
processes by imparting a negative charge far exceeding the positive
charge imparted by the sodium ion. The hydroxy! ion furthers
the process of electro-endosmotic movement quite noticeably.
Organic ions appear to have an exceedingly high discharging
power. . . . .
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All these results strongly confirm the impression that we are
dealing here with adsorption processes. We saw, for example, on
page 35 that all inorganic substances, with the exception of the
heavy metals, the H and the OH ion, are slightly adsorbed, while,
on the other hand, organic substances, especially polyeyclie com-
pounds, are quite strongly adsorbed. The same order evidently
comes to light when we study the discharging effect, of ions.

Furthermore, it is interesting to note that some of these ions
are able to reverse the charge of the double Isyer; it appears, for
instance, that the Th*+++ jon, in concentrations exceeding 10
u-moles, turns the negative charge of the capillary into a positive
one. The organic jon of crystal violet has the same effect. Hence
a strong discharge may lead to a reversal of the initial charge.

16. Flow Potential.—This phenomenon, too, iz preferably
studied with the aid of a capillary tube instead of a porous pot.
When water is forced through the tube an elcetromotive foree is
set up between two electrodes placed on cither side of this capil-
lary. The investigation is suitably earried out in an apparatus of
the type shown in Fig. 28. Comparatively high potentials can be

Fra. 28,

obtained. For instance, when using water prepared for con-
ductivity experiments, we find that this potential amounts to about
25 volts for each atmosphere of pressure exerted on the liquid.
KruvT ¢ has made a study of the effect of dissolved electrolytes
on these flow potentials. His results are given in Table VI and
represented graphically in Fig. 29. The flow potentials are

expressed in millivolts per centimeter mercury pressure: I3 We

notice that added electrolytes reduce the flow potential. Since
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the liquid flows toward the negative electrode, it is positively
charged with respect to the wall of the capillary; hence, the cation
is the one that has a charge opposite to that of the wall. Here
again, the influence of the valence of this ion is quite evident.
At the same time, it is seen that the triple charge of the aluminium
ion is capable of reversing the charge.

TABLE VI
Frow PoTENTIALS
! Potential in
Concentration | _millivolts
Electrolyte ju-moles per liter] Pressure in
em. mereury
i
! 0 350
50 102
- 100 57
KOl ......... 250 23
500 13
1000 4
0 350
10 139
25 79
BaCls......... 50 44
100 25
200 9
1000 1
0 350
0.5 52
1 + 42
2 +122
AlCl.......... 3 +129
4 -+100
10 + 52
100 + 6
500 + 1

16. Cataphoresis.—Experiments on cataphoresis give results
similar to-those mentioned in previous sections.

The sign of the charge of a particle moving under the influence
of an electric potential is determined by the nature of the material
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of which the particle consists. If this has a neutral or an acid

“ character, the particle is negatively charged, while metallic oxides

ojm

m Volt
em

—~200—
«100
g -
Bacy,
5173 200 200 400 50
E cone.y Molp. e
4100
Fia. 29,

and other substances of a more or less basic character are positively
charged.

Fia. 30.

Figure 30 represents schematically & particle with its electric
do:ble layer, in agreement with the data of the previous sections,
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The influence of added electrolytes on particles of an oil emul-
sion was studied extensively by Einis ® and by Powis.® Their
results are completely in line with the discussion on the preceding
pages, and here again the effect of various ions can be related to
the manner in which these substances are adsorbed.

The measurement of cataphoretic velocity can be carried out
in two ways, which are based on different principles.” Whenever

it is possible to sec a distinet boundary
[‘/\" between the colloidal solution and the
{ contact layer of the pure dispersion
medium, the migration of the interface
under the influence of an clectric poten-
tial can be measured. This method,
" therefore, depends on observation of the
movement of the particles as a whole.
Tig. 31 shows the apparatus used for this
purpose, as constructed by Brrron.8  The
two electrodes are placed in the pure
solvent, which occupies the space above
the coloidal solution. The filling takes
place through a connecting funnel. Vari-
ous Investigators have modified this
apparatus more or less. Measurements
by means of this method are subject to
several difficulties, and its applieability
is limited to sols that are sufficiently
colored to enable one to discern the
boundary layer. The latter often echanges
its appearance during the experiment and
thus prevents aceurate measurements.
Fie. 31. The second method consists in the
observation of o single particle. The
sample is watched under the microscope® or else under the
ultramicroscope 1° (depending on the size of the particles) and
arrangements are mads to follow the cataphoretic movement
microscopically. The objeet under observation must be placed
between two electrodes. This method has likewise been applied
in various forms. The. principle is shown in Fig. 32. Since the
particles are in Brownian movement, it is always necessary to take
the average of a large number of observations. In this method in

T

i
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particular, and to some extent in the one previously described, &
serious complication comes to the fore, viz., the clectro-endosmotic
flow of the liquid along the walls of the container in which the
cataphoretic movement of the particles is observed.  For instance
if negatively charged particles fill the space between the glass
walls, the particles move toward the anode, while the liquid flows

_~Eleetrodes_

i
Cover glass Slide
Fra. 32.

along the walls toward the cathode, as stated in See. 14. This
flowing liquid carries particles along; ns a result, we get, starting
from the wall, first particles moving in one direction, then station.
ary particles, and in the center particles fiowing in the oppositc
direction (Fig. 33). Observations taken at various distances {from
the wall enable us, however, to calculate the true cataphoretic
velocity.!!

Fic. 33.

17. Mligration Potential (Dorn effect).—The movement o
particles may be brought about by the force of gravity. Wi
then measure the potential difference between an electrode places
at the top and another one placed at the bottom of the column o
liquid through which the falling particles are moving. Thi
method is difficult to carry out and has as yet given purely quali
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tative resuits. One of the most recent investigations is that of
BurtoN and CURRIE.}2
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PART 1I

Suspensoids






CHAPTER 1V
STABILITY OF SUSPENSOIDS

18. Charge and Stability.—The fact that colloidu! systems
placed between two electrodes show the phenomenon of cata-
phoresis was first firmly established in 1892 by Linper and
Picron.t

Burrtox,? while investigating tlis phenomenon in 1906,
studied the influence of an added aluminium salt on the cata-
phoretic velocity of the particles of a gold sol, and showed lLow,
at the same time, the stability of the sol changes. In the table
below, these results are reproduced.

TABLE VII

!

|
|
|

Milligmlms Cataphoretic velocity in; Property of the sol
Al per literju per volt per em. per sec.|

0 ‘ 330 (towards anode). \‘ Indefinitely stabie.

0.19 171 (towards anode). } Flocculated after 4 hours.
.......... 0 i Floceulated immediately.

0.38 17 (towards eathode). ‘ Flocculated after 4 hours.

0.63 ‘135 {towards cathode). }Not yet completely flocculated after
4 days.

!

It is seen that the cataphoretic velocity at first decreases when
aluminium ehloride is added, is then reduced to zero, and on further
addition increases, obviously because of a reversal in the charge of
the particles. The last column of the table shows that the stability
of the sol decreases as the cataphoretic velocity diminishes, while
the uncharged particle is apparently completely robbed of its
stability.

These experiments of BURTON confirm the resujts obtained by
Harpy 3 in 1900, which had been vigorously opposed in the inter~
mediate years4 Harpy found that the sol of denatured egg
albumin, i.e., the sol of well-dialyzed egg albumin which has been

. 65



66 STABILITY OF SUSPENSOIDS _ Bec. 18,

transformed by heating into denatured albumin, undergoes dif-
ferent changes, depending on whether acid or alkali is added to
the sol. With acid the sol is positively charged and stable; with
alkali it is negative but likewise stable. In the absence of either,
the sol flocculates.

On the basis of these experiments, Haroy had already expressed
the opinion that a colloidal solution can only be stable when the
particles possess an electric charge. Deprived of their charge,
the particles unite to form flakes which separate from the sol.
The flocculation, according to Harmpy, takes place at the iso-
electric poind.

Later investigations of Pows 5 have indicated, however, that
it is not mecessary to deprive the particles completely of their
charge in order to bring about flocculation. A lowering of the
potential of the interface to a certain characteristic value, which
Powis calls the critical potential, is sufficient to produce floccula-~
tion. A certain oil emulsion showed a potential difference in the
electric double layer amounting to 46 millivolts. Lowering of
this potential to 30 millivolts caused the oil drops to unite in such
2 way that separation from the water resulted. In the case of
the sol of AsySa, PowIs ® succeeded, at least in part, in confirming
his previous results.

The data obtained by Harpy, BurtoN, Powis, and others
have an important bearing on colloid chemistry, and particularly
on suspensoids. For this group of colloids, it has been clearly
demonstrated that the stability of the sol is governed by the electric
charge of the particles. The condition of such a sol, and the
manner in which its stability is destroyed, may be represented as
follows:

We are dealing with colloid particles which are protected, by
the electric charge of the double layer, against actual collisions.
The particles are in a state of vigorous motion and approach one
another repeatedly, but the spheres of their electric potential do
not penetrate one another on account of their equal signs. These
prevent the action of the superficial forces at the boundary of the
particles and hence the particles cannot unite. The more the
electric charge of the particles is decreased, the smaller the inter-
ference. If no charge were present, each collision would result in
s union. Under those circumstances the “ probability of adhesion”
of the particles, i.e., the ratio of the number of adhesions to the .
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total number of collisions, would be one. In case the potential of
the boundary layer possesses a certain value, the collisions will,
as a rule, be without results. Only particles that happen to have
a high speed will be able to penetrate the repelling sphere and cause
adhesion.* In that case the probability of adhesion will have a
value between 0 and 1.

The mechanism of flocculation is, therefore, determined by the
probability of collision and the probability of adhesion. The former
depends mainly on temperature and concentration; the latter, in
the case of suspensoids, obviously on the electric charge.

The principle of Harpy and Powrs, consequently, applies
only to those colloids for which the probability of adhesion is
cxclusively a funetion of the electric charge.

Elsewhere in this book we shall see that the probability of
adhesion in the case of emulsoids depends on one more factor.
The opposition which Harpy encountered had its origin in the
study of colloidal systems in which the probability of adhesion
did not depend solely on the electric charge.

Most investigations dealing with the influence of electrolytes
on the stability of a sol consisted in the determination of the so-
called limiting values (also known as flocculation or precipitation
values). By limiting value is usually meant the number of milli-
moles of electrolyte per liter necessary to precipitate the sol com-
pletely in a stated time. It is customary to compute the con-
centration for the total volume of sol plus added electrolyte.

To determine the flocculation value, one may place 10 ce. of
sol in each of a number of small beakers, and then add to each
10 ce. of electrolyte solution. These electrolyte solutions are made
up beforehand in different concentrations. At the end of a defi-
nite time one ascertains in which cases complete precipitation has
occurred. A second series is then started, with concentrations
ranging from that of the last beaker showing incomplete floccula-
tion to that of the first in which complete precipitation oceurred.

The most suitable time for ascertaining the flocculation depends
on the nature of the sol. In general, the conditions are chosen in
such a way that the results are easily reproduced. To this end it
is not sufficient merely to make observations after a fixed period,

* The average velocity depends, of course, on the temperature, but the
numerical value of the velocity of & given particle is accidental, in accordance
with MaxweLL's distribution law as will be further discussed in See, 38,
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say, one or two hours, but the same method of adding and shaking
should be followed each time.

It is not certain that this method of determining the precipita-
tion value will exactly realize the condition of the critical potential.
However, experiments dealing with the speed of flocculation (to be
discussed on p. 113) have shown that the potential of the particles
in a beaker that shows complete flocculation agrees fairly closely
with the critical potential, and if it varies at all it differs only by a
small constant amount.

Table VIII gives the flocculation values for the AssS; sol 7 and
for the gold sol.8

TABLE VIIL

FLocorLaTiON VALUES

1 Flocculation Flocculation
Electrolyte ‘ v(ul_uc m Electrolyte v:al})e m
- i millimoles ! millimoles
per liter i i per liter
I | :
: - i 1
Monovalent ‘ o b Divalent [
cutions § AnS, Au cations | AssSy | Au
P8 . liMgsoe.. 081
.8l 24 MgCloo.. ... ... 072
.| 50 —o..q CaCls. . ' 0.65 1 0.41
50 25 SrCl,. . ... 0.63
‘ 63 23 BaCl;. . ....... ... 0.690.35
ZnClp. ... ... .. 0.68
(UO2){NO:): 10.64 )28
31 5.5 Quinine sulphate. .. ...... 0.24
30 Benzidine nitrate. 0.00
2.5 CuSOg. . .vno e
0.5 PdCly..... .- L
Morphine ebloride 0.4 0.54 PB(NOD2. - .o oovveii s
Crystal violet. . .. ...l 0.s ;
New fuchsin............ {011} 0.002 |
Trivalent | Tetravalent ‘
cations | ! cation !
AlCh............... 10.003...... Th(NOsheee - vene.. ! 0.090
AUNODs. ... .. { 0.095 |
$AL(S0s. .. | 0.096 0.009
Ce(NO3s...ooooovnn. 0.080{ .0.003;
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Looking over the figures. in large tvpe, we find the following
facts. Both sols are negatively charged; the added anion, which
also has a negative charge, appatently plays 8 subordinate réle
in the flocculation process,  On the other hand, the valence of the
cation governs, to a large cxtent, the foceulating power of the
added electrolyte.  In the case of the Ase®y sol, we notice that all
three alkali metals give a floceulation value around 50 millimoles,
and the alkaline earths a value approximating 0.68 millimole,
while aluminium and cerium give values in the neighborhood of 0.1
millimole. A similar order comes 10 light in the case of the gold sol.

The electrolytes printed in small tvpe do uot fit into this simple
scheme. The hydrogen ion, organic ions, and those of the heavy
metals have a greater flocoulating power than that which would
correspond to their valence.

FrevnpLicH ® has developed a theory which cnables us to
understand, not only why the flocenlating power increases with
the valence of the oppositely charged ion, but also why it increases
so disproportionately. Assuming the floceulation value, in the
case of AspSs, for aluminium, to be 1, we find that the value for
barium is about 7, and
that for potassium over
500.

FreunpLICH'S line of
thought is based on the
iden that all inorganic
ijons of light metals, and
likewise the inorganic
anions, are adsorbed to
the same extent. The Do '
heavy adsorption iso- Lo !
therm in Fig. 34 rep- Ty G Ca G
resents, therefore, the Fic. 4.
common isotherm for all
inorganic ions (with the exception of those of the heavy metals).
In the graph, the concentrations are plotted in moles per liter as
abscissae, while the ordinates express the number of millimoles
adsorbed per gram of adsorbent.

On page 58 we saw that a particle showing cataphoresis owes
its charge to an electric double layer. When an added electrolyte
removes this charge depending on the valence of the oppositely

H
&
£

Millimoles a's

(o]
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charged ion, it is reasonable t0 assume that the latter attacks the
charge of the double layer, resulting in an interchange of ions (as
discussed on p. 40) and a disturbance of the double layer.

If we assume that an amount A;c; (Fig. 34) of a monovalent
cation is required to lower the eharge to the critical potential, it
is obvious that balf that number of moles of a divalent ion (Azcs)
and one-third that amount (Aacs = §d4ic;) of a trivalent ion will
be necessary.

The equilibrium concentrations corresponding to these adsorbed
quantities, ¢, ¢z, and c3, do not merely decrease with increasing
valence, but the peculiar shape of the adsorption isotherm brings
about strongly disproportionate concentrations in the liquid when
the amounts adsorbed are in simple ratios.

When we are dealing with strongly adsorbed ions, another
adsorption isotherm, as drawn on the left in Fig. 34, represents
the actual conditions. An amount A.c, is now adsorbed at a
much smaller concentration, ¢,, and the same discharging effect
therefore takes place at considerably lower concentration. This
explains why the electrolytes printed in small type in Table VIII
have much lower flocculation values than other ions of correspond-
ing valence. As we saw previously, the hydrogen ion, organic
ions, and those of heavy metals are precisely the ones that are
more strongly adsorbed than other ions (see p. 57) and hence
must follow an adsorption isotherm with steeper slope. As a
matter of fact, it was found by experiment that these ions are
adsorbed by Am83 powder in the same order as that in which they
are listed with regard to their flocculation values. Table VIII
gives the flocculation values for various organic ions; and, as
FreunpLicH was able to show, of these ions, that of aniline
chloride is least adsorbed while new fuchsin is adsorbed best of all.

The last-named ion, viz., new fuchsin, is well adapted for
demonstrating that flocculation really takes place by adsorbing
the ion of opposite charge. On adding to an AssS; sol, placed in a
series of beakers, increasing amounts of a solution of new fuchsin,
we observe that the liquid in which complete flocculation occurs
becomes colorless and, furthermore, we notice that the precipitated
flakes do not show the color of the arsenic trisulphide but are dis-
tinctly ‘purple. Flocculation is thus accompanied by precipita-
tion of the colored ion. The chlarine appears to be left in the super-
natant clear liquid (see p. 40).
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Our knowledge of capillary electrical phenomena (see Chapter
I1T) leads us to believe, however, that the ion of like charge is not,
entirely without influence on them, particularly when anion and
cation show a striking contrast in adsorbability, or when they
differ in valence. In determining flocculation values, we find, for
instance, that anions having a strongly negative character raise
the flocculation value of a negatively charged sol to a certain :
extent. In Table IX, flocculation values are given for a number:
of salts the anions of which differ greatly in character. The con-
nection is clear without further comment.

TABLE IX
i .
I Floceulation
Electrolyte ; value ! Nature of mnion
AdsS; l
Potassium citrate™ ~ 7. > 240 Organic, strongly adsorbable, poly-
valent.
acctate™. . 110 Organic, strongly ndsorbable
formiate™.. . 86 Organic, strongly adsorbable
sulphate ™. . .| 66 Inorganic, divalent
chloride~. .. ‘ 50 Normal
nitrate™. . ... i 30

i Normal

The same remark evidently applies to heavy metals. This
was already brought out in Table VIII in the effect of Cu, Pd,
and Pb ions on the gold sol. In the case of the sol of arsenic tri-
sulphide, it is difficult to show this phenomenon on account of the
hydrogen sulphide present in the dispersion medium, which reacts
with the salts of heavy metals. Table X presents some data for
the sol of HgS,1° which on hydrolysis produces much less hydrogen
sulphide. Here again, we notice the powerful flocculating action
of the ions of the heavy metals. Morawirz ! showed that
heavy metals are, in fact, more strongly adsorbed than light ones.

Concerning positively charged sols, very similar statements
can be made. In Table XI are listed the flocculation values
obtained with various salts, for the sol of Fee03.12 The mono-
valent anions form one group, while the divalent belong to another
group. The influence of the cation is subordinate in this case.
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1t is immaterial, for instance, whether the chloride is present as
sodium chloride or as barium chloride. The diflerences in
floceulation value for these two salts are not in excess of those met
in Tables VIII and IX. The OH ion occupies an exceptional
position, corresponding to the abnormality presented by the
H ion in Table VIIL.

TABLE X

FroccunaTiox Vanves For tHE HgS Sou

Glectrolyte i i Electrolvto !
Electrolyte Tloceulation 1____ (L(rl‘ i Flocculation
: value | . :
Monovalent cations | vaie ] Divalent cations volue
i i
NaCl.............. 13 \‘ SrCla. ..o o 0.88
KCl. . 10 }‘ BaBry. . ... .. 0.68
NH.C] 10 “ VO«ANOg)ae oo : 0.79
AgNOs. S0 TeCho Lo
X 0.14 \ Pb(NO;) . 0.050
0.07 [CuSO............... 0.047
TABLE XI
FLoccuLATiON VALTEs FOR THE Fe.O; Sou
!
i .
Electrolytes Tloceulation
values
16
12
Monovalent 13
anions 9.2
9.6
0.4
0.20
Divalent 0.22
anions 0.22
G6.19
L

The close connection that exists between valence and floccula-
tion value is well illustrated by an investigation of KrrcristaTsu
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Matsuno.’®  Precipitating the As®; sol by complex cobalt salts
having cations with different valences, he found that the follow-

ing concentrations were required:

monovalent complex salt 5000 u-moles per liter

divalent complex salt 160 p-moles per liter
trivalent complex salt 22 p-moles per liter
tetravalent complex salt 5 u-moles per liter
pentavalent complex salt (missing)
hexavalent complex salt 0.7 p-mole per liter

The fact that a value of 5 millimoles is found, instead of 50
(ef. Table VIII) for a wmonovalent sall is due to the different
technique followed by Marsuno. Instead of determining the
concentration necessary for complete flocculation, he measured
the so-called threshold value, viz., the amount required for initial
floceulation. This value plays the same part as the ordinary
limiting value; but it corresponds to another (lower) equivalent
adsorption and another (higher) eritical potential, called first
critical potential, as distinguished from the second which we have
heretofore called the ciitical potential and which will be so desig-
nated throughout the text.

19. Electrolytes Carried Down by the Flocculating Sol.-—It
wag mentioned in Sec. I8 that we could render visible the “ carrying
down” of the ion of opposite charge for new fuchsin. It is,
however, also feasible to follow this ionic precipitation quantita-
tively.

As early as 1901, WarrNey and Oser '* observed that when
an AsyS3 sol is precipitated with BaCly the precipitate contains
barium but no chlorine. Before flocculation, the solution con-
tained 0.1675 g. of barium, and afterwards 0.1523 g. For the
chlorine, the amounts were 0.0865 g. and 0.0863 g., respectively,
i.e., practically the same.

This transport of electrolytes enables us to check the theory
of FrREUNDLICH accurately. Let us first form a mental picture of
the mechanism of the flocculation process.

The colloidal particle carries its electric charge in the form of
an electric double layer. In Fig. 35 is schematically reproduced
the condition of an As2Ss particle as it occurs in the sol. We
assume that the charge is primarily due to the hydrogen sulphide
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which has been (either completely or in part) adsorbed in the
preparation of the sol. As a result the hydrogen and the sulphur
ions are oriented in an electric double layer.
The sulphur ions are found on the inside,
next to the particle, while the hydrogen ions
are located in the outer shell. On the addi-
tion of barium chloride the particle pref-
erably adsorbs the barium ions. Conse~
quently, the orientation of the boundary
ions is disturbed and the charge disappears.
At the same time, the hydrogen ions, no
longer attached electrically to the sulphur
ions, replace the barium ions in the dispersion medium so that the
latter, after the floceulation, has an acid reaction.

For the removal of the electric charge originally present, there
is required, of course, a definite amount of positive electricity or,
in other words, a definite number of jons. Moreover, it has
already been explained, in connection with Fig. 34, that equiv-
alent amounts of ions of different valence must be adsorbed in
order to produce the same lowering of the interfacial potential.
These amounts are expressed in the quantities of the flocculating
ion carried down by the precipitate.

TABLE XII
AMOUNT 0F CATION ADSORBED BY THE AssS; SoL AT THE FLOCCULATION
VaLue

Adsorbed

Flocculation milli-
Ton value in equivalents

millimoles of cation

per liter per 25 g.

of AssS;
Kt oo 50 2.05
Aniline*.............. 2.5 1.85
New fuchsin*+. ... ... 0.1 1.90
Catt. ...l 0.6 2.5
Se++ 0.6 2.05
Bat+ ...l 0.6 2.15
UOe*+. oot 0.6 2.20
Cettt ... .. ... 0.09 1.72
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In Table XII are given the quantities of ion (expressed in
milli-equivalents) adsorbed by the precipitates formed when con-
centrations equal to the flocculation values are added to the sol.'3

From these data it is seen that, in spite of their widely varying
flocculation values, practically electro-equivalent amounts of dif-
ferent cations are adsorbed. Thus, while the flocculation values of
potassium and new fuchsin are in the ratio of 500 : 1, the adsorbed
amounts differ only by a few per cent. The slight discrepancy
in the values of the last column must be ascribed to the consider-
able experimental difficulties.

An analogous investigation for tho Hg8 sol did not furnish
such good results as those presented in Table XII; nevertheless,
they do not conflict with the theory outlined on the preceding
page '® which was undoubtedly well supported by the data given
in Table XII.

Experiments carried out on the positively charged AlQOj sol
led to satisfactory results as regards the equivalence of the ions
adsorbed at the flocculation values.!?

20. Flocculation Value and Concentration of Sol.—The
mechanism of the flocculation pl’OLESS becomes more apparent
when we examine the manner in
which the flocculation value de-
pends on the amount of colloid
material present in the sol.!®

When we prepare As:S3 sols by
diluting a given sol with water,
and then investigate the floccula~
tion valuesfor these sols of different
concentrations, we obtain the fol-
lowing results (Fig. 36). The com~
mon point indicates the floceulation
value for K, Ba, and Al, each time
taken as unity. The figure shows
that dilution of the sol raises the P %
floéculation value for K, and lowers Grams in 1 K.G. of sol
it for Al, while Ba occupies an in- Fia. 36.
termediate position.

One might be inclined to reason a priors as follows:

Let Fig. 37a represent schematically a sol of a given eon-
centration,

L4 X+

104

0,6 Fias”

Floeculation value
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In Fig. 37b the same sol i sketched, baving twice that con-
centration. Flocculation occurs when each particle has adsorbed
a certaln quantity. This quantity {(a) is adsorbed at & concen-

tration x. Representing
’* the floceulation value in

the first case by 41 and

N e =N N

."\ ,\ ‘/'\ the number of particles by
1 4 ol I

= N &2 | n, we have:

a e 3
1= x + na;
x X and in the case of Fig. 37, b:
a b v2 = x + 2na.
Tha. 87,

Hence, one might expect

that, in general, a sol of

higher concentration would correspond to a higher flocculation
value; or, inversely, that ¥ would decrease on dilution.

This dependence, however, will be the more strongly felt, the
lower the flocculation value. We know that at the flocculation
value of a monovalent ion only a small part is adsorbed; hence,
na or 2na is exceedingly small by comparison with 4. For a
trivalent ion, on the other hand, where the floceulation value is
quite small, nearly all is adsorbed at that minute value. In that
case 1 is about equal to na, and a pronounced inter-dependence
must exist between flocculation value and concentration.

In Fig. 36 we notice that for Ba and Al the results are in
accordance with this line of reasoning. For the monovalent K ion,
however, the relationship is just the opposite of what might be
expected on the basis of the previous discussion: the dilute sol
has a greater flocculation value. Another factor has been left
out, viz., the fact that dilution of the sol draws the particles farther
apart and hence decreases the probability of collision (¢f. p. 67).
If we want to produce flocculation in the same time, we must in-
crease the probability of cohesion in order to compensate for the
decreased probability of collision.

The first part of our discussion, in fact, any general considera-
tion of the relation between electric charge and flocculation, must
deal with the probability of adhesion while the probability of col-
lision is assumed to be constant.

For monovalent ions, the first-mentioned effect is small, hence
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the second effect predominates; for the Al ion, the first effect is
very pronounced and consequently predominates.  The Ba ion
takes an intermediate position in which fioceulation value and con~
centration of the sol are just about independent of each other,
or rather, v decreases slightly on dilution.

The relations are, however, not the same for all sols. Some-
times the tendeney to raise the foceulation value on dilution of
the sol is not confined to monovalent ions but also oceurs for
polyvalent ions (for instance, in the case of the gold sol.’*  With
other sols, c.g., the T'e20y sol, the tendency to decrease prevails
even when monovalent ions are present, '8

21. Summary.—In the preceding pages it has been stated that
the stability of suspensoids depends on their clectric charge and
that the action of clectrolytes is based on a process of adsorption;
henee, it is obvious that no stoichiometric relation exists hetween
the weight of precipitated colloid and the anount of clectrolyte
which causes precipitation. We now clearly understand that the
absence of stoichiometric relations, already discussed on page 5,
is characteristic of colloidal systems. Vanx BemMmeuex, who car-
ried out colloid-chemical investigations between 1870 and 1910,
was one of the first to emphasize persistently the absence of stoi-
chiometric relations.

In the foregoing sections, the electric charge of colloids, the
definite magnitude of that charge, and the part of the latter which
must be removed have been discussed repeatedly. It now becomes
necessary to form a quantitative idea about the electric charges
of the particles. Although we are familiar with phenomena which
are related to these interfacial charges (see Chapter 11T), our next
problem is to find out how, for instance, the cataphoretic velocity
depends quantitatively on the charge of the particle, what the con-
nection is between the charge of the glass wall and the flow poten-
tial, ete. In Chapter V these questions will be further discussed.
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CHAPTER V
CHARGE AND STABILITY

22. Electro-endosmosis and Charge.—TFigure 38 represents
schematically the movement of a liquid in a tube under the
influence of the
potential difference TS e
between the elec- + + + +:+ ++ + +|+
trodes. Let us as-
sume that the wall is
negatively charged L
and that, conse-
quently,the positive

i
part of the double ++++F+++ 4+
layer lies onthe side =~ — = F-SemSmeT
of the liquid. Let Fia. 38.

E be the potential

difference between the electrodes, I the distance between them,
¢ the diameter of the tube, § the thickness of the boundary layer,
and u the electro-endosmotic velocity of a particle of liquid. For
the volume v, transported per second, we have:

ve=dgu. . . . . . . . . . (1)

The electric force overcomes the friction and thus originates the
velocity u. The foree of friction is proportional to the viscosity 7

. d . . -
and to the drop in velocity E—Z’ dr denoting the distance of a particle

from the wall. Since the velocity of the liquid elements of the
liquid is u, and since the negative side of the double layer is sup-
posed to be at rest, there exists in the boundary layer a velocity
gradient from u to zero over a distance 5. We may therefore
assume that:
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The force of friction then becomes equal to 171;, or, according

to equation (1) 7 :;75 Tor a potential difference £ and a distance [

between clectrodes, the potential gradient I = }'7 If we call

the quantity of electricity per square centimeter of wall e, the
clectric force operating per unit area is He.  When frictional force
and electric foree are equal we can write:

Hr=—17—r'
o6’
or,
i
('_HdJ(S' PR )

The electric double layer may be likened to a condenser since
in this case we have a negatively charged layer and a positively
charged layer at a distance § from each other. For such a con-
denser the following relation holds:

47 de
(—D,..A...‘.(S)
where  designates the potential gradient in the double layer and
D the dielectric constant of the medium separating the layers.
If ¢ denotes the strength of the current, « the specific conductance
of the liquid, and W the total resistance between the electrodes,
we have, according to OnM’s law:

1 .
gt e _

Substituting the values for H (equation 4) and e (equation 2)

in equation (3), we get:
4x
{ = 5 7K1,

The foregoing derivation thus furnishes a connection between
the potential of the double layer, ¢, and the velocity of the electro~
endosmotic phenomenon, v, the remaining terms of the equation
being accessible to direct measurément.
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23. Cataphoresis and Charge.—1f « denotes the cataphoretic
velocity, there must be, as in the preceding scetion, equilibrium
between frictional and electrical force; hence:

u u E
—=Heorg- = —¢
5 cornL=se
where the letters have the same meanings as in Sce. 22, except
that u stands for the velocity of the particle.
Replacing e on the right-hand side of the equation by the value
derived from the formula for electric condensers, we obtain;

u=ED A 4r 5
= dral r =p M= 0D woo. .. (B

It was recently brought out by DesyE and Hi*cker ! that for a
spherical particle the factor 4 in these equations should be 6. The
figure 4 applies to a cylinder, as mentioned in Sec. 22.

This formula indicates that for a given potential difference, E,
there is a direct proportion between the potential of the double
layer and the cataphoretic velocity, u. The factors which deter-
mine these constants are again obtained experimentally.

24. Flow Potential and Charge.—As detailed derivations were
given in the two preceding sections we can dispense with the deriva-
tion here and merely mention the final result:

;
§=%ri»x—§, P ()]
where « is the specific conductance, E the flow potential, and P
the pressure under which the liquid is forced from one side of the
capillary to the other. In deriving this formula we assume that
the law of PorsEUILLE is applicable to the flowing liquid.

25. Measurements of Boundary Potentials.—Measurements
by the author 2 have shown that the flow potential of pure water
is lowered by the addition of electrolytes (see p. 57). However,
if one calculates, by means of equation (6), the potential in the
boundary layer at the glass wall, it will be found, contrary to
expectation, that the charge does not decrease with the concentra~
tion. This can be accounted for by the fact that, in"the formula,
Edecreases, while « increases, with the concentration.
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Figure 39 illustrates the change of the boundary potential with
the concentration for various ions. Small quantities of an electro-
lyte having a monovalent or divalent cation raise the boundary
charge. Since this increase is due to the negative ion, the influence
of the latter in minute concentrations seems to exceed the dis-
charging effect of a monovalent or divalent cation. In the case
of a trivalent cation, however, the discharging effect of that ion
comes immediately to the fore.

Whereas the preceding statements hold for concentrations
below 100 u-moles (1 p-mole = 10~ mole), we find that for iarger

concentrations the lowering of

the potential by cations is ac-
centuated. The smallest de-
crease is caused by a common
inorganic cation of a light metal
like K, followed by the hydro-
gen ion, while a still stronger
action is exerted by an organic
ion, viz., p-chloraniline indi-
cated by p Cltin Fig. 39. Then
comes the divalent cation Ba,
and finally the trivalent cation

Al which lowers the charge to

zero at the low concentration
< of 0.8 y-mole. Apart from this

F1a. 30, decreasing effect of polyvalent

cations, we may infer from

these investigations that small

coneentrations of an electrolyte raise the boundary charge with
respect to pure water, while greater concentrations lower it.

The researches of Powis,? carried out at practically the same
time as the preceding experiments, led to the same result. Powis
calculated the boundary potential both at the oil-water interface
and at the glass-water interface (¢f. p. 60) from the measurements
of the cataphoretic velocity of oil drops. The equation (5) used
by Powis should be corrected (DEBYE) as stated on page 81.*

* In & recent investigation (KruyT, RoobvoETs and VAN DER WILLIGEN,
Coll. Symp. 4, (1926)) nttent.lon has been called to the uncertainty regarding
the i of. b lting from our incom-
pkte knowlad@ ooneemmg the change of the dielectric constant with the

iy ation (Note added during the correction).

~
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Figure 40 reproduces his data graphically. Here again we find
that the potential { is raised for small concentratious, especially
for a polyvalent anion;
for instance, the tetra- .
valent anion of KiFe .
(CN)¢ increases the po-

tential strongly, as does ¢ X Fecy,

the chlorine ion in KCL b}

The fact that the eleva-

tion by BaClz is not vis- 2 N‘\\

ible is probably due to the o 10 2 cone,
absence of measurements o Mol

at concentrations smaller g0z ]
than 200 g-moles. *
Leaving aside fora mo- ¢ J

ment the injtial increase,
and considering solely the +
subsequent lowering of the Fia. 40.

charge caused by theadded

eation, we are confronted here by a phenomenon which is equaliy
well explained by Fig 34. Infact, exactly the same consideration
as given on page 69 will make it clear why the valence of the oppo-
sitely charged ion must determine the lowering of the boundary
tension in capillary electrical phenomena.

26. Significance for Colloid Chemistry.——In the previous chap-
ter we saw that a colloid is stable only when the electric potential
difference at the boundary is higher than the critical potential.
In Sec. 25 it was found that the boundary potential for pure water
is, generally speaking, not high, but is raised by very small quanti-
ties of electrolyte.

Figure 41 gives an idea of the change in boundary charge, ¢,
with the concentration of electrolyte. The eritical potential is
indicated by the dot-dash line.

The figure shows that a colloid, in order to be stable, usually
requires a small concentration of electrolyte (point a), while an
excess of electrolyte (point b) destroys the stability. (It should
be remembered, however, in connection with this figure, that
peptizing and flocculating electrolytes are, as a rule, not the same.)

The necessity of having traces of an electrolyte for stabilizing
a sol has been kmown for a long time. The phenomenon of stabiliz~
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ling a colloid by the addition of a substance is called peptization.
It will be clear in this connection that a stable colloid always con-
tains traces of electrolyte.
¥ Usuelly these traces are present
from the preparation of the
sol. If one should try to re-
move them purposely by ex-
cessive dialyzing, it could only
A P\ t, be done at the expense of
/ the stability. Granam,® and
\ later A, W. THoMAs and A.
Friepex,® found, for instance,
that excessive dialysis of ferric
oxide causes the sol to floccu-
Coucentration late in the dialyzer. Brans
Tic. 41. and Fastrack © stated that in
preparing gold sols electrically

the presence of traces of electrolyte is necessary.

ELuis,” in his experiments, found that the OH jon raises the
maximum in the potential curve to a considerable extent. Powts 8

\u_showed that a polyvalent ion likewise gives rise to a pronounced
- maximum. The more the anions, either by their high valence or

!iby strong adsorbability, increase the negative charge, the better
peptizers they are.

The same is true for cations with respect to positive colloids.
Iron oxide is readily peptized by FeCls. In general, the salts of
polyvalent metals and the hydrogen ion in acids are suitable
peptizers for positive colloids.

The researches of Varca and WINTGEN (see p. 97) furnish a
beautiful illustration of the peptizing action of clectrolytes. A
8n0Oz sol can be prepared by peptizing precipitated tin oxide with
alkali. In the making of this sol, there is an increase in the ratio
between alkali and tin oxide, and & consequent increase in the
cataphoretic velocity, and hence in the charge.

! Soaps are excellent peptizers for organic substances. As the
| theory of Lanamuir and HARKINS (see Sec. 11) indicates, these
substances, on account of their strong hetero-polar character,
give rise to the formation of an electric double layer and thus
exert a vigorous peptization. (For further details, see p. 244.)

The action of peptizers will be discussed later (Ch. VI).
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27. Summary.—The content of the two previous chapters
may be summed up graphically in Fig. 42. In the upper part of
the figure is sketched the change in the boundary charge with the
concentration of the clectrolyte (¢f. Fig. 39). The dot-dash line
gives the value of the cnitical potential, {.., for the sol (¢f. Fig. 41).
In the lower half of the picture is drawn the adsorption isotherm
for the electrolytes KCI, BaCl, and AlClz.  Since this part of the
figure is drawn to the same
scale of abscissae, the ordi-
nate representing the amount
adsorbed is plotted down-
ward. The lower par! is
nothing but Fig. 34 upside
down. In both illustrations
the same idea is expressed
in two ways. In the upper
half are found the concen-
trations at which the poten-
tial is lowered to the critical
value, while in the lower
half are found the concen-
trations at which so much
cation is adsorbed that the
lowering is brought about.
Hence, the corresponding
values must lie at equal Fia. 42.
equilibrium  concentrations.

Fig. 42 thus unites in a single illustration the whole content of
the foregoing chapters.

28, Irregular Series.—In Sec. 26 the line for AICl; was con-
tinued only to the point where the charge was reduced to zero.

On page 58 it was stated that further additions of salt reverse
the charge, with the result that the wall acquires a positive charge;
but in the long run the chlorine ion depresses this positive charge
and a second discharge takes place.

The phenomena observed when a sol is floceulated by means of -
an electrolyte such as AICl; agree well with the changes in boundary
potential. When increasing amounts of AlCIz are added to a
negatively charged sol of mastic,® we notice that small eoncentra-
tions ‘eause flocculation, somewhat higher concentrations produce

#H e > ey
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another stable sol of opposite sign, i.e., positively charged, while
still higher concentrations bring about another flocculation. This
is represented schematically in Fig. 43, where the amount fioccu-
lated is plotted as ordinate against the salt concentration as abscissa.

We have, therefore, first
anon-floceulation zone, next
a primary floceulation zone,
then another non-floccula-
tion zone in which the sol
has the opposite sign and,
finally, a secondary floc-
culation zone.

This phenomenon is designated as an irregular series. It will
always occur when the potential-lowering effect of the cation is
far in excess of the potential-raising effect of the anion. This
lowering effect may be due either to a high valence of the ion or
to a high degree of adsorbability. Polyvalent cations give, there-
fore, irregular series when they are combined with monovalent
anions. But monovalent organic cations act in the same way.
For instance, strychnine nitrate,!® as well as new fuchsin, yields
an irregular series with AsyS; sol, and AgNO; with the sol of HgS,11
because in each case the cation is strongly adsorbed.

A converse reasoning applies to positively charged sols. Here
the anion discharges, while the cation may raise the charge.
Whenever there is a great contrast between the two ions, an irregu-
lar series will oceur; hence, we readily understand why the posi-
tively charged sol of iron oxide forms an irregular series with
sodium phosphate (monovalent cation vs. trivalent anion), and
with NaOH (monovalent ions, but anion strongly adsorbable).!?

29. Influence of Sols on Each Other.—(a) Mufual floccula-
tion.—When a positively charged sol and one that is negatively
charged are brought together, the probability of adhesion is natur-
ally quite high, since the charges, being opposite in character,

 promote adhesion. In case a small quantity of a positively
charged sol is added to a negatively charged sol, a certain number
. of particle adhesions will no doubt take place, but the critical
- potential for the combined particles will not be reached. Only
when a sufficient quantity of the oppositely charged sol is added
does complete flocculation occur. The same reasoning applies to
a positively ‘charged sol to whieh a negative sol is added. Fig. 44

o~
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expresses the facts as stated here. The coérdinates are the same
as in Fig. 43. The very first addition of the sol of opposite sign
lowers the charge; but as long as the critical potential is not
reached, there is merely a decrease in stability without visible
flocculation. A zone of flocculation
exists only in the center, as indicated
by the cross-hatched part of the
figure.

(b) Prolective action—When a sol
of gelatin, for instance, is added to
a gold sol prepared by the reduction
of a gold salt in an alkaline medium,
it appears that the gold sol is strongly protected against the
floceulating action of electrolytes.

We shall find in Chapter XIII that emulsoid sols are, to &
great extent, unaffected by the presence of electrolytes. Obviously
the particles of the emulsoid sol are adsorbed by the gold and
impart their properties largely to the gold particles.

Conversely, this protective action is used to distinguish
between different emulsoid sols. The gold-number is defined
by ZsiGMONDY 13 as the weight, in milligrams, of the dry material
in the emulsoid sol which is just sufficient to prevent the change
from red to blue in 10 cc. of a gold sol, after the addition of 1 ce.
of a 10 per cent solution of sodium chloride. Table XIII gives the
gold-numbers for a number of emulsoid sols. In the last column
is found the so-called reciprocal gold-number, which is, therefore,
a measure of the protective action.

TABLE XTI
GoLp-NumBERs (PROTECTIVE AcTION)

Colloid Gold-number gﬁfmr
Gelatin. . ......... 0.005-0.010 |  200-100
Casein........... 0.01 100
Gum arabic. ... 0.15-0.25 4
Tragacanth. . ..... 2 0.5
Dextrin........... 15 0.07
Btarch............ 25 0.4
Silicic acid sol. . ... w 1}

i
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(c) U-number~—When an emulsoid so} is added to-an acid
gold sol, no protective action takes place. On the contrary, the
gold sol is floccutated by minute quantities of the emulsoid. These
so-called U-numbers (“ Umschlagszahlen,” according to Zsig-
MONDY)' represent the number of milligrams required to produce
the color changes in 10 cc. of the gold sol. A few examples are
given in Table XIV.

TABLE XIV

U-NUMBERS
}

Colloid 1 U-number \
Glyeoeoll. . . ... ‘ >80
Hystidin. . | 0.1 0.2
Pepton . . J‘ 0.04 ~0.06
Gelatin. .. ...... 0.002-0.004
Albumose . { 0.002-0.004
Casein..........; 0.002-0.004 .

i

In Chapter XIV we shall see that the emulsoid sols change
their charge under the influence of the hydrogen-ion concentration
of the medium; i.e., they become positively charged in an acid
solution and negatively charged in a basic solution. In the case
of protective action, both the gold sol and the gelatin are negatively

! charged. In dealing with U-numbers, we bring together in an
acid medium a negative gold sol and a positively charged gelatin
gol. The result is, therefore, mutual flocculation.

(d) Sensitizing.—Experiments by Brossa and FrREUNDLICH 15
have indicated that a decrease in the stability of suspensoids is
often noticed on the addition of an emulsoid of opposite charge.
On adding to the positively charged sol of Fe,O3 a solution of
albumin, carefully freed from electrolytes and carrying a negative
charge, we notice that the particles unite. At the same time the
charge of the iron oxide sol is lowered, although it retains its
stability. However, the amount of electrolyte necessary to pre-
cipitate the sol, viz., the floceulation value, appears to have de-
creased enormously. Accordingly, we might say that the added
albumin has a sensitizing effect on the iron oxide sol. In a sense,
we have already met with a certain kind of sensitization when
discussing Fig. 44. In fact, in the non-cross-hatched parts of the
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figure, there is a gradual lowering of the charge on the addition of
the sol of opposite charge. U-numbers also belong in this category.

It is likewise possible that suspensoids sensitize each other.
On mixing a negatively charged sulphur sol with an As:S; =ol, also
having a negative charge, we find that they sensitize each other.
The reason for this behavior is, however, a special one. 'The pep-
tizing electrolyte (see p. 84) for the sulphur sol appears to be
pentathionic acid, while hydrogen sulphide peptizes the AszSs sol
(see p. 73). These two peptizing compounds react with cach
other, according to the following equation:

HoB8506 + 5HeS = 108 + 6H20,

and, as a result, the boundary layers of the particles are disturbed
and the charge Jowered.’ Only in a special case like this do sols
of the same charge exert a sensitizing effect on each other. In
general they do not influence each other.

(e) Earlier conception of irregular serics—Formerly the opinion
prevailed that the irregular series required a different explanation
from that given in Bec. 28. When AICl; is added to a dilute
solution of mastic, it might be supposed that a sol of Al:O3 would
be formed by hydrolysis, and that, first of all, a mutual floccula-
tion would take place, ag discussed in Sec. 29a, with a reversal of
the charge from negative to positive. In the long run, the chlo-
rine jon might finally bring about flocculation of this mastie
complex.

A serious drawback to this explanation is the fact, already
mentioned, that sodium hydroxide gives an irregular series with
Fes03 sol.  Moreover, it is possible to modify one and the same
system in such a way that the normal picture of the irregular
series can be clearly distinguished from the phenomenon of mutual
flocculation.

For instance, on treating a necutral gold sol with Th(NOa)s,
an irregular series is formed. But we can also study the process
by using an alkaline sol, in which case the alkali really hydrolyzes
the Th(NO3)s.1? Table XV gives the values for both series.

These data show strikingly the contrast between precipitation
by the Th ion, which requires only a minute quantity, and floccula-
tion by the colloidal ThQ,, which necessitates a much larger
amount because the Th ion is active electrically only insofar as
it is present in the double layer of thg ThO2 particles. In the
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case of the ion-dispersed solution, each individual Th ien is, of
course, active. Furthermore, a great difference is noticeable, viz.,

TABLE XV
Goup Sots+4a Sovvrion oF Th(NO;),

7
!
| Neutral | Alkaline
| sol sol
1st floceulation value. .. ............ ... ... \ 0.00090 0.03
End of 1st flocculation zone. . . ‘ 0.0030 ca. 0.10
2nd flocculation value........................ i 20 ca. &
|

the neutral sol shows a normal color change from red to blue, while
in the alkaline series the gold precipitates in the form of red fiakes.
Such red flakes always occur when a gold sol is precipitated by a
sol of opposite charge. For instance, the precipitate from a gold
sol plus a tin oxide sol is known under the name of ‘“‘purple of
Cassrus 18 and an analogue of this is formed when gold and tho-
rium oxide interact. Table X VI shows that red flakes are obtained
on mixing a gold sol and a sol of ThOs.

TABLE XVI
AvgauiNe Au SoL+ThO; Sou

Cone. ThO; in .
o bOs Condition
millimoles .
s after 5 min.
per liter

0.002-0.10 red sol
0.25 -0.50 red flakes
0.60 -7 red sol
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CHAPTER VI
CONSTITUTION OF THE DOUBLE LAYER

30. The Double Layer.—The conception that colloidal par-
ticles are electrically charged is likely to lead to the erroneous idea
that each of these particles carries an electric charge and hence
that a sol can be represented as an aggregate of statically charged
electric spheres.

Von SmorucHowskl ! has rightly countered this conception
with the remark that if it were correct an electroscope would
show a deflection when brought close to a sol. Since this is not
the case, the electric charges must be self-compensating, a fact
which finds a proper expression in HermuoLTZ' well-known idea
of an electric double layer. Opposite the ions that give to a
particle, say, a negative charge, there are located positively charged
ions with the same total electric charge. As a result of this, the
system as a whole appears to be uncharged; hence, the phenomena
of motion, discussed in Chapter 111, take place whenever there is
displacement in the electric double layer, caused by the existence
of a certain amount of slip between the two coatings of this double
layer. Under the influence of an electric potential, these coatings
move in opposite directions, tending to set up an opposing electro-
motive force. They do not do so, however, for the reason that
the electrical conductance of the liquid causes an exchange;
hence, the following conditions, represented schematically in Fig.
45, occur successively.

Imagine a particle (indicated in cross section by the shaded
area in Fig. 45a) placed between two electrodes. When an
electromotive force is applied, the two coatings are displaced and
the particle moves along with the negative charge (Fig. 45b).
This leaves electric charges free on either side. These are com-
pensated, however, by the intergranular liquid (a solution of a
peptizing electrolyte and hence a conductor of electricity). The

92
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condition of Fig. 45¢ is thus established. The net result, there-
fore, is that the whole particle plus its double layer bas moved
toward the positive
electrode. Simultanc-
ously, something else,
to which we shall refer
in the next sections,
has migrated in the
opposite direction.

The conception of
an clectric double
layer, introduced by
HewLmuorTz,? is based
on the supposition
that the potential gradient at the boundary of a particle (or
capillary; in general, of a wall) is quite abrupt; in other words,
the oppositely charged layers are supposed to be at a molecular
distance from each other. Let the cross-hatched portion of
Fig. 46a represent the wall. If we plot as abscissa the distance

from that wall, and as ordinate the po-

tential ¢, the heavy Dblack line will indi-

| a cate the course of the potential, the width

of the line corresponding to the distance

between two molecules, i.c., the thick-

MMMM ness of the Hetmuovurz double layer.

FreunoricH and Rowa,® and later

Fra. 46. GyemanT,? have argued that such a repre-

gentation is incompatible with the facts.

Infact, Gouy ® had previously pointed out that a sudden drop in

potential is, in general, improbable and that Fig. 46b represents
the course much better.

The idea that Freunporicu and Rona had in mind was the
following. The potential drop between glass and water (or
between glass and an aqueous solution) had been measured by
Haper and KuEnensiewicz,® by means of the apparatus sketched
in Fig. 47. A is a thin-walled glass vessel containing any liquid
that is a good conductor; in thisis placed an electrode, E. Both A
and a calomel electrode, CE, dip into the liquid B. The latter
thus contains a glass electrode and a normal electrode. The
investigators named above measured the-potential of this cell as a
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funetion of the composition of the liquid B and were thus enabled
to calculate the potential gradient at the glass electrode. Kmuyr,”
in his investigations on flow potentials, also measured potentials
for the glass-water boundary, or glass-
electrolyte solution. Powis,® too, cal-
_ culated such potentials from his
measurements of electro-endosmotic
movement in the neighborhood of a
glass wall. Whereas, in the measure-
ments of the two last-named authors,
the great effect of the valence of the
oppositely charged ion eame to the
fore, the measurements of HaBER and
KreuensiEwicz showed that the po-
tential of the glass electrode is com-
pletely unaffected by this valence.
The glass electrode behaves like a
Fra. 47. hydrogen electrode and consequently
changes its potential according to
the well-known formula of NERNsT, being dependent only
on the hydrogen-ion concentration of the liquid B. Following
Freunprich and RoNa, we must, then, distinguish between two
kinds of potential at the glass-liquid interface. These authors
assume that the drop in potential at the wall is not abrupt (HeLu-
nwoLrz), but diffuse (Gouy).

Tigure 48, which represents the concepts of FreunpLicH and
his co-worker, is thus analogous to Fig. 46b. It was pointed out,
however, that in potential measure-
ments connected with phenom-
ena of motion (flow potentials,
cataphoresis, etc.), the liquid does
not move close to the wall (verti-
cally shaded in Fig. 48), because
the latter keeps a thin layer of
liquid adsorbed (indicated by hori-
zontal shading in Fig. 48). What
HasER and KLEMENSIEWICZ meas-
ured was the total potential differ-
ence between the wall and the liquid (the value e in Fig. 48),
called “transverse potential difference’” by FrEUNDLICH and

Distance from wall

Fic. 48,
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Rova. Kruyr and Powis measured the potential difference
between the moving and the stationary part of the liquid, i..,
the value, indicated by ¢ in Fig. 48, that is designated as the
“tangential potential difference.”

The transverse difference, ¢, is in agreement with NEmrnsT's
theory, not influenced by any kind of jons except the ion the solu-
tion tension of which is responsible for the potential difference (in
HaBer’s experiments with the glass electrode, the H ion); but
¢ depends on the shape of the potential curve and also, according
to Gouy, on the individual ions. The steeper the slope of the
curve, the greater the portion falling inside the adhering liquid
layer, hence the smaller the
value of {. Conversely, the
flatter the curve, the higher
the value of ¢.

The course of the po-
tential curve is probably
not always so simple as
would appear from Fig. 48; ¢
in fact, we know (¢f. p. 58)
that the sign of the ¢ poten-
tials is sometimes reversed

by neutral electrolytes. Fig.

49, which shows a ¢ poten- t
tial with a sign opposite !
to that of ¢, takes this possi- ||jilllil||==8 e m e N
bility into account. }E

The stability of colloids,
then, isnot governed by the
transverse potential gradient,
¢, but depends on the tangential gradient, ¢ (cf. p. 85).

In assuming a diffuse double layer, we really should consider
an ‘“‘atmosphere of jons” in which the excess of, say, positively
charged ions over the negative ions gradually decreases from the
wall toward the center. On the horizontal stretch of the potential
curve, the density of the positive ions equals that of the negative.

For the sake of converience, we shall continue to speak of
the “double layer.” This expression is unobjectionable, provided
we keep in mind that HeELMuOLTZ’ simple idea needs the amplifica-
tion furnished by Gouy, STerN,® and others.

¥ia. 49.



96 CONSTITUTION OF THE DOUBLE LAYER Sec. 30.

Meanwhile, it is very important to know which iéfis really
constitute the electric double layer. About fifteen years ago, the
view adopted was that a neutral wall in contact with water took
on a negative charge since it had a preference for adsorbing the
hydroxyl ions of water. A wall made of material having a decidedly
basic character, such as AlsO3, which we know has a positive charge,
was supposed to have a special affinity for the hydrogen ions of
water; hence, AlO; became positively charged. In case the
material of the wall had a decidedly acid character, the specific
preference for hydroxy! ions was explained in a similar manner.

FreunpricH and Erissarory 1© suggested in 1912 that the
material of the wall, insofar as it can be considered to be an ionogen,
might participate in the formation of the double layer. The
question that arises, then, is whether this hypothesis should not be
generalized by assuming the lining of the double layer to be built
up, in all cases, from the ions of the material of the wall. This is,
of course, quite possible in the case of ionogens such as glass (sili-
cates), metallic oxides, salts, and the like. We get into diffi-
culties, however, with substances like naphthalene. Some
recently developed ideas of Laxemuir and Harkins (¢f. p. 48),
in which the double bond in the benzene nucleus is supposed to be
the special carrier of capillary electrical properties, might possibly
lead to a reconciliation.

It is obviously extremely difficult to determine the constituents
of the double layer directly, but there are, nevertheless, varicus
indications which give us a better insight into the constitution of
the double layer of colloidal particles.

There are two remarks that should be made before these
experiments are discussed. In the first place, one might ask,
speaking of the sols of metals, whether the electric double layer
here is not simply the one that plays a part in NErNsT’s so-called
osmotic theory of solution tension. The double layer would then
be formed by the metal ions going into solution. If a potential
gradient were produced-in this manner, the electromotive series
would play an important réle in the order of the capillary electrical
phenomena, which is not at all the case. On the contrary, it is
easy to collect arguments showing that the double layer of a
silver particle, for instance, does not consist exclusively of silver
jons sent into solution by the silver. As a matter of fact, OH ions
favor the formation of negative metallic sols, but ammonia is



Sec. 31. THE TIN OXIDE SOL 97

very harmful to the preparation of a silver sol. Since silver oxide
is soluble in ammonia, we .cannot get away from the impression
that silver oxide or some other complex of Ag plays a part in
the double layer of a silver sol. Reference will be made to this
in a later section.

Furthermore, the preceding discussion has indicated that the
potential gradient resulting from a solution tension might be a
measure of €, but surely not of ¢.

For non-conductors of electricity we might conceive of a special
kind of mechanism imparting an electric charge to the particles.
Cokun,!* for instance, noticed that non-conductors of electricity,
brought into contact with each other, produce a condition whereby
the substance with the higher dielectric constant is charged posi-
tively with respect to the one having a lower constant. This rule,
however, can be of little aid in the explanation of the electrical
properties of colloids, since it does not appear that an intimate
relation exists between flocculation phenomena and variations in
the dielectric constant. In fact, traces of clectrolytes that are
quite active in capillary electrical processes do not change the
dielectric constant to any extent. Then, too, CoEnn’s rule does
not apply to tangential potential differences but only to transverse
ones,

31. The Tin Oxide Sol.-~Considerable information concerning
the constitution of the double layer may be obtained from certain
investigations on the sol of tin oxide, carried out in the laboratory
of Zs1aMONDY.}2

When SnCly is poured into water, a gelatinous precipitate of
8n0. is formed and settles slowly. The HCl simultaneously
formed is removed by decanting the supernatant liquid repeatedly.
The 8n0Oz, thus purified, is brought into colloidal solution by adding
cither an acid or a base to the precipitate of SnOs. Addition of
KOH produces a negative SnOz sol, while with HCl we obtain a
positively charged sol.

According to the old conception mentioned above (¢f. p. 54),
we might say that the particle adsorbs either H ions or OH ions
preferably, builds up the lining of the double layer with these ions,
and derives its charge from them.

We shall not discuss here the experiments of MEcKLENBURG 13
on the influence of the previous treatment of the precipitate on the
properties of the sol, interesting as they are, but shall confine
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ourselves for the present to the investigations of HEmz and
Franz on the flocculation value of the negatively charged tin
oxide peptized with alkali.

A number of sols were prepared for which the ratio of SnQ.
to KOH was different. At the top of Table XVII is indicated the

TABLE XVII

TFrocorLaTioN VALGE, Sn0; Sor, 18 MILLI-EQUIVALENTS PER 10 cc.

_5n0, 2 | 1
“KoH ) 25 50 100
1.8 1.7 0.34 0.26 0.14
1.9 1.5 0.30 0.28 0.14
1.8 1.7 . 0.32 0.28 0.14
2.3 2 0.40 0.52 0.50
0.33 0.07 0.025 0.0135 0.007
0.33 0.075 0.022 0.0135 | 0.007
0.35 0.065 0.022 0.0130 | 0.007
0.33 0.07 0.025 0.0135 | 0.007
... 033 0.075 0.024 0.0140 | 0.007
............... L] 0025 0.0180 | 0.009
Alkaliin 10 ce.........| 0.333 0.065 0.026 0.013 0.0064

ratio N in gram-moles for each sol. For each of the salts mentioned
in the first column, the table gives the flocculation values. Look-
ing over these values, we notice that the monovalent cations,
which give approximately the same value, form one group, while
all other salts, yielding a different value, which, however, is
practically the same for all of them, form another group. This
latter circumstance is very striking when we take into account
the fact that this second group contains the monovalent H and
Ag ions, the divalent Ca and Ba ions, and the trivalent Al ion.
We expect, indeed, to find that all these ions have a smalier floc-
culation value than the monovalent ions, but from the point of
view developed on page 69 it is difficult to see why all these ions
should show flocculation values which lie so close together.  Still
more remarkable is the fact that this figure for the flocculation
value reappears in the last line of Table XVII, where the amount
of alkali present in each sol is shown. This leads, therefore, to
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the inference that 2ll ions mentioned in the second part of the
table give a flocculation value which is exactly equal to the amount,
of alkali used for peptization.

From these data, ZsiGMONDY 14 has drawn a very acceptable
conclusion regarding the constitution of the double layer of the
8nO; particle. Assuming that peptization does not take place by
the mere adsorption of OH ions but that the added KOH reacts
chemically with the outside molecules of the colloidal particle, we
arrive at a picture of the particle plus its double layer, as repre-
sented in Fig. 45. ZsigmoxnDY’s assumption is, therefore, that
the stannates formed at the boundary of the particle produce the
tons of the double layer. Considering, furthermore, that the ions
in the upper part of the table give soluble stannates, and those in
the lower part form snsoluble stannates, we realize that a particle
is precipitated when the boundary layer is destroyed because the
potassium stannate, which forms the double layer, is changed into
an insoluble stannate. (In the case of HCI, stannic acid itself,
which is also insoluble in water, is formed.)

The idea that the lining of the double layer is made up not of
OH ions but of 8n0O;s ions is rendered very plausible by these
investigations. In addition, we find that a double layer can be
destroyed in a manner differing from that discussed on page 66;
we cannot, however, discard the previous explanation, since either
one mechanism or the other may produce the effect. In fact, even
for the 8n0Oz, the formation of an insoluble substance in the bound-
ary layer can serve only as a working hypothesis for the electro-
lytes of the second half of Table XVII. For those of the first
half we are undoubtedly dealing with the mechanism previously
discussed, in which the adsorption of the oppositely charged ion
plays the principal part.

32. Analogous Cases.—In Sec. 31 we saw that the double layer
of a tin oxide particle is formed by a constituent related to the
substance from which the particle is made: the stannates take a
polar position when attached to the related material. In a sense |
this behavior is in line with the theory of Lanamuir and HARKINg,
which postulates that the molecules of the boundary layer always
tend to make the transition of the phases gradual. The stannates
turn their stannic acid anion toward the 4in oxide. When pepti-
zation by HCI takes place, the double layer is probably made up
of molecules of SnCly pointing their cation toward the (thus
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negatively charged) tin oxide particle. ZsigmonDyY !® has intro-
duced a simple and ingenious method of representing the constitu-
tion of a sol: without taking into account the possibility of hydra-
tion, he writes the composition of the particle down in a Tectangle
and adds the ion that forms the lining of the double layer. We thus
obtain, for the negative SnOs sol, 8n03~—; and for the pos-
itive Sn0O2 sol, nO_ZI Sp++++,

This special iocation of molecules that are related to the mate-
rial of which the particle consists, is quite frequently met in colloid
ehemistry. MaRrck 1% has found that the MnO: sol can be pre-
cipitated by potassium regardless of the anion with which it is
combined. An cxception must be made for KMnQ;, which is
unable, even in the highest concentrations, to precipitate MnOs,.
Obviously, the permanganate ion, which is related to the material
of the MnO; particle, has such a pronounced charging effect that
the K ion cannot overcome this influence.

The positive sol of ferric oxide is usually made by hydrolyzing
FeCl; and removing the HCI by dialysis. Earlier in this book
(p. 84) it was pointed out that it is impossible to remove the
Clion completely. This in itself makes it appear likely that the
double layer is not formed by adsorption of hydrogen ions on the
inside, and of OH ions on the outside, but that the chlorine plays
a significant part.

Various investigations 17 dealing with the flocculation of the iron
oxide sol have shown that all anions having a valence of two or
more, and also the OH ion, give praetically the same small floc-
culation value, as is seen from Table XVIIY. Monovalent anions,
on the other hand, have a much larger flocculation value (see also
Table X1, p. 72; it should be noted, however, that this table
refers to a much more dilute sol). This result agrees well with
that obtained for tin oxide, the more so where the amount of poly-
valent ion is always equivalent to the quantity of chlorine ion
already present, which clearly functions as a peptizer (¢f. p. 84).
It is reasonable to assume that the double layer consists of a com-
bination of basic iron chloride and chlorine. ZsigMoNDY !® sug-
gests the following representation, which is quite acceptable:
Fe;Oz++. Hence, he considers that Fez0pCly is the
electrolyte which forms the double layer.

This brings up a question as to the correctness of our earlier
conception regarding the nature of the double layer (see p. 74)
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of, say, AsSs. One might ask: Does not the peptizer, HzS,
furnish the material for the double layer? This in itself is not
probable, since if it were true we should have to explain why, in
this case, the hydrogen is not preferentially adsorbed as we have
found it to be in so many other cases. Very likely we meet here
again with the tendency of the boundary layer to make a gradual
transition from the particle to the dispersion medium. Possibly
the constituent of the double layer is sulpho-arsenious acid,
HASSy, so that the particle has the following constitution:

As2Sd AsSo—.

TABLE XVIII

Furoccuration VALUE, Fe:O; Son 1N MILLI-EQUIVALENTS PER LITER

‘,, Electrolyte 1 ¥

i

" KNO; 188
OH....... 1.61
Citrate .. .. 1.65
CrO... .. 1.52
CO;.. 1.7
804.... .. 1.7
PO,s...... 1.9
Fe(CNq) 1.3

Chlorine contents

of thesol........ 1.66
i

In the same way, the sulphur sol obtained by the reaction:
2H8 + 802 = 38 + 2H20

is peptized by a special sulphur-containing acid whieh furnishes
the ions for the double layer. When the above reaction takes
place, there is also formed pentathionic acid, which probably
builds the double layer, so that the particle of sulphur has the
following constitution: [§] S506~-.

Experiments by Freunprice and Scrorz 1° have supported
the probability of this assumption (see p. 89).

In connection with the previous discussion, attention is called
to the special meaning of the term ‘“micell(e).” This word
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originated with NaGeL1 20 who used it to designate the colloid-
chemical equivalent of the molecule of a true solution. Nowadays,
with our greater knowledge of the structure of colloidal particles,
we can express ourselves a little more precisely by saying that the
micell is the particle plus the entire double layer. For the alkaline
tin oxide, it means therefore: [ @ Sn03——+ 2K+]. DucLavx
uses the word “granule” for the particle without the outside of
the double layer.

33. Extension of this Line of Thought.—The conception that
the double layer does not consist exclusively of outside matter,
but is partly derived from aterials which are already present in
the particle itself and take part in the formation of the inner
coating, has led to a clear understanding of a number of phenomena

The researches of DEBYE and ScHERRER 22 have shown that
many colloid systems hold crystalline particles in dispersion.
From the work of von Laur and BrRaGe we have obtained an idea
of the structure of the space lattice of a crystal. If we apply this
concept to erystalline dispersed particles, the genesis of an electric
double layer becomes perfectly clear to us. We choose as an
example a sol of a silver halide which is formed according to the
following method.

If AgNOs and KBr are brought together in stoichiometric
properties, no sol is formed, but AgBr is precipitated. If, how-
ever, silver nitrate is present in excess, because not enough KBr
has been added, we obtain a sol of AgBr which is positively charged.
In case KBr is present in excess, the sol is negatively charged.

According to the above-mentioned method of presentation,
these two sols have the following structure:

ngBrI Ag* and Aéﬁrf Br—
positive sol negative sol.

Figure 50 shows a cross section through the space lattice of
silver bromide. The silver atoms are represented by @ and the
bromine atoms by ©. It should be noticed that a silver atom,
for instance, in the center of the space lattice, is surrounded by 6
bromine atoms, 4 in the plane of the drawing, one in front, and
one behind. The affinity of a silver atom is, therefore, saturated
when 6 bromine atoms are grouped symmetrically around it.
This holds for all silver atoms inside the space lattice, but a silver
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atom on the surface of the particle is surrounded by only 5 bromine
atoms, 3 in the plane of the drawing, one in front, and one behind.
Hence, the crystal lattice lacks one bromine atom to saturate
completely the affinity of the silver atom on the surface. Now,
it is obvious that a particle of AgBr placed in a liquid eontaining
KBr, and hence free bromine ions, will tend to add a bromine
atom to the silver atom in the surface (Fig. 51). But this bromine
atom is already balanced by a corresponding potassium fon. Con-
sequently, the K ion will take its position opposite the bromine
ion. 'This is repeated at all points of the surface where Ag atoms

Fra. 50.

lie, and thus an electric double layer, consisting of bromine and
potassium ions, is formed around the particle. This is indicated
in Fig. 51, where @ represents the potassium ions,

In case silver nitrate is present in excess, thereby making
silver ions available, a similar line of reasoning can be followed,
since a bromine atom stands in the same relation to its surrounding
6 silver atoms as a silver atom does with regard to its 6 neighbor-
ing bromine atoms. There will then be formed a double layer
consisting of silver ions all around the particle and nitrate ions on
the side of the liquid. - Under these circumstances, the particle is
positively charged.

We may, of course, speak here of selective adsorption, pro-
vided we keep in mind that the forces causing the adsorption are
characteristically the same as those that preserve the space lattice
of a crystal.
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The theory regarding the double layer at the boundary of
crystalline particles was first developed by MUKHERJSEE 2* and
was worked out independently by Fasans? It has led to the
making of various other investigations concerning the condition
at the surface of the particles, especially as regards the density
and the distribution of the ions adsorbed on the surface.?%

34. Electro-valence of the Double Layer.—An important
extension of our knowledge of the structure of the double layer is
due to the investigations of Varca and WintGeN and their co-
workers in ZsiamonpY’s laboratory.?® These experiments form
a valuable extension of earlier researches by DUCLAUX.

First of all, the specific conductance of the sol, «, and that of
the intermicellar liquid, x, were determined. The intermicellar
liquid was separated by the method of ultrafiltration, which will
be fully discussed in chapter IX. The difference between
ks and & represents the specific conductance of the colioidal par-
ticles, xn. Hence:

Km = Ks — Ko . -« . . . . (1)

Determinations were made on the tin oxide sol, discussed in
Sec. 31, and on other sols. The cataphoretic velocity was like-
wise determined.

The conductance is due, on one hand, to the charged particle,
and, on the other hand, to the ions in the outer mantle of the
double layer. Assuming that Konrrauscy’s law of the independ-
ent migration of the ions applies, the equivalent conductance, A,
for the colloidal system will be:

A=ude, . .. .. .. ®

in which % is the velocity of the K ion and ¢ the velocity of the
particle as we know it from the cataphoresis.

Furthermore:
m=nX . . . . . .. . 3

where n is the equivalent concentration of the colloidal particles,
in other words, the total weight of- the particles in one cubic centi-
meter of sol, divided by the weight of one particle times the num-
ber of electrically active unit charges per particle.

WiINTGEN computes what he calls the “equivalent aggregation
A4,” i.e., the number of molecules of SnO; that move along with
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one electric unit charge (in other words, the number of gram-
molecules of SnO; transporting 96,500 coulombs of electricity).
From equations (2) and (3) it follows that:

A
A = cgno, X —,
Km

where cgq0, 18 the molecular concentration, i.e., the number of
grams of tin oxide dissolved in one liter, divided by the molecular
SnQOz

weight of SnO;. Representing the ratio SROH

by N, we have:

24
A molecules of SnO: accompanied by v molecules of KOH

v
(called B).

From measurements of the electrical conductivity and the
cataphoretie movement, WiNTge~N determines, for sols with dif-
ferent values of N, the factor A as shown in the second column of
Table XIX.

TABLE XIX

|

A from |
N =S? 0 | 4 fron! e.I * | transport Structure of the micell
KOH iconduct.lvxty numbers

1 l 1 !. 1 | True solution: Sn0;—~+2K+

B 6 | 64 )[bs $00,+2 K:0] 8n0:H -], +mK+
170 Sn0. +3 K.0 -

50 \ 10 | [70 8n0. 43 Ko0] 8000 -] +nik +
0 600 f 592 |[[600Sn0,+5 5K0/800.H~], +niK+

200 ‘ .......... | 1865 [[ 18008n05+9K20|Sn0;H -] +nK+
|

The next step is to measure the amount of colloid transferred
by the current toward the anode.

Let us review briefly the mechanism of the transport of an
electric current by eolloidal particles. In Fig. 45 (p. 93) this was
represented schematically. Applying the result obtained (see
Fig. 52) to the sol of SnO;, we find that the micell charged by the
Sn03~~ ion moves to the left, and the K+ ions migrate to the right.
In order to restore electro-neutrality, the dissolved KOH acts in
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such a way that 2K+ ions on the left balance the SnOsz~— ion,
while 20H~ ions neutralize the K+ ions displaced to the right.
Hence, there has been
transported to the
| . anode an amount of
KOH which is the
electro-equivalent of
|—— the micells migrating
to the anode.

$a a2 oxt o4 Varaa, WINTGEN,

+ KX KK KK KK KK I(I( — . . i
_._1 (e SOV G0N 0N Ea0) t—— and their co-workers
; 7 performed their ex-
periments with appa-
ratus similar to those
used for determining
transport numbers according to HiTrorrr. If € coulombs pass
through the sol, this amount of electricity is transported partly
by the ions of the dispersion medium (spec. cond. ), partly by
the micells (spec. cond. x, = &, — & as discussed in eq. (1)). For

transporting the latter, C™ coulombs are used. If then it is
Ki

found that 8 gram-molecules of SnO2 have been transported, the
equivalent aggregation A is found from the equation:

96,500
4=p5"0"

¢

Ks

The figures thus obtained are given in the third column of
Table XIX. The agreement with the figures of Column 2 is
indeed exceedingly good, considering the difficulties connected
with these determinations of transference numbers.

The factor B, discussed above, gives us the total amount of
adsorbed alkali. For each equivalent charge, one K ion goes
into the outer coating of the double layer; henee, the difference
is the amount of K which is present in the micell without participat-
ing in the formation of the double layer. This pumber is shown
in the last column of Table XIX, which gives the structure of the
micells. Only the factors n are still unknown. If we knew the
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size of the SnOg particles, n could be computed, but so far there is
no means of determining their size. .

Nevertheless, these investigations have greatly advanced our
knowledge of the structure of micells and our insight into the
composition of the double layer. ' ’

It is very interesting to note that not ail K2SnOs molecules
take part in the formation of the double layer. The researches
of Varea and WINTGEN show that, for the sol with N = 50,
about 15 per cent occur in the double layer and 85 per cent are
outside. Such a state of affairs may safely be assumed to be a
phenomenon of gencral occurrence (WintGex found it to be the
case also for Fez03 and Crz03 sols); and this in turn gives us &
better understanding of what really takes place in the double
layer when a sol coagulates. Only a part of the adsorbed electro-
Iyte occupies a “polar” position; and, obviously, the orientatior
of this part is not maintained when an exchange of ions takes
place on the addition of an electrolyte, as discussed on page 67
After the flocculation, some electrolyte is, of course, held adsorbec
by the particles (or the flakes) but this is practically unoriented
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CHAPTER VII *
KINETICS OF FLOCCULATION

36. Theory of Flocculation—On page 67 it was explained
that the mechanism of the flocculation process is governed by two
quantities, viz., the probability of collision and the probability
of adhesion. It has, furthermore, been shown that for suspensoids
the electric charge acts as an obstacle to adhesion. Hence, the
foregoing pages have dealt with the manner in which the electric
charge as a determining factor for the adhesion can be modified.

Meanwhile, it is important to give an account of the floccula-
tion process in case the probability of adhesion is equal to unity.
Von Smorucuowski! has put forward an interesting theory
which has since been confirmed by various experimental investi-
gations. Vo~ SMoLUCHOWSKI's argument may be indicated as
follows: When two particles approach each other, the possibility
exists that they will unite as soon as the distance between them is
sufficiently short. This union is brought about either by the
general attraction of matter or by the surface tension (these two
quantities being, of course, not at all independent of cach other).
VoN SMOLUCHOWSKI represents each particle as being surrounded
by a sphere of attraction, and postulates that when a second par-
ticle enters this sphere, the two particles will unite. Therefore,
when the probability of adhesion is equal to unity, i.e., in the
absence of repelling forces, the problem of flocculation resolves
itself into a discussion of the following questions: (1) How great,
for a given sol, is the probability that a particle will enter the
sphere of attraction of another particle? and (2), How many
doublets, triplets, quadruplets, etc., will be formed after a given
interval of time? The answer to the second question will depend
upon that given to the first.

Let R be the radius of the sphere of attraction, and r the
radius of the particle; then the probability that a moving particle

* A more detailed t of the tents of Ch. VII is found in
J. ALexanper’s Colloid Chemistry, Vol. I, pp. 306322,
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will enter the sphere of attraction of another particle is equal to
4rDR, where D is the velocity of a particle due to its Brownian
movement. The quantity D has the following value: .
_He 1

N Grar
where H is the gas constant,* N the Avogadro constant, 6 the
absolute temperature, and g the viscosity of the sol.

Let no be the number of single particles at the start and »; the
same, after a time ¢:

7 = ng-e~ 4*DRnet
Hence the change in the number of particles is given by:
di
~ 2 — 4xDRnodt
ny
If we consider a change in n; which is not too great, integra~
tion of this equation gives:
o no _ K]
" 1+ 4rDRnot t

1+T

where 7 is a factor which has been called the time of coagulation.

ny

1 .
m or, abbreviated, e

meaning which will be better understood shortly.

So far, we have assumed that the particle into whose spherc
of attraction a second particle enters is stationary; but, as a mat-
ter of fact, the first particle is likewise in Brownian movement, and
hence our equation must account for this:

It is equal to , and has a definite

ng

ny =
1+
T

‘When we try to extend this reasoning to multiple particles, we
are in a quandary as to how the mobility, D, depends on the
number of pearticles. If two single spherical particles might be
assumed to fuse together, forming one new sphere, with correspond-
ingly increased radius, it would simplify matters; but this assump-

*H and © are used here to avoid confusion as B and T have a different
meaning.
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tion conflicts with reality, since as a rule the particles are held
together in a cluster.? Von SmoLuchowskl has overcome this
difficulty by making the following assumptions: When a particle
consisting of ¢ single particles unites with another particle con-
sisting of k single particles, .the values D and R for the new par-
ticle, consisting of 7 + k particles, will be:

Dy = Dy + Di; and Re = (B + Ru).

These two assumptions, although cxtremely simple, are not
free from objection.

On the basis of these equations, VoN SMOLUCHOWEKI arrives
at the following conclusions for the complex particles after a
time ¢, where n;, n2, ns, . . . m are, respectively, the number of
single, double, triple, and k-fold particles:

_ no no
"o (1 + i)z T U+ ano)?
T
_ amnot
2= "0 F omod)?
(anot)k -1
g =

O+ amot) FF 1

Vo~ 8MorucHowskr has further computed the change of the
total number of particles, viz., the sum of the single, double, triple,
ete., particles, with the time. This numker, =n, after a time { is:

3

We now see that the quantity 7 is the time after which the
number of single particles, which at the start was np, has been
reduced to half its original value (for ¢ = T, Zn = ino). The
coagulation time 7 is, therefore, the time required to reduce the
number of single particles originally present to half, and forms an
excellent measure of the speed of coagulation.

Figure 53 is a graphic representation of the change in the total
pumber of particles, the number of single particles, the number of
double particles, etc., with the time. In this figure the coagula-
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tion time, T, is plotted as unity on the axis of abscissae. The
general run of these curves will be readily understood. At the
start there are only single par-
" ticles, the number of which (n;)
ks decreases continually. At first
there are no double molecules;
later, these appear and in-
crease in number; but after
a while they become fewer
and fewer, owing to increased
formation of triplets, quadru-
Ny Q plets, etc. The curve for ng
2;5 g shows, therefore, a maximum.
The same reasoning holds for
triplets, the maximum occur-
Fia. 53. ring, however, at a later time,
) and the number of triplets at
the maximum being smaller than the maximum number of
doublets. During the coagulation, the total number, Zn, de-
creases steadily.

The foregoing discussion applies only to cases in which the
probability of adhesion is unity, the electric charge of the particles
being so small that each collision must necessarily lead to a union
of the colliding particles. When the charges are greater, however,
not all of the collisions will result in adhesions. We might also say
that the sphere of attraction becomes smaller in such cases.
Hence, the radius, R, decreases when the probability of adhesion
becomes less, and the time, 7, simultaneously increases. Von
SMoLucBOWSKI thinks that when the probability of adhesion is
less than unity, the numerical course of the flocculation remains
the same but the value of T for each probability of adhesion should
be multiplied by some factor, e. The curves for different values of
the probahility of adhesion would be so-called “affine” curves.
When the probability of adhesion is unity, we speak of rapid
coagulation; for values below unity, we speak of slow coagulation.
The very definite meanings of these expressions should always be
kept in mind. In caleulating the value of T from observations
of the pumber of particles, we shall find a definite value for a
given probability of adhesion, while for increasing values of the
probability of adhesion the values of T will decrease.

Zn

e
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36. Experiments on Rapid Coagulation.—In checking the
foregoing theory of voN SmoLUcHOWSKI, one has to determine the
number of particles of a coagulating sol as a function of the time.
In earlier investigations, the change in the number of particles
was not measured directly but was derived from some physical
properties of the sol, such as the change in viscosity or the change
in light adsorption,® which were thought to be a direct measure of
the coagulation process. It has been shown, however, that all
these investigations arc much more difficult to interpret than those
in which the number of particles is measured directly. Experi-
ments of the latter kind have Leen performed by ZsiGMonpy 4
and his pupils on the gold sol, and by KrvyT and van ArkEL % on
the sol of selenium.

According to the above theory, we can determine either the
change in the number of single particles (this is feasible in the case
of the gold sol since these differ from the multiple particles in
eolor, when viewed in thc ultramicroscope) or the change in the
total number. The second method is the easicr and is therefore
more often applied. The coagulation is allowed to proceed for
a certain length of time; it is then interrupted and the parti-
cles eounted in the manner described later (see p. 130). The
coagulation can be successfully arrested in many cases by the
addition of a protective colloid, such as gelatin. The following
table gives the measurements of WEsTGREN and REITSTOTTER

TABLE XX

Gorp Soi. ParTICLEsS OF 96 mp DiaMETER. CoaGULATED BY NaCl,
86 MiLLIMOLES PER LITER. SoL CONCENTRATION §5.22X10% PARTICLES

PER CC.

o ! 10-S number| .. Caleulated
Time in of particles l‘x.me in mfmber of
minutes minutes | particles X10-$

per cc. | for T'=5.3 min.
0 5.22 ... * 5.22
1 4.35 5.0 | "4.39
2 3.63 46 3.78
3 3.38 55 | 3.33
5 2.75 56 | 2.68
7 231 | 55 2.25
{ i
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for the gold sol. It will be seen that the value of T is constant
and that the agreement between the number of particles after
different periods of time, as found and as calculated, is satis-
factory. The same agreement was obtained for the sol of selenium
by KruyT and vaAN ARKEL.

37. Experiments on Slow Coagulation.—From the standpoint
of colloid chemistry, the study of slow coagulation is far more
interesting than that of rapid coagulation. The latter is merely
the investigation of a sol that has been robbed of its electric
charge and hence can hardly be called a sol; in fact, the study
of rapid coagulation is the anatomy of the dead body of a colloidal
solution! The results, therefore, confirm the trend of ideas
underlying statistical kinetics but can teach us nothing regarding
the stability of a colloidal solution. Slow coagulation, on the
other hand, is a kind of pathological physiology of the sol, and,
when the probability of adhesion is changed systematically, it
may deepen our insight into the stability of sols.

Unfortunately, very little work has been done in this field.
The researches of WESTGREN seem to give a more or less satis-
factory agreement with the theory of von SmoLucsowski. The
experiments of KruyT and vaN ARkEL, however, have decidedly
demonstrated that the simple assumption of vox SMoLUCHOWSKI,
as regards the multiplication of the coagulation time, 7 by a
constant factor, e, is incorrect. In Table XXI is given the com-
putation of the coagulation time, T, for the selenjum sol when

TABLE XXI

SeELENIDM SoL. Partictes oF 52 mp. Coasuvratep sy KCl, 50 Miu-
MOLES$ PER LITER. SoL oF 29.7X10%® PARTICLEE PER CC.

i
i
Time in 108 number of Time in
hours particles per cc. hours
0 29.70
0.66 20.90 1.5
4.25 19.10 7.6
19 14.40 18
43 10.70 24
73 7.70 25
167 6.45 46
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slow flocculation occurs. It is seen that 7 is not at all constant,
and hence the curve for slow flocculation is not “affine’’ with that
for rapid coagulation.

38. Some Applications of the Preceding Trend of Thought.—
The question obviously arises: What is the significance of the
flocculation value in the light of the preceding theories of coagula-
tion? As stated on page 67, the flocculation value is the quantity
of electrolyte which completely precipitates the sol in a given time
and in such & manner that a complete settling of the flakes shows
the end of the flocculation process. The impression prevails
that this condition is reached only when we are in the region of
rapid coagulation. In the case of the gold sol, the blue colora-
tion is always used as a criterion for flocculation, since this change
of color, occurring within a few minutes, is indeed an indication
that the sol will settle within a few hours. The region of rapid
coagulation lies at about the same concentration as that at which
the color change is observed. The selenium sol likewise shows a
change in color: when flocculation occurs a peculiar greenish hue
appears. This tint is noticed both at the flocculation value and
at concentrations producing rapid coagulation.

The flocculation value, which played such an important part
in previous discussions, is therefore, to a certain extent, the
concentration 'at wlhich the probability of adhesion closely
approaches unit value. It is evident that the statements made on
page 75, regarding the relation between concentration of the rol
and flocculation value, are based on the idea that the value 1 for
the probability of adhesion is never actually attained. Since we
mean by critical potential (¢f. p. 63) the potential of the particles
at the flocculation value, we overlook the fact that this definition
depends on the probability of adhesion which exists when the
particle is discharged at the flocculation value. If we try to
picture to ourselves the connection between probability of adhe-
sion and potential, we arrive at the following presentation:

Figure 54 is an extension of Fig. 42 on page 85. A third
graph has been added here8 however, viz., the change in the
probability of adhesion, K, due to different values of the poten-
tial, . The curve drawn in Fig. 54 is a schematic representation of
the probable relation for a sulphide sol. The value of K varies from
0 to 1; it is O for high values of the potential and is I when the
potential is 0. Experience teaches that at small concentrations of
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electrolyte, i.e., in the region of large values for ¢, there is no appre-
cinble change in the sol. Starting from a certain concentration,
flocculation is more
¢ or less noticeable;
hence, the curve
representing K asa
function of { starts
to rise at a certain
value and contin-
ues to rise there-
after. Looking at
the curve from the
value K =1, we
have to consider the
fact that the veloci-
ty of floceulation
changes little or not
at all at values of
potential lying be-
Fia. 54. tween O and the
critical  potential.
Hence in this part of the curve, too, there is little change of K
when ¢ varies. The whole curve, consequently, assumes an
S-shaped course with a point of inflexion.

For a gold sol, however, it appears that the probability of
adhesion changes in a different manner when the boundary charge
is changed. Investigations of Zsig-

MonDY and his pupils? have shown ¢
that, beginning at a certain concen-
tration below which there is hardly
any flocculation, a slight increase in
electrolyte concentration causes a sud-
den and decided increase in the veloc-
ity of flocculation, and that, for still
higher concentrations, the velocity be-
comes rather independent of the con-
centration. The relation between K
and { in the case of the gold sol is Fia. 55.
shown separately in Fig. 55, to bring

out clearly the difference in the properties of these sols.
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KRUYT, in the article just quoted, has demonstrated that this
difference in the relation between probability of adhesion and
charge enables us to explain why sulphide sols show a relation
between flocculation value and concentration of sol different from
that of the gold sols discussed on page 77.

Floceulation value and critical potential are, thercfore, ideas
which, while not directly applicable to definite types of dispersoids,
have, nevertheless, a striking significance for those concentrations
at which rapid changes in the probability of adhesion occur.
Although the theory of von SmoLucHOWSKI infers that the velocity
of coagulation is a variable quantity, the flocculation value is a
characteristic entity in all possible flocculation phenomena. Con-
sequently, it has been possible, in preceding chapters, to draw
valuable conclusions concerning flocculation values.

Another question that might come up for discussion is the
following: Why should we speak at all of probability of adhesion?
It is conceivable that no union may take place above a certain
potential and that a lasting union may occur below that potential. |
FreunpLicH ® has made valuable contributions to our under-
standing of this problem.

A particle that is somewhat charged is unable, at a certain
temperature, to penetrate the repelling sphere of a second particle.
If it had a greater
speed it might pos-
sibly enterinto that
sphere, provided it
were shot into the
doublelayer at right, :
angles by the
Brownian inove-
ment. We know,
however, that all
particles - have not
the same velocity.
The temperature Veloolty
determines  only Fra. 56.
the average speed L
of the particles. The distribution of the velocities is in agree-
ment with the well'known theory of MaxwerL. In Fig. 56
the number of particles, for a given temperature, are plotted

Number of particles
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as ordinates against the velocities as abscissae. V, is the
average velocity, which naturally occurs most frequently for
that temperature. If we assume that a certain critical velocity,
V., is required to enable a particle to penetrate the repelling sphere
under the stated conditions, this assumption would, a fortiort, also
apply to particles with velocities higher than V.. The ratio
between effective and non-effective collisions is given by that
between the cross-hatched area and the unshaded portion of Fig.
56. The probability of adhesion is, then, the ratio between the
cross-hatched portion and the
=n total area below the curve.
Frevnprich, furthermore, dis-
covered how the number of
particles in condition for floc-
culation depends on the loca-
tion of V, in the figure: the
higher the charge of the parti-
cles, the more the position of V,
Yo shifts to the right. FrEuND-
Fia. 57. LicH’s result is reproduced in
Fig. 57. It is readily under-
stood that this figure resembles the ¢ — K portion of Tigs. 54
and 53, since the number of particles fit for coagulation corre-
sponds to the probability of adhesion, K, while the ecritical
velocity, V., corresponds to the charge, {, of the particles.
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CHAPTER VIII
OPTICAL PROPERTIES OF SUSPENSOIDS

TFollowing a bricf introduction (Chapter I) our attention has
hitherto been principally focussed on the dynamic phenomena
of suspensoids, which have enabled us to understand how colioidal
systems are built up and particularly how their stability is attained
and lost. On the basis of this knowledge, we shall now examine
the static properties of suspensoids, and of these, first of all, the
optical properties.

39. Tyndall Phenomenon.—The TywnpaLl effect has already
been mentioned, on page 6. It is, generally speaking, caused
by particles, smaller than the wave length of the light, which
scatter the light, thereby polarizing it at the same time. While
fluorescent light is polarized slightly or not at all,! colloidal solu-
tions, show characteristic polarization.

It is, however, not an easy task to make solutions that do not
exhibit the Tywparr phenomenon in any degree. So-called
optically void water requires a very special preparation. Dis-
tilled water, however carefully prepared, is never completely
optically empty. SprING ? has shown that optically empty liquids
may be obtained by allowing a voluminous precipitate to pass
through a solution. Into a solution of Zn80s he introduced so
much alkali that the zine hydroxide settled as a voluminous pre-
cipitate. The supernatant liquid was then practically optically
void.

SrriING obtained the same result with other salt solutions, but
not with those which on hydrolysis produce colloidal constituents.
Alum solutions, for instance, invariably showed the TyNDALL
effect due to the presence of colloidal Al;0;.

It was for a long time believed, as a result of experiments
performed by Losry bE Bruyx,? that sugar solutions also showed
a permanent TYNDALL effect. Recent investigations by WoLskx,*

118
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however, have shown that the phenomenon can be eliminated in
sugar solutions.

RavreiGH 5 has derived the following relation between the
intensity, I, of the light scattered sidewise, the volume, o, of the
obstructing particle, the distance, d, between observer and particle,
and the wave length, X, of the scattered light:

=)

The formula, however, holds only for insulators; it is not
applicable to particles made of materials that are good conductors
of electricity.

This formula makes it clear why substances like sulphur,
mastic, gamboge, etc., show a peculiar bluish Tyxpavy light.
From the above equation, with A in the denominator, it follows
that when non-conductors are dispersed, small wave lengths are
favored, and hence the blue color predominates in the TyNpaLL
light.

RavLEIGE also explained the blue color of the sky from the
same point of view. The blue sky light is simply the TynpaLL
light originating from the passing of the sunlight through the
atmosphere. The molecules of the air and, more especially
accidental differences in density are sufficient to explain the Tyw-
paLL light, and the blue color agrees with the foregoing formula
of RAYLEIGH.

The blue color of such fluids as diluted milk is also readily
understood from the above explanation. We thus see why it is
necessary to distinguish between the color due to light absorption
and the color of the TynpaLwL light. The non-recognition of this
distinction leads to misunderstanding and no doubt played a
part in GOoETHE’s theory of colors.

It should be noted that RavyLEIGH's equation obtains only, as
stated above, for extremely small particles of a non-conducting
substance. In the case of gold particles, for instance, the condi-
tions are somewhat different. For these, M1k ® has proposed a
theory which has led to the result that is represented graphically
in Figs. 58 and 59. The dot in the center of each of these figures
indicates the gold particle. The arrows show the direction from
which the light strikes the particle. The total intensity of the
diffracted light in any direction is given by the portion of the



Sec. 40. COLOR OF SUSPENSOIDS 121

radius vector inside the outer curve, while the portion cut off by
the inner curve indicates the fraction that is not polarized. Hence,
the portion between the two curves gives the part of the diffracted
light that is polarized. From Tig. 58, drawn for a so-called
“infinitely”’ small particle, it is seen that the light which is scat-
tered in a direction at right angles to the path of the incident ray
is completely polarized, and that in all other directions the light
is only partially polarized. Fig. 59 gives the radiation diagram

F1a. 58. Fie. 59.

for a much larger particle. In this case the light is never com-
pletely polarized; moreover, the maximum polarization is not
located in a direction perpendicular to the path of the ray but at
an angle of about 120. Mrig’s theory thus connects the size of
the particle with the polarization of the TvynpaLL light. The
latter is completely polarized only in the limiting case of an infi-
nitely small particle for an angle of diffraction of 90°.

40. Color of Suspensoids.—In the previous section we con-
sidered the nature of the diffracted (Ty~paLL) light. We shall
now discuss the light that is transmitted, or adsorbed, viz., the
color of the solutions.

Color is, indeed, a characteristic property of colloidal solu-
tions. A dilute solution of ferric chloride is slightly yellow;
when this solution is poured into boiling water, a colloidal solu-
tion of FesOg is formed by hydrolysis, and thus, with the same
amount of iron, a deep red liquid is produced. Sols show strong
coloration, and have more pronounced absorption bands than the
eorresponding moleeularly or ionically dispersed systems.

It is obvious that some relation exists between the size of the
dispersed particle and the light absorption. The phenomenon
of the change in color from red to blue, exhibited by a gold sol at
the beginning of coagulation, has been known for years and has
led to the search for a direct connection between light ahsorption
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and size of particle. This relation, however, can evidently be
simple only when the shape of the particles is comparable, i.e.,
when we are dealing, for instance, with spherical particles of
different radius. When a sol flocculates, however, the particles
coagulate in the form of warty lumps (¢f. p. 111) so that not
merely the radius but also the shape of the surface and the density
of the particle taken as a whole are changed. This is no doubt an
important factor in the case of the gold sol, because we are not at
all sure that a highly dispersed gold sol is red and a slightly dis-
persed sol blue. On the contrary, it is quite possible to prepare
a blue gold sol which is more dispersed than one that looks red.

ZsicMoNDY 8 found that, in general, a sol consisting exclusively
of primary particles appears red, while the agglomeration of such
spherical particles to multiple particles causes a change to blue.
All blue gold sols, therefore, have undergone coagulation to some
extent.

A number of investigators have studied the relation between
light absorption and the size of the particles when the latter
are present solely as primary particles of varying radius. It has
been found that both the wave length which is most absorbed and
the maximum absorption depend on the size of the particle. In
Fig. 60 is plotted the light adsorption as ordinate against the wave

length as abscissa, for
five different gold sols

R with varying degrees
. A K Ny of dispersion, No. 1
£ 7 \ being the coarsest sol
E ST < and No. 5 the most
= N highly dispersed. It

‘ /‘t\ L will be seen that an in-

. crease in the degree of

%o €6 Tooms dispersion  displaces

Fia. 60. the maximum in the

direction of the smaller

wave lengths, and that, at the same time, the maximum value first

rises and then decreases.® The intensity of the color, therefore,

first increases and afterwards decreases, with simultaneous dis-
placement toward smaller wave lengths.

SVEDBERG has made use of this phenomenon to demonstrate

that colloidal solutions, as their degree of dispersion increases,
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approach the condition of molecularly disperscd systems. He
considers this an argument for the rea] existence of molecules,
i.e., for the discontinuity of
matter. The results which
he has obtained with the sols
of sulphur and selenium are
favorable to this idea.

It might be assumed that
the color of colloidal solu-
tionsis greatly influenced by
the fact that light of a cer-
tain wave length is scattered
as TyNpaLr light, thus show- —/\
ing a certain analogy to flu- -
oriscence, Experii;’;nts by ¥ o E
STEUBING,'® however, have Fic. 61.
shown that the intensity of
the TyNpaLL light is only a small fraction of the total absorbed
light. In Fig. 61, both intensities are reproduced for the same
sol, the wave length being plotted as abscissa. The figure shows
that the diffracted light is only a small portion of the absorbed
light and that the maxima do not coineide at all.

41. Behavior toward X-rays—The investigations of von
Lavz and of 81k WM. Brace and W. L. Brace !! have indicated
that the face of a erystal acts as a grating toward a pencil of X-rays.

Light sbsorbed

o
A
1

~8

El\ﬂ‘ fd
2SS
3]
Fia. 62.

The molecules (later investigations have shown that atoms are
involved) are arranged in definite planes, placed at distances
which are of the same order of magnitude as the wave length of
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X-rays. In Fig. 62 the horizontal lines represent a number of
these planes. A pencil of X-rays, AH, strikes the crystal and is
reflected by the planes drawn in the figure. Let BC be-the path
of reflection. The differance between the paths ABC and A'B'C’
is given by:
B'B—~ B'E = BD -~ B'E = ED.
Furthermore:
ED = 2dsin 6,

where d is the distance between the planes and 4 the angle of inci-
dence.
There will be interference when the following equations hold:

N\ = 2d sin 6 (first, order)
2\ = 2d sin # (second order)

aN = 2d sin 0 (nth order).

Hence, a ray of light falling on a thin lamella of a given crystal
gives rise to interference figures which are characteristic of that
particular crystal.

DeBYE and ScHERRER !° have modified this method for the
recognition of crystals in such a way that it is no longer necessary
to use a erystal plate. When a beam of X-rays hits a quantity of
finely divided (powdered) crystals in which the separate fragments
lie in all orientations, an interference pattern characteristic of the
faces of the crystal fragments is, nevertheless, produced, and what
we obtain is a circular interference pattern, as shown in Fig. 63.

\

¥

F1e. 63.

Thanks to this method it is possible to study both powders
and colloidal systems to find out whether they consist of crystalline
constituents, and, if so, what the nature of the crystals really is.
DEeBYE and ScHERRER have shown how these photograms can be
used to compute the crystal system and the size of the particle.
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The application of this method to colloidal systems and to the
precipitates resulting from the coagulation of the colloids has led
to the conclusion that the particles in nearly all suspensoid sols
are crystalline. TFor instance, with respect to the gold sol, Denye
and ScuErrer found that the particles consist of tiny erystals
having the same elementary cube as gold powder and belonging
to the same crystal system. The size of the particles agreed com-
pletely with determinations made along different lines, which
will be discussed fully in the following section. The highest dis-
persed gold sol studied by the above authors appeared to consist
of particles having a parameter of 1.8 mp, while a computation of
the number of atoms in such a particle showed that there were
not more than 5 atoms to the side of the cube.

Characteristie crystal spectra were also found for a silver and
for an Ass83 sol.

It has thus been proved that in many cases colloidal particles
are crystalline and that, consequently, it is superfluous to dis-
criminate between crystalline and colloidal substances (¢f. p. 8).

42. Ultramicroscopy.—On page 5 it was stated that we are
unable to note the presence of particles suspended in the liquid
when looking at a suspensoid sol through an ordinary microscope.
The particles are usually much smaller than the wave length of
the light, and hence it is impossible to visualize them. Onc of these
particles, when viewed in transmitted light, no doubt disturbs the
beam of light to some extent, but this disturbance is so small as
to escape notice, just as the feeble light of a star cannot be observed
in the day-time. In order to make sure of the presence of a
colloidal particle, it becomes necessary to devise an apparatus
which will separate the interference phenomenon caused by such
a particle, from the incident light.

Such an instrument was first constructed by SieEpErTOPF and
ZsiGMoNDY 13 and is called an ultramicroscope. It depends,
generally speaking, on the principle that the light used for illumi-
nating the object does not reach the observer directly but only
eventually in the form of an interfcrence phenomenon. In other
words, the particle is noticeable only by a light effect on a dark
background (dark-field illumination).

This principle, which forms the basis of the microscope devised
by SiepENTOPF and ZSIGMONDY, is illustrated in a simple manner
in Fig. 64. The illuminating beam of light follows a horizontal
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path, while the microscope is placed vertically; when there is no
object in the field, nothing but darkness will be observed through

the mieroscope.

If, however, a

particle is present in the field of

g g the microscope and in the path
of the light ray, a diffraction

phenomenon becomes visible in

the form of a colored ring.  Such

Fic. 64.

a diffraction ring is an indication

of the presence of a small par-
ticle but should not be considered as an émage of the particle.
In other words, the ultramicroscope is a refined method of

observing the TYNDALL effect, since we observe, so to speak, the
Ty~parL phenomenon for each particle separately. Figure 65

shows the ultramicroscope in its original
form. The light from the arc lamp, d,
reaches the microseope through the lenses, f
and h, and the movable eyepicce, I. The
sample is thus lighted from the side and is
examined through the mieroscope, 7. The
colloidal solution is placed in a cuvette,
which in modern instruments has the form
devised by Biurz (Fig. 66). It has a little
window in front to admit the light for the
illumination, and another one facing the
objective for the observation of the diffracted
light. The great advantage of this cuvette

Fia. 66.

lies in its easy manipulation. The solution to be observed is
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poured into the little funnel, and then allowed to flow out, by
opening the pinchcock. In general, it is sufficient 1o rinse the
cuvette three times in order to obtain a clear image of the sample.

By means of a cuvette holder, the cuvette is firmly attached
to the tube of the microscope. A sharp focus is made possible
by another device, which has, moreover, a second advantage.
This is the slit, g, which is shown separately and enlarged in Fig.
67. Two sets of movable screens enclose a slit, the height and
width of which can be varied. By means of the screw, q, the
width can be changed, while
the micrometer screw, ¢, regu-
lates the height of the dlit;
hence, only an exceedingly
thin beam of light enters the
sample. By moving the tube
up or down, we only move
the focus with respect to a
stationary illuminated disk,
and sharp focussing is thus
made possible. The section
advantage of this slit device
is that we take, so to speak,
a thin slice (coupe) out of the
sample, not mechanically but
optically. Before observing a
specimen under the ordinary
microseope, we slice off me-
chanically a thin section to
avoid being disturbed by
blurred images of objects
higher or lower than the one under examination. The same
result is obtained here by illuminating only o very thin layer of
the sample.

In addition to the original ultramicroscopic apparatus, a
number of other systems have come into use in the course of time.
The slit-ultramicroseopic arrangement might be called a system
with orthogonal illumination, since observation and illumination
take place at right angles to each other. Several other systems
use co-arial illumination, whereby the direction of the incident
ray coincides with the direction in which we observe the specimen.
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This, however, would, as we have seen, preclude direct ultra-
microscopic observation, and hence some sort of artifice is required
to prevent the illuminating ray from reaching the observer.

The simplest way to do this consists in the application of a
central diaphragm inside the condenser of the illuminating system
(Fig. 68). The middle part of the light cone is cut off, and the
remaining part, which leaves the
condenser at an obtuse angle,
lights the sample through the
immersed drop. After passing
through the sample, the light is
totally reflected against the cover
glass, and no direct light reaches
the observer. Only light disturbances caused by particles that
may be present are noticed, so that here again we have con-
ditions favorable for ultramicroscopic observation. A great
disadvantage of this system is the fact that only the outer rays
are used and the best part of the light cone is cut off. The
modern condensers used for ultramicroscopic work obviate this
difficulty.

Figure 69 shows the paraboloid condenser. The side faces of
this condenser consist of a parabolic mirror surface. The tip of
the light cone is again located in the
specimen and direct observation of L

i
-\

the light beam can be prevented by :¢_:

using an objective having an aperture
smaller than that of the light cone. —
Under those conditions it is, there- = 2_
fore, impossible to observe the light =
directly, and only diffraction images % e ——
appear on a dark background. a ‘ ﬂ
The prineiple of this condenser is y

repeated in several other types, repre- Fic. 69,
sented in Figs. 70 and 71 and known as

cardioid and mirror condensers, respectively. The excellence of all
these devices depends on their providing for maximum illumination
of the sample, which they cannot do unless the tip of the light cone
is a perfect point. The cardioid condenser no doubt approaches
this ideal most closely. This condenser cannot be used to advan-
tage, however, unless the glass slide, the cover glass, and the depth

e
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of the specimen meet rigid specifientions.
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For this renson, these

instruments, although otherwise cxcellent, are, as a rule, not well
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adapted for use in colloid-chemical laboratories, where the clas-
sical slit-ultramicroscope still remains the most practical instru-

ment at least, ingofar as liquid
systems are concerned.

The slit-ultramicroscope has
recently been modified in such a
way that the cuvette is omitted
entirely (Fig.72). Theobjective
of the horizontal illuminating
systemisso close to theobjective
of the microscope that a drop of
the sol can simply be suspended
between the twoobjectives. The
sol thus actsas immersion liquid
and as specimen at the same
time. The new instrument,
called the immersion ultrami-
croseope, enables one to obtain
a greater resolving power (par-
ticles of 4 mu are visible); but,
on the otherhand, the freely sus-

Fig. 72

pended drop is the cause of rapidly changing microscopic images.
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The ultramicroscope of Corron and Mouton ' should also
be mentioned. A block of glass, as sketched in Fig. 73, is used as
condenser. The light of the

incident beam strikes the

sample at an angle and is

totally reflected against the

L / cover glass. This system,

therefore, stands between

A 8 those using orthogonal and
those employing co-axial illu-
C o770 mination,
s 43. Determination of the
Particle Size.—It was stated
Fra. 73.

previously that in the ultra-
microscope we observe only
the interference rings caused by the particles and that these, as
a rule, are not a measure of the size of the particles. Since the
knowledge of the size of the particles is of great importance in
colloid chemistry, different ways of evolving a suitable method
have been tried out.

The most direct way that has been successfully followed, for
instance, for gold sols, is that which makes use of the ultramicro-
scope. Let us consider a sol containing a known weight of gold
per liter. Assuming, for the present, that the particles have the
same density as a piece of solid gold, we also know what the total
volume of the gold particlesis.. All that remains to be determined
is the number of particles into which this amount of gold is divided.
In order to do this we have to count the number of particles in a
definitely known volume. Since the count has to be carried out
in the ultramicroscope, the field of vision must be defined in a
precise manner. To this end, an Exrricy diaphragm is placed
in the eyepiece and a solution of fluorescein poured into the
cuvette in order to obtain a bright green field which will enable
us to measure the length and breadth of the visible field by means
of an eyepiece micrometer. Using the slit-ultramicroscope, we
can determine the depth of the illuminated volume of liquid by
turning the slit through 90° (Fig. 67). What was depth before
now becomes breadth and can be measured with the eyepiece
micrometer. In the cardioid microscope, the height of the
chamber is determined by first focussing the cover glass and then
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the glass slide. The distance between them is read on the microm-
eter screw of the microscope. This distance is so small that all
particles present in the enclosed area can be observed by focussing
the midway plane. Having thus accurately determined the sige
of the blocked field, one.pours the sol into the cuvette. The
dilution is so chosen that there are only two or three particles, on
the average, in the field. Since the particles are in Brownian
movement, the number does not remain constant; hence, it
becomes necessary to take the mean of 100 to 200 counts. From
the number of particles in the dilute sol, it is easy to computie the
number present in 1 liter of the original sol. If we imagine the
particles to be spherieal, the volume of a single particle can be
caleulated.

In this way, the average size of the particles is found. The
results are, however, only reliable when we are sure that no
amicroscopic particles are present in the sol, in other words,
that all particles in the blocked volume have actually been
counted.

ZsigMoNDY 12 applied an ingenious method of measuring the
size of an amicroscopic gold sol. He observed that reduction of
AuCls, in the presence of colloidal gold particles, results in the
precipitation of the gold on the preéxisting gold particles (for
further particulars, see p. 153). These, therefore, grow without
increasing in number, until well above the limit of ultramicroscopic
visibility. The count of these visible microns corresponds to that
present in the amicroscopic sol. 'This number, together with the
known concentration of the original sol, gives the size of the
amicroscopic particles.

Since we know how many molecules are present in a gram-
molecule, viz., the so-called AvoGapro constant: N = 60.6 X 10%2,
we also know the size of the molecules. While the dimensions of
colloidal particles usually lie between 2 and 200 my, those of mole-
cules lie as a rule below 1 mg. In Fig. 74 is given a schematic
summary of the size of various particles with dimensions ranging
from that of a blood corpuscle to that of a hydrogen molecule.
Since these dimensions vary enormously, the figure is drawn to
three different scales, as indicated by the accompanying text.
In each case the last example of a preceding scale is repeated
(enlarged) on the next seale.

For measuring colloidal particles that are not too small, there
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is another method, which consists in determining the speed with
which the particles settle.

Tor instance, a selenium sol, prepared in the following manner,
may be employed:

Se0s + NoHs = 8c + 2H20 + No

The method used is that of particle growth, applied to gold
sols by Zsigmonoy (p. 131), viz.; to the first-formed Se sol
more S¢0z and hydrazine are added. In this way comparatively
coarse particles are obtained. If this sol is allowed to stand in
a graduated tube, it will be seen that the orange-colored selenium
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blood
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globular bacillus
precipitating gold 50} -
coargely di gold sol
= (the same.
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3L j length of stearic acid
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E'f length of benzene molecule ___
length of

Fro, 74.

particles settle after a while. The velocity of settling is mensured
and the size of the particles determined by means of StokEs’ law.
This law is mathematically expressed by the formula:

W = 6mwyrs,

where 7 is the viscosity of the medium, r the radius of the particle,
s the steady rate of falling, and W the force of friction, which in
this case is equal to $7°(dparucte — Omearam)g. In this Iatter ex-
pression d is the density and g the acceleration due to gravity.
Using this method, vaN ARKEL !5 found for the radius of the
particles in a selenium sol a value of 63 mg, while the value obtained
by counting was 59 mu.

This drop method is obviously applicable only in the case of
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coarse suspensions; to this end it has been modified in several
different ways.1®

A number of other physical properties have been tried for the
determination of the size of particles in sols,!” but these as a rule,
are rather unsatisfactory,

Finally, we recall the statement made in Sec. 41 that the method
of X-ray analysis also gives us an idea regarding the size of col-
loidal particles.

44. Double-refracting Sols.—Under certain conditions, some
sols show the remarkable property of double refraction. This
was originally discovered for the Fe20z sol,'® but the first system-
atic investigation was made with the aid of the sol of Va20s.
FreunpricH and DigsseELnorst 9 had already observed that this
sol, prepared by the method of Birtz,2° appeared to be double-
refracting, at least after some time, when allowed to run through
a tube. The same phenomenon eould be seen between crossed
nicols on placing the sol in an electric or magnetic field. The
reddish-brown sol exhibits this peculiar property of becoming
double-refracting by the dark streaks which appear on shaking
and vanish when the liquid is left alone, TUltramieroscopically,
it was found that the sol contained elongated particles, Although
the interference picture in the ultramicroscope cannot give direct
evidence of the shape of the particles, it is nevertheless a fact that
a very pronounced one-sided development of the particles produees
a correspondingly shaped diffraction image. Hence, we notice,
in the case of the V2Os sol, long needies instead of rings as in the
case of other sols.

A further ultramicroscopic study 2 has confirmed the con-
jecture of FreunpLicH and DieseLeOmrsT; hence the above
phenomenon is to be explained as follows: When the sol is set
in motion, as, for instance, by allowing it to flow through a tube,
the particles arrange themselves lengthwise in the direction of
flow, so that a minimum of friction is encountered. Likewise,
when cataphoretic motion is caused by an electric field, or when a
magnetic field is produced, an orientation of the particles in the
direction of the strean lines is effected.

Being crystalline and double-refracting, the particles, when
placed with their optical axes all in one direction, act as one unit,
and the sol as such shows double refraction. If the particles lie
unoriented, they will cause certain disturbances in the path of
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transmitted rays, but the particles are too small, and these dis-
turbances too insignificant, to give rise to a perceptible turbidity.
However, if one stirs the sol a localized phenomenon of orientation
is produced and codperation of parallel particles in stream lines
takes place, thereby causing an apparent turbidity.

It is evident that not only needle-shaped particles but also
disk-like particles show similar phenomena. The above~-mentioned
investigators found corresponding phenomena for sols that did
not consist of elongated particles; the fact that these particles
were disk-shaped was demonstrated in the following manner.

When the particles of the VaOjs sol are studied in the slit-
ultramicroscope, it appears that particles oriented in the direction
of the incident ray are invisible; on the other hand, particles
placed at right angles to the direction of the incident ray, and those
that do not deviate from that position by more than 25°, ean be
observed. Years ago, SIEDENTOPF 22 found that particles which
vary considerably in length and breadth can be noticed omly
when their long dimension is perpendicular (or nearly so) to the
direction of illumination. ,

‘When dealing with disk-shaped particles, therefore, we shall
observe these only in case their maximum cross section is perpen-
dicular, or approximately perpendicular, to the direction of the
incident ray. Since these small disks are in constant motion due
to the Brownian movement, and topple over once in a while,
they will alternately assume favorable and unfavorable positions
for observation. In the ultramicroscope this is revealed by a
constant scintillation, one and the same particle being alternately
light and dark. This peculiar phenomenon is characteristic of
disk-shaped particles.

In the beginning, the crystallinity of the particles of the V.05
sol was a subject of controversy. This is not surprising, since
at the time of the first observation of this phenomenon the re-
searches of DEBYE and ScHERRER (see p. 124) had not yet been
made. Previously, WieNEr and AMBRONN had shown that small
rods, which in themselves were not double-refracting, could give
rise to a phenomenon of double refraction when oriented in the
same sense in a liquid. ’

Rempers # found later that the peculiarities of the V2Os sol
could be reproduced with various other sols, prepared by dispers-
ing suitable inorganic substances of unquestionable crystalline
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nature with the aid of protective colloids. At present there can
be no doubt that all these sols are crystalline, Hence, the
phenomenon of double refraction of sols, due to the orientation
of the particles, must be ascribed to the crystal character of the
particles. It occurs whenever at least one dimension is consider-
ably smaller than the other dimensions.

Recent investigations of FreuNDLice and his pupils 2 have
led to a confirmation and extension of these ideas concerning the
double refraction of sols. Interesting data have been revealed
since SzEGVARI 20 introduced the azimuth diaphragm in his work.
This is a diaphragm in the form of a slit which is placed underneath
the cardioid condenser, thus replacing the uniform illumination
by a one-sided illumination. It appears that in concentrated
V205 sols there are always present aggregates of parallel particles,
a fact which bears a remarkable re%embltmce to the liquid crystals
of Bose’s “swarm” theory.??
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CHAPTER IX

PROPERTIES OF SUSPENSOIDS FROM THE KINETIC
POINT OF VIEW

46. Brownian Movement.—When ZsieMoNnDY, in 1904, made
the first observation with the ultramicroscope, he was struck by
s phenomenon which he describes in the following sentences: !

The small gold particles no longer float, they move—
and that with astonishing rapidity. A swarm of danc-
ing gnats in & sunbeam will give ane an idea of the motion
of the gold particles in the hydrosol of gold! They hop,
dance, jump, dash together, and fly away from ecach
other, so that it is difficult in the whirl to get one’s
bearings.

Indeed, the phenomenon of Brownian movement, which had
first been observed and described in 1827 by the English botanist,
Roeert Brown,? aroused more general interest through Zsig-
MONDY's observations than ever before. Nevertheless, Brown's
observations were worthy of serious consideration, as were also
the experiments which he performed in connection with this
phenomenon and the explanation which he suggested.

Brown noticed that the pollen of Clarckia pulchella, when put
into water, showed a continual vibratory motion. Although he
thought at first that this was a phenomenon pertaining to life,
he eonvinced himself that any material, provided it is sufficiently
finely divided, gives rise to the same erratic motion. Plant
residues which for several decades had lain in an herbarium, as
well as the coal which they gave on combustion, finely ground
amber, and powdered minerals, all showed this peculiar irrégular
movement. In fact, BRowN describes an amusing experiment in
which he pulverized a piece of an Egyptian sphinx and observed
the same phenomenon in the undoubtedly lifeless particles thus
obtained.

137



136 OPTICAL PROPERTIES OF SUSPENSOIDS

18. Q. Majorana, Rend. Acad. Lincei 11, I, 536 (1902).

19. H. Diesscihorst, H. Freundlich and W. Leonhardt, Festschrift Elster
und Geitel, p. 453 (Braunschweig, 1915); Physik. Z. 16, 419; 17, 117 (1916),

20. W, Biltz, Ber. 37, 1098 (1904). -

21. H. B. Kruyt, Proc. Roy. Acad. Amsterdam 18, 1625 (1916); Koll. Z.
19, 161 (1914).

22. H. Siedentopf, Z. wiss. Mikrosk. 29, 1 (1912).

23. A comprehensive review is given by M. Wichtler, Koll. Beih. 20, 157
(1924).

24, W. Reinders, Koll. Z. 21, 161 (1917).

25. H, Zocher, Z. phvsik. Chem. 98, 293 (1921); H. Freundlich, C. Schuster
and H. Zocher, Z. physik. Chem. 106, 119 (1923).

26. A. Szegvari, Z. physik. Chem. 112, 277 and 295 (1924).

27. E. Bose, Physik. Z. 9, 708 (1908).



CHAPTER IX

PROPERTIES OF SUSPENSOIDS FROM THE KINETIC
POINT OF VIEW

45. Brownian Movement.—When ZsicMonpY, in 1904, made
the first observation with the ultramicroscope, he was struck by
a phenomenon which he describes in the following sentences: ?

The small gold particles no longer float, they move—
and that with astonishing rapidity. A swarm of danc-
ing gnats in a sunbeam will give one an idea of the motion
of the gold particles in the hydrosol of gold! They hop,
dance, jump, dash together, and fly away from each
other, so that it is difficult in the whirl to get ome’s
bearings.

Indeed; the phenomenon of Brownian movement, which had
first been observed and described in 1827 by the English botanist,
Rosert BrowN,? aroused more gencral intercst through Zsig-
MONDY’S observations than cver before. Nevertheless, Brown’s
observations were worthy of serious consideration, as werc also
the experiments which he performed in connection with this
phenomenon and the explanation which he suggested.

BrownN noticed that the pollen of Clarckia pulchella, when put
into water, showed a continual vibratory motion. Although he
thought at first that this was a phenomenon pertaining to life,
he convinced himself that any material, provided it is sufficiently
finely divided, gives rise to the same erratic motion. Plant
residues which for several decades had lain in an herbarium, as
well as the coal which they gave on combustion, finely ground
amber, and powdered minerals, all showed this peculiar irrégular
movement. In fact, BRowN describes an amusing experiment in
which he pulverized a piece of an Egyptian sphinx and observed
the same phenomenon in the undoubtedly lifeless particles thus
obtained.

137



138 BUSPENSOIDS FROM THE KINETIC POINT OF VIEW Sec. 45.

He then made sure that no outside influences affected the
phenomenon. This negative proof has been confirmed by widely
varying methods in the course of the nineteenth centufy.> The
movement is not affected by mechanieal vibrations, unequal dis-
tribution of heat, the influence of surface tension, or electrical
factors; and numerous investigators after BrowxN have rightly
stated that the Brownian movement is a general property of finely
divided matter.

However, the motion of the particles, when viewed through
the ordinary microscope, never amounts to more than a slow vibra-
tion, and hence the phenomenon did not attract much attention
on the part of BRown’s contemnporaries, cven after the remarkable
development of the kinetic theory of gases in the course of the
nineteenth century. What ZsiaMoxpY observed was, however,
such a clear picture of molecular motion as conceived by the
kinetic gas theory, that after 1903 the interest in the Brownian
movement was actively revived both theoreticaily and from the
experimental point of view. In terms of the kinetie theory of
gases, the temperature is determired by the kinetic energy of the
molecules, i.¢., by their me?, where m is the mass and v the
velocity of the particle at that temperature. If the Brownian
movement of a colloidal particle is considered as a heat motion
corresponding to the temperature of the sol, $mv® must be the
same for a molecule of the dispersion medium and for a colloidal
particle; they vary considerably in m and for this reason must
have correspondingly different values for v at the same temperature,
‘We know the velocity of the molecules from the kinetic theory of
gases, and also the size of a visible colloidal particle, as discussed
on page 130. Hence, if the velocity of the particle were known,
the size of the molecule would be the only remaining unknown
and could be calculated from the other data.

Our first thought, then, would be to reproduce by means of a
drawing apparatus the path of a particle, measure it, and compute
the velocity from these measurements. Attempts to arrive at
the size of the molecules in this manner failed,* as we now realize,
for obvious reasons, If we calculate how many collisions a col-
loidal particle of even comparatively large dimensions suffers, we
arrive at the conclusion that a gamboge particle of, say, 400 mg
diameter, at 17°, changes its direction by an angle of 90° thirty
million times per second.® Hence, it is absolutely impossible to
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follow the path of a particle with the eye or by means of a moving
picture apparatus. What is supposed to represent the course of
the particle is in reality only a very crude image of it.

Since the possibility of measuring the veloeity of the particle
appears to be excluded, an ecntirely different line of attack is
necessary to solve the problem. What we can determine is the
rectilinear displacement of a particle in unit time. EinsTrRIN,S
and, almost simultancously, von SMoLvcHOWSKI 7 have calculated,
on the basis of probability considerations, what the average dis-
placement of & particle must be. They obtain the following value
for the mean displacement, 4,, in the direction of a horizontal
axis, z:

- - [RT 1
A=Vt N 3wy’
where R is the gas constant, T the absolute terperature, N the
constant, of AVvoGADRO, 7 the viscosity of the medium, and r the
radius of the particle. In this expression we recognize the quantity

RT S . N .
Tl which is connected with the kinetic energy of the particle,

and the expression 6mgr, which in Stoks’ law denotes the ratio
of the velocity to the force of friction for a particle moving in a
liquid. .

Different investigators 8 have chosen this theory as a founda-
tion for their experiments, since it opens, for the first time, a way
to determine the highly important factor N, AVOGADRO’s constant.
We shall devote our attention especially to the work of PERRIN.?

PermiN employed, in all his experiments, disperse systems of
gamboge and mastic. These were very carefully prepared and
were separated by fractional centrifuging into systems having
particles of uniform size. The sizes ranged between 0.212 and
11.5 my.

These particles are visible in the ordinary microscope. Their
size was determined. by direct measurement either from the rate
of fall, according to BTokEs’ law, or else by counting. The patlL
of a particle was sketched on cross-section paper by indicating
its position after equal intervals of time. In different series of
measurements this period was either 30, 60, 90, or more seconds.
By carrying out a large number of measurements PERRIN succeeded
in estimating the average displacement during the stated period
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of titne. By calculating by means of Einstein’s formula the
constant N, he obtained the results given in Table XXII.

TABLE XXII

. Radius of .

Material the particle N
Gamboge . . . . 0.50 66 X10%
0.212 73 X10*
Mastic....... 5.50 78  X10%
0.52 72.5%10%
0.367 69 X102

1

This table shows that the values for N found in the various
determinations fluctuate somewhat, but we can infer from these
data that N is independent of the size of the particles. This
result is extremely important when it is remembered that a particle
with a radius of 5.5 u is 17,000 times larger than one with a radius
of 0.212 p. PERRIN rightly considered this result a strong con-
firmation of the kinetic theory of gases. In fact, the trend of
thought here developed is applicable to systems of such variety of
sizes that extrapolation to particles with molecular dimensions
seems justified.

Hence, the kinetic theory of gases holds, irrespective of the
size of the particle under consideration; in other words, the kinetic
energy of all particles is alike at the same temperature. This
conclusion considerably broadens our knowledge of the properties
of colloids.

Modern investigations, in which other methods were employed,
have shown that the most accurate value for N is 60.6 X 10%2

46. Diffusion.—The speed of diffusion is governed by the law
of Fick, which is expressed in the equation:

dm = Dg @dt,

where dm is the quantity of matter which in the time ¢ moves
through the cross section ¢ when the concentration gradient on

either side of that cross section is equal to = The diffusion con-
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stant, D, is, therefore, the quantity of matter which in unit time
moves through the unit of cross section for a difference in concentra.
tion equal to unity. EinsTeiv !° noticed that this diffusion
constant is closely related to the displacement, 3., discussed in
Sec, 45, in such a way that!

—a

. R
D = é*; hence, D = —~g~]——
2t !

SvepBERG 1! checked this equation and confirmed it in his
experiments with gold sols. Here too, it appears that colloidal
particles behave like large molecules.

In an entirely different way, PErriN 12 applied this idea with
the aid of the previously mentioned disperse systems of mastic
and gamboge. PrRmIN reasons as follows: Let us consider a
liquid column of such an emulsion. Any particle that consists of
matter of greater density than water is pulled down by the force
of gravity; its Brownian movement, i.e., its tendency to diffuse, has
an upward component which tries to balance the tendency to fall.
The final result is that after a while the particles distribute them-
selves in such a way that the concentration at the bottom of the
column is quite large, that at the top very small, and intermediate
values oceur between top and bottom.

The quantitative relations may be represented as follows: We
are dealing with a system containing n particles per unit volume.
The tendency to diffuse upward can be expressed numerically by the
““ osmotic pressure,” as derived from the theory of dilute solutions.

. RT . .
The latter is equal to n—A—r Let us next consider two levels in

the eolumn of liquid at heights & and h + dk from the base. When
these layers have reached equilibrium the number of particles in
each is n and n + dn, respectively. The diffusion tendency in

these layers is n% and (n 4+ dn)BNI, s0 that a difference of

RT o s .
— dn—- in diffusion tendency exists.

N
The influence of the gravitational force is governed by the
quantity ¢(ds ~ dm,0), where ¢ is the volume of the particle, do
its density, and dg,o the density of water. Equating these two
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forces which balance each other, we obtain:

which may be written in the form:

RT
—_ dn_:N? = ne(ds — deO)g dh’
dn BT
= TN e duoy dh.

Fic. 75.

We can integrate this expression between ny and nz
at the respective heights %; and 2 and obtain:

o $(ds — dmo)g(n — o). . -

PerriN placed his mastic emulsion under the
microscope and focussed the latter at different
heights, each time counting the number of par-
ticles. In this manner he obtained the nu-
merical results given in Table XXIII. One
series of his experiments is graphically repre-
sented in Fig. 75. If the number of particles
at the height % = 5 u is arbitrarily fixed at 100,
one notes at the other heights corresponding
figures, as found (Column 2, Table XXIII) and
as calculated (Column 3). 'The agreement is quite
remarkable.

TABLE XXIH

. ; Number Number
Height in found computed
5 i 100 100
15 43 45
25 22 21
35 10 9.4

The formula derived and the discussion leading to it are similar

to that which

is used for finding an expression for the density of

the atmosphere, viz.:

2 = k(hy — ha).
P2 )
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It is interesting to note that 6 kilometers in the atmosphere of
the earth are equal to 10 p in the mastic sol!

Burton,'3 as well as Porter and Hepces,'* has pointed out,
however, that PERRIN’s formula cannot possibly apply to colloid
systerns in general. Writing formula (1) in the form:

2 = Ky ~ hg),
n1

RT
where K = v ¢(da — dy,0)9, we find, on substituting the values

for a silver sol, K = 5000, This would mean that the concentra-
tion of silver in & silver sol at a given layer is 5000 times that of a
layer 1 cm. higher than the first! This result conflicts flagrantly
with the experience of any chemist who has ever worked with gold
or silver sols. Strange to say, WesSTGREN'S results were in com-
plete accord with the equation of PerrIN over a depth of 1.1 mm.

Porrer and HepoEs state
that the formula of Prereiv
assumes the validity of the
law of BoyLg, while the com-
putations show that the volume
of the particles plays a large
part. Taking this factor into
account, one finds an expression
of different form. This is well /
shown in the accompanying
diagram, Fig. 76, where both Depth
PorrER’s and PERRIN'S curves Fia. 76.

{the latter dotted) are drawn.
It is seen that they coincide for a small difference in level,
but deviate considerably for greater differences.

47. Osmosis.—Osmosis may be regarded as diffusion inter-
rupted from one side only. When water and a sugar solution are
in contact with each other, the sugar molecules move in the
direction of the water, and the water molecules, conversely,
migrate in the direction of the sugar solution, since the concen~
tration gradient for these molecules is negative in the directions
indicated. If the two are separated by a wall that allows the
passage of the water, but not of the sugar solution, only the
water molecules move; hence, the osmotic phenomenon is the

|
|
|
!
i
II
/

Number of particles
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result of the one-sided flow of water. The osmotic pressure that
compensates for this phenomenon is a pressure that forces through
the membrane, in the direction of the water, a numbér of water
molecules equal to that which, by diffusion, wouid enter the sugar
solution.

The magnitude of this osmotie pressure is determined by the
number of kinetically active particles present in one liter of the
solution, according to the law of van’t Horr:

n
= RT,
where n is the number of particles and V the volume of the solu-
tion. From the preceding discussion, it is clear that the size of
the particles in the solution is immaterial; what does matter is
the number present per liter. Van't Horr's law indicates that
when one gram-molecule, i.e., 60.6 X 1022 particles, is present in
one liter at 0° the osmotic pressure will be 22.4 atmospheres.
This rule can be directly applied to colloids.

If, however, one calculates what this pressure must be for a
colloidal solution, the conclusion is readily reached that it hardly
exceeds the limit of perceptibility.

Let us imagine, for instance, a gold sol with particles having a
mean diameter of 4 mu. If we work with round numbers, a sol
having 1 g. of gold per liter contains 50 cu. mm. of gold, while
the volume of each particle is about 50 cu. mu. One liter of the
sol contains, therefore, 10'® particles of gold. If a sol with
60.6 X 1022 particles is called a ‘“normal solution,” this sol is
0.000002 normal, and its osmotic pressure amounts to 3 mm. of
water, corresponding to a lowering of the freezing point equal to
0.000004°.

It is obvious that colloidal solutions will show no measurable
osmotic pressure, no depression of the vapor pressure, no lowering
of the freezing point, and no rise of the boiling point. This cor-
responds, in general, with the known facts.

Nevertheless, it is not an easy task to confirm this inference
experimentally with complete certainty. As a matter of fact,
colloidal solutions always contain a certain amount of peptizing
electrolyte (¢f. p. 84) which is partly adsorbed by the particles
but also occurs in adsorption equilibrium in the intermicellar
liquid. The liquid system is, therefore, never a sol alone but at
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the same time a true solution. In the determination of the lower~
ing of vapor pressure, the rise of boiling point, and the depression
of freezing point, the substances in true solution must of necessity
complicate the phenomenon. An attempt has been made, in
measuring osmotic pressures, to eliminate the influence of any
electrolytes that may be present in the sol, by selecting an osmotic
membrane that is pervious to substances in true solution but
impermeable to colloidal substances. These properties, as we
have seen, are characteristic of parchment paper, fish bladder, and
collodion, the so-called dialysis membranes. 1t is to be expected
that further elimination of the influence of substances in true
solution could be effected by measuring the osmotic pressure not
with respect to water but with respect to the intermicellar liquid.
Hence, the osmotic phenomenon has been measured against the
ultrafiltrate (¢f. See. 49 of this chapter).

This method of procedure is based on the idea that substances
in true solution, under the conditions just described, do not par-
ticipate in the osmotic equilibrium. However acceptable this
may appear at first sight, DoNwan’s theory, which will be dis-
cussed on page 203, shows that even under these circumstanees a
direct measurcment of the osmotic pressure does not permit
conclusions, based on the law of vAN’t HorF, regarding the num-
ber of colloidal particles that might cause the osmotie phenomenon.

Moreover, the greater the accuracy and the care with which
the osmotic measurements are carried out, the more closely the
final value approaches zero, in agreemnent with the reasoning given
at the beginning of this section.

48. Dialysis.—On page 9 reference was made to dialysis.
In connection with what was said in Sec. 47 it is clear that we can
dialyze without any appreciable excess pressure only because the
osmotic pressure of the colloidal particles approaches the value of
zero so closely.  As a matter of fact, there is no fundamental dif-
ference between a dialyzer and an osmotic cell in which colloidal
systems are measured.

Nevertheless, in dialyzing, the impression is often gained that
colloidal solutions exhibit quite a noticeable osmotic pressure;
frequently the liquid inside the dialyzer rises considerably,
especially during the first period of the dialysis. There is no
doubt that we can look upon this process as an osmotie phenom-
enon; but it is not an equilibrium phenomenon, as required by
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the law of van't Horr. It is caused by the fact that substances
in true solution, although capable of passing through the mem-
brane, nevertheless encounter a considerable resistancé as com-
pared with water. Hence the inflow of water exceeds the total
outflow of water and clectrolytes. Owing to the resulting excess

Fia. 77.

pressure, the counter current is reinforeed and hence the phenom-
enon becomes less pronounced after a while,

Parchment paper is the classic material, extensively used by
GraBaM in various forms (see Figs. 1 and 77). It is put on the
market in different shapes, which have
certain advantages in dialyzing: thimbles
consisting of one piece (SCHLEICHER and
ScutiLL, Fig. 78); and long tubes which
are scaled by means of some colloidal paste
(Desaga). These U-shaped tubes are filled
with the liquid to be dialyzed and are
placed in water, which is continually renewed
(Fig. 79). 'This procedure can be reversed
by allowing the water to run through the

Fia. 78. tube while the colloid is in the outside
vessel. In this way the process can also be
carried out at higher temperatures, to insure rapid dialysis.!®
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Even so, parchment paper is a slow dialyzing material; it offers
considerable resistance to water as well as to electrolytes. More-
over, it is not always easy to obtain
fairly large sheets of parchment paper
free from small holes. Fish bladder
and various amnion membranes are
to be preferred. Collodion membranes
are most widely employed sinee they
are easy to make and permit an exceed-

i
§
i
i

T
{
|

ingly rapid dialysis. i vy 3 ¢ §

A § per cent eollodion solution, as - i
used in photography for wet plates, o F:
can be poured into any desired shape. ﬁE

When this is immersed in water, bath
alcohol and ether are displaced by water
and a membrane of sufficient strength
is obtained. Thimbles are made by
pouring the collodion solution over the
outside of a test tube. It is also
feasible to soak filter-paper thimbles, such as those used for
the SoxHLET apparatus, with the collodion solution, and thus
prepare durable dialysis thimbles.

It is, of course, necessary to have as much clean water on the
outside of the membrane as is possible. This means that the
outside water has to be frequently renewed in order to obtain the
highest possihle con-
centration gradient.
ZsicaMoNDY and
Hever!'® have con-
structed a dialyzer
which satisfies the
severest Trequire-
ments (Fig. 80). A
collodion membrane
is attached to an
ebonite ring. Thia
dialyzer is then placed on top of a star-shaped chamber
so that the outside water is only present as a thin column
of liquid which can be continually renewed without using too .
great quantities of distilled water. On account of the peculiar

i

T T

Fia. 79.

Fia. 80.
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shape of the dialyzing chamber, the instrument is called a “star-
dialyzer.”

A method has been devised to increase the dialyzing effect so
that the time is shortened. This is the process of electro-dialysts,
a combination of dialysis and electric transport. The principle is
illustrated in Fig. 81. The instrument consists of three compart-
ments, the second of which
contains the colloidal solu-
tion. The two outer cells
are separated from the
middle one by two dialysis
membranes, M; and Mgz;
two electrodes, F; and E:
are inserted in these

Fia. 8L chambers while fresh water

is introduced continually.

The electric current carries the electrolytes into the outer com-

partments. The effect is further increased by the special prepara-
tion of the membranes.'?

49. Ultrafiltration.—Dialysis is still at best a comparatively
slow process. In order to deprive a sol quickly of its intermicellar
liquid, we can accelerate the dialysis phenomenon by forcing the
intermicellar liquid ihrough the membrane under pressure. This
process is known as ultrafiltration. The membranes employed
are made from collodion dissolved in glacial acetic acid or in alcohol-
ether.

This forced dialysis, or osmosis (depending on the point of
view), is sometimes useful for preparatory purposes. On page 104
we saw, for instance, that such a separation of the intermicellar
liquid serves a definite purpose. It has been wrongly assumed,
however, that ultrafiltration in itself affords a means of determin-
ing the size of the particles. By ehoosing different concentrations
of collodion solution, membranes cf different degrees of permeabil-
ity are obtained, and this has been considered to be due to different
degrees of porosity of the membranes, the latter aeting as sieves.

This assumption, however, appears to be largely incorrect.
Filter and membrane action is only to a limited extent comparable
with the action of a sieve, and is much more dependent on the
adsorption at the capillary wall than on the mechanical dimensions
of the pores. For instance, a positively charged colloid cannot be
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filtered through a negatively charged filter paper, when the latter
is rather thick; a negative sol, however, passes through easily.
This question will be reconsidered later. BrcHHOLD !3 has
reported a close connection between the concentration of his
membranes and the size of the particles held back by them, but
this fact in itself does not prove anything regarding the sieve
mechanism of the ultrafilter. It is also possihle that the adsorb-
ability runs parallel with the particle size. If we could consider
substances that are comparable as regards their adsorbability and
their electro-adsorbability, a direct connection between the size
of the particles and the nature of the ultrafilters might add some-
thing to our knowledge of the size of the particles; but a com-
parison of completely dissimilar substances, on the basis of their
behavior toward ultrafilters, docs not permit any conclusion regard-
ing the size of the particles.

Ultrafiltration, therefore, is exclusively a useful experimental
process. 1t eannot furnish a direct method for studying particular
properties of a sol.

The theory regarding the nature of the dialysis membrane has
been strengthened by experiments of W. Birtz !° on the perme-
ability of collodion memnbranes for aniline dyes. He arrived at
the conclusion that the permeability of such a membrane depends
on the number of atoms present in the molecule of the dye. If
the number is less than 45, the dye passes the membrane readily;
for a number exceeding 45, the permeability decreases rapidly;
while it is practically nil for dyes containing between 55 and 70
atoms per molecule. For molecules with more than 70 ators, the
membrane is absolutely impervious.

At first sight it might be thought that the mechanical dimen-
sions of the molecule really do determine the permeability, but
further results of Biutz do not confirm this inference. The
limits just mentioned are raised when sulpho-groups oecur in the
molecule, and they are lowered when alizarine-groups are present.
The size of the molecule, therefore, is not in itself a measure of
its diffusibility. Evidently, the phenomenon is governed - by
physico-chemical properties which run more or less parallel with
the size of the molecule but depend also on its eonstitutive proper-
ties. In dealing with adsorption we also saw that the adsorb-
ability increases with the size of the molecule but is furthermore
dependent on its constitution.
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The various methods of ultrafiltration differ only in the manner
in which the collodion membrane that is used in filtering acquires
the proper strength to withstand the pressure necessary for the
acceleration of the speed of filtration. Wo. OsTwALD 2° prepares
wet filter paper in such a way that fine collodion coatings are
formed in the pores. These so-called spontaneous filters allow a
rapid filtration under exceedingly small pressures. Zsigmonpy 2!
places the collodion film on a suitable porcelain sieve bottom.
BrcuHOLD,?? using unglazed porcelain as a support, has con~
structed a number of very convenient devices for the same purpose.
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CHAPTER X
FORMATION OF SUSPENSOID SOLS

50. General Classification.—Up to the present we have paid
little attention to the formation of suspensoids. SVEDBERG in
his handbook * Herstellung kolloider Lésungen anorganischer
Stoffe” (¢f. “Formation of Colloids,” by the same author), has
indicated a general principle by stating that a system containing
colioidal particles can, as a rule, be prepared in two different ways:
by condensing a highly dispersed system, or by dispersing a coarse
dispersed material. As an example of the first method, we may
mention the preparation of a gold sol as described below.
We start with a solution of gold chloride, in which the gold is
molecularly, or rather ionically, dispersed. By reduction, the
gold chloride is transformed into goid, and the gold atoms then
unite to form smaller or larger gold particles; hence this sol is
made by the condensation method.

As an example of the dispersion method, we may imagine some
coarse material which is ground under water to such a fine state
of subdivision that colloidal dimensions are attained, while at the
same time the newly formed system remains stable.

This general classification of SveppERG has been well chosen
and is very useful, provided we realize that there are a number of
transitional cases. This consideration, however, cannot prejudice
us against the system, since in any system we must always dis-
criminate sharply between different concepts.

A well-known method for preparing metal sols consists in
establishing an arc between two metallic wires immersed in water.
Colloidal dispersion of the metal takes place. It is reasonable to
consider this a dispersion method because the coarse material of
the electrode is dispersed into a fine colloidal sol. It should be
kept in mind, however, that the metal is vaporized in the electrie
arc and then undergoes condensation, which means that a con-
densation method is in reality involved.

Other transitional cases will be referred to later.

151
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61. Condensation Methods.—Before taking up SVEDBERG’S
systematic classification of condensation methods, we shall first
of all consider what may happen and then sec what actually does
happen in a condensation method. When the molecularly dis-
persed material is transformed by a chemical reaction into a
material capable of forming particles which are inscluble or dif-
ficultly soluble in water, it is to be assumed that at one particular
stage the material is present in a molecularly dispersed state.
For instance, when molecules of AuCl; are being reduced to gold
atoms, at a certain moment there is present a “supersaturated”
solution of gold in water. From this supersaturated solution the
gold particles crystallize, forming the sol.

The formation of such a new solid phase from a liquid system
has in late years been a frequent subject of investigation. Tawm-
ManN ! and his pupils, in particular, have studied the crystal-
lization from the molten state: Their researches have shown that
this process must be differentiated into two parts, viz., the forma-
tion of nucler and the velocily of crystallization. A nucleus, once
formed, grows at a certain rate, at the expense of the material still
in molecular dispersion. The first part of the process, however,
is the union of atoms to form a nucleus.

The formation of nuclei increases at temperatures below the
melting point of the substance under investigation. TFig. 82
gives an idea of the nucleus
formation in molten betol.
It is seen that below the
melting point, To, the number
of nuclei first increases, then
attains a maximum, and
finally decreases. The shape
of the curve suggests im-
mediately the idea that the
phenomenon is governed by
T,  undercooling in degrees probability. It has often
been assumed that only
atoms with a velocity higher
than the average unite to
form nuclei. It is more likely, however, that deviations from the
uniform distribution give rise to nucleus formation. At any
location where a large number of atoms are close together in a

number of nuclet

Fre. 82.
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configuration resembling somewhat a crystal Iattice, a crystal
nucleus is produced.

Experiments by TaMMaxN have, furthermore, proved that
additional material, either heterogeneous or homogeneous, that
may be present, furthers the formation of nuclei in some cases
and hampers it in others.

Figure 83 shows how the rate of erystallization of a given crystal
changes with the temperature. At the melting point, To, it is, of
course, zero; but below
that point it first in-
creases rapidly, then
remains constant over
a certain range of tem-
peratures, and at a
still lower temperature
falls off rapidly.

The course of the
crystallization of a sub- ¢
stance from its melt ¢ undercooling in *
is, therefore, governed T, 83.

(1) by the number of
nuclei formed and (2) by the speed with which these nuclei grow.

Regarding the crystallization from supersaturated solutions,
we have at our disposal the researches of Marc and his co~workers.?
The speed of erystallization appears to be largely dependent on the
degree of supersaturation and on the presence of added substances,
especially when the latter are adsorbed by the surface of the crystal
(or by the nucleus).

It is evident that in the case of suspensoids the problem of
nucleus formation and rate of crystallization dominates the whole
process, When only a small number of nuclei are formed and
these grow rapidly, no colloidal systems can be produced, because
these few nuclei rapidly become large partieles. If, on the other
hand, a large number of nuclei are formed and their rate of crystal-
lization is slow, the conditions for the formation of a colloidal
solution are favorable, provided electrical conditions are likewise
suttable. For, as we have seen in preceding chapters, the electric
charge completely governs the stability of suspensoids.

In the method discussed on page 131, where a solution contain-
ing nuclei is added to the gold sol in the course of preparation, an

Speed of erystallization
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artificial formation of nuclei is brought about, and the size of the
particles from this time on is dependent only on the speed of
crystallization. Such a manipulation can, of course, be applied
only when the spontaneous formation of nuclei is so small that the
number of nueclei may be considered as determined entirely by the
concentration of the added nucleus solution.

Following SVEDBERG'S classification, we may group the dif-
ferent condensation methods according to the chemical reactions
which take part in their formation. We then obtain the following
classes of methods:

(a) Reduction methods.—Nearly all sols of metals are prepared
in this manner. Numerous reducing agents may be employed.
Using pure hydrogen, we ean reduce, for instance, silver oxide
according to the equation:

Ag0 4+ Hz = 2Ag + Ho0.

Silver oxide is brought into contact with water through which
is passed a stream of hydrogen gas. Insofar as the oxide is dis-
solved, it is, obviously, reduced, and the silver atoms unite to form
colloidal particles. The silver oxide is continually dissolved and
then reduced. It is evident that the sol thus formed is poly-
disperse (containing particles of different size, as contrasted with
an iso-disperse sol having particles of the same size) because the
reduced silver oxide finds more and more nuclei. Viewed in the
ultramicroscope, this sol presents a very colorful picture which
reveals the poly-dispersity very plainly.

Phosphorus has long been used as a means of preparing gold
sols:

AuCls + 3H:0 + P = Au + P(OH)g + 3HCL

Experience has shown that this method is a slow process for
making highly dispersed amicroscopic gold sols. These sols are
used as nucleus solutions for the preparations discussed in Sec. 43.

Ordinarily, formaldehyde or H20y is used, with the addition of
a little alkali, often in the form of K2CO;. The presence of OH
ions is obviously required in order to bring about suitable electrical
conditions.

Selenious acid can be reduced to colloidal selenium by means of
either sulphur dioxide or hydrazine:

8e02 -+ 28S0; = Se + 280;.
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(b) Owidation methods.—Colloidal sulphur is prepared by the
oxidation of HyS by means of SO, as expressed in the following
reaction: .

2H,8 + 802 = 38 + 2H:0.

The sulphur separates in colloidal form. The process is, however,
more complicated than would appear from the above equation,
In this so-called WackeNroDER liquid, polythionic acids are
formed simultaneously with the sulphur (¢f. p. 237).

(c) Hydrolysis methods.—Numerous metallic oxides are insol-
uble in water and form colloidal oxides when their salts are hydro-
iyzed. Sols of the oxides of chromium, iron, aluminium, tin, and
other metals are prepared by simply dialyzing the salts, dissolved
in water, against water. When nitrates are used, nitric acid
passes through the dialyzer and Ieaves a colloidal solution of the
oxides behind.

(d) Other decompositions.—The sols of the oxides just mentioned
can also be prepared by means of the following double decomposi~
tion: :

2FeClz + 3(NH4)2CO0s = 6NH4Cl +  Fea(COs)s

Fez03 4- 3CO2

The formation of sulphide sole likewise belongs to this group;
for instance:
As203 + 3HoS = AseS3 + 3H:0.

It is evident, however, that not every reaction is suitable for
such a preparation of sols, for the reason that we operate here
with electrolytes which might flocculate the colloidal particles
eventually formed. Too great a concentration of electrolyte is
therefore inadmisstble, both at the beginning and at the end of
the reaction. The second reaction just mentioned is, of course,
eminently satisfactory as far as the final product is concerned,
H:0 being formed. Hydrogen sulphide i3 only slightly soluble
in water and is, moreover, removed at the end by passing hydrogen
gas through the sol. To prevent the possibility of having too
much AsyO; in the solution at the start, a solution of AsOj is
allowed to drop into water through which a stream of hydrogen
sulphide passes. The electrolyte is then added in small quantities
and rendered harmless by its transition into colloidal material.
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The preparation of silver halides, discussed on page 102, also
belongs to this group. It was previously stated that the main~
tenance of proper electrical conditions is necessary for the formation
of these sols. The fact that the conditions are not the same for
different halides is due to individual differences in speed of crystal-
lization and in nucleus formation, and possibly also to differences
in the boundary potentials of these halides with respect to the
liquids used.

b2. Dispersion Methods.—Four different methods may be
grouped under this heading:

(a) Mechanical subdivision.—~When the substance has been so
finely ground in a mill that the diameter of the particle is reduced
to less than 1 u, the conditions are suitable for sol formation. In
the past few years, several ““colloid mills” have been put on the
market. IHowever, an extremely fine subdivision is not sufficient
to produce a stable sol.  For this reason a peptizer (often wrongly
called a “disperser” or “dispergator”’) is always introduced into
these mills. Very often this peptizer is purely a protective colloid.
(Cf. See. 29 b.)

In case no mechanical subdivision takes place and yeti the
method of preparation is one of dispersion, the inference is that
primary particles of colloidal dimensions were originally present.
The procedure which is followed in peptizing an agglomeration of
such primary particles is exemplified in the next two methods:

(&) Washing-out method—In case too much electrolyte is
present in the preparation of a colloid by the method of double
decomposition, a precipitate is often formed, which in its turn ean
be brought back to the state of colloidal solution by washing out
the excess of electrolyte. This occurs frequently in analytical
chemistry with those precipitates which, on washing, ““run through
the filter.”” For instance, when vanadium pentoxide is precipi-
tated in the reaction:

2 NILVOs + 2HCL = V305 + 2NH,Cl + He0,

there is obtained o reddish-brown precipitate which can be filtered.
When water is poured over this precipitate, a clear filtrate con-
taining NH,Cl runs through at the start. After a while the filtrate
becomes reddish-brown and a colloidal solution of V20s is obtained.

(¢} Peptization methods.—It often happens that precipitates
consisting of fine primary particles need only to have their bound-
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ary potentials raised by means of a peptizing electrolyte in order
to go into colloidal solution (¢f. Ch. VI). When hydrogen sulphide
is passed into a solution of corrosive sublimate, HgS precipitaies.
Ii the hydrochloric acid which has been formed is then removed
by rinsing repeatedly with water, a colloidal black solution of HgS
can be obtained by peptizing the precipitate with HaS.

Precipitated FeoOz can be peptized by the addition of FeCls,
a method which is casily understood from the discussion on page
100.

From the cases mentioned under b and ¢, it is evident that we
are dealing here with a flocculation that is not quite irreversible.
If it were absolutely irreversible, neither the washing away of
the electrolyte that is present nor the addition of a peptizing
electrolyte could possibly give rise to the formation of a sol; hence,
only a limited number of cases are adapted to these two methods,

(d) Electrical disintegration.—BreDbic 3 has prepared colloidal
systems of gold, silver, and platinum hy establishing, in water, &
direet current arc between electrodes composed of these metals.
SvEDBERG ¢ has extended this method by using alternating cur-
rent, since direct current causes a considerable amount of charring
when the disintegration takes place in organic liquids. In this
way, SVEDBERG was able to disperse the lighter metals, which
readily react with water when in a finely divided state, by employ-
ing organic liquids (preferably isobutyl alcohol or ether). He
even obtained colloidal solutions of such metals as potassium and
sodium.
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CHAPTER X1

HISTORICAL OUTLINE OF THE DEVELOPMENT OF THE
THEORY OF SUSPENSOIDS

B3. Introduction.—The preceding chapters presented a sketch
of the theory of suspensoids that seems, at the present time, to
give the best insight into the behavior of these systems. Nobody
can be blind to the fact that current opinions are far from adequate.
The more the investigations considered are extended and applied
to other suspensoid sols, the better one realizes that the picture
drawn has been highly idealized. An extension of the theory
presented, possibly a radical improvement, may be expected.
After all, any theory in the domain of the natural sciences is
based on the conception of facts that prevails at a certain period,
only to be succeeded by another which presents a better and
truer correlation. It is wise, therefore, to consider a theory
merely as a link in the long chain of consecutive interpretations of
scientific facts; consequently, this chapter is devoted to a briel
historical sketch of previous experiences and theories which have
led to modern conceptions regarding suspensoids.

p4. The Nineteenth Century.—(GEanam is often regarded as
the first systematic investigator of colloidal systems, although it
is undoubtedly more correct to give first mention to FRaNcCEScO
SeLmi, of Modena, whose publications, written in Italian, have
recently become accessible in an English translation.! Sermt
realized, as early as 1845, that a colloidal solution of AgCl differs
radically from a true solution, and extended this idea in the follow-
ing years to sols of Prussian blue and sulphur. He was struck by
the ready precipitation of these substances by various neutral
salts which, nevertheless, do not react in a chemical sense, and by
the absence of a heat effect and volume change at the flocculation
point; hence, colloidal systems were considered by SELMI as
pseudo-solutions.

158
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GraHaM? deserves special eredit for his exhaustive study of
the physical properties of colloidal solutions, more particularly of
their diffusibility. The slight diffusion of colloids leads to the
assumption that the diffusing particles are much larger than
molecules, which are truly dissolved. This diffusion furnishes a
characteristic criterion by which to distinguish between true
solutions and colloidal solutions. Granam was wrong, however,
in considering the power to form colloidal solutions a specific
property of certain compounds instead of a general property of
matter.

NAiceL 3 vigorously advocated the theory of the polymolecular-
ity of colloidal particles, for which he used the term micells. A
peculiar position in the development of colloid chemistry and the
theory of adsorption is that assumed by J. M. vaN BEMMELEN,!
who studied a number of agricultural problems, especially the
interaction of precipitated colloids with water and salt solutions.
This experience enabled him to collect a wealth of most valuable
data (see Chapter XVI) and to preparc the way for the modern
theory of adsorption. Theoretically, he arrived at a negative,
though highly important conclusion, viz., that the union of water
and other substances with colloids is not stoichiometric.

Around 1880, the first systematic investigations concerning
flocculation were published. The flocculation of As2Ss and SbeSs
by countless electrolytes was studied first by ScuvizE,® and later,
in much greater detail by Linper and Prcron.® The predominat-
ing role of the ion carrying a charge of opposite sign, and of the
valenee of that ion, was clearly brought to the fore, particularly by
the last-mentioned workers, who introduced cataphoresis as a new
method of attack.”

The problems arising in connection with the mechanism of
floceulation brought forth a great variety of interpretations in the
second half of the nineteenth century. As early as 1851,
ScHEERER 8 expressed the opinion that salts decreased the vis-
cosity of the medium, and THOULET ® thought that the particles
became heavier by accumulating the salt in their surface. Beth
workers assumed, therefore, that flocculation was simply - an
accelerated sedimentation. But the results of ScBULZE and those
of Linogr and Prcron, together with the work of Barus and
ScHNEIDER,' clearly demonstrated, in the light of the ionic theory
evolved by AmmuENIUS, that certain properties of electrolytes
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(more particularly the valence) play an important part in the
flocculation.

W. B. Harpy ! however, was the first to recognize-the rela-
tion between charge and stability (¢f. p. 66). Even at present,
there is no agreement as to the cause of this relationship. Stark 12
put forth the theory that the non-sedimentation of colloidal solu-
tions was caused by air bubbles adhering to the particles, the
adhesion being destroyed by added electrolytes. This theory
was proved to be untenable by the work of Brepic and Coran. %
The former of these two investigators !4 sought to establish a
close connection hetween what takes place in a capillary electro-
meter and the coagulation of a colloid. As pointed out on page 51,
this instrument shows that the surface tension is high in the absence
of an eleetric charge and decreases when a charge is introduced.
The fundamental problem of colloid chemistry is just this (cf.
p. 11): Why is the surface tension unable to unite the particles?
Brebni¢ interpreted HaRpY’s conclusions by assuming that the
surface tension of the charged particles is small and consequently
leaves them in a relatively stable condition. The electrolytes,
according to BrEDIG, remove the charge, thereby increasing the
boundary tencion and thus bringing about coalescence of the
particles, followed by flocculation.  This concept was undoubtedly
a step forward, although it was found later (ELris 15) that, even
in the case of liquid particles (oil emulsions), the cause of the
coagulation does not lie in increased surface tension. The fact
remains, nevertheless, that Brepic was the first to look for a
rational physico-chemical explanation.

At the same time a search was made for a quantitative expres-
sion for the coagulating power of electrolytes. WnETHAM 1€
reasoned as follows: If discharge requires the presence of ions of
opposite charge in the vicinity of the particle, there must be
present simultaneously 2 trivalent, 3 divalent, or 6 monovalent
ions. Since the probabilities for simultaneous presence are propor-
tional to the corresponding powers of the concentrations, WHETHAM
arrived at the following formula for the floeculating concentra-
tions of monovalent, divalent and trivalent ions, ¢;, ¢z and c3:.

1 1 1

— =i =1:1z:22
€1 €2 €3

For z = 32, these ratios are as 1: 32 : 1024, a result which
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correspends to the data obtained by ScHuLze and by Linper and
Picton for the AseS3 sol.

In those years, around the turn of the century, scientists were
fairly well convinced that colloidal solutions were micro-hetero-
gepeous systems consisting of suspended polymolecular particles.
FarapaY }7 had already proclaimed that gold sols contain gold
particles, and yet ScHULZE was not convinced of the inhomogeneity
of his sols. On the basis of experiments performed by Srring !#
and LoBrYy DE BruUYN 1% around the year 1900, the TynpaLn
effect seemed to furnish a rather doubtful indication in that direc-
tion. The proof of the heterogeneity supplied by the ultra-
microscope put colloid chemistry on a solid foundation which had
hitherto been absent.

B6. The First Decade of the Twentieth Century.—The relation
between charge and stability formulated by Harpy formed the
basis for the dynamics of colloids, and the heterogeneity definitely
demonstrated by the ultramicroscope firmly established their
statics.

BurTon 2° removed all doubt 2! concerning the correctness of
HarpY’s principle. FREUNDLICH ?2 confirmed the real significance
of the valence and commenced his studies on adsorption 2 in
order to understand the mechanism of floeculation. A eritical
study of the available literature on adsorption had just then been
compiled by Wi. Osrwarp,?! and FREUNDLICH was thus able to
show the close connection between adsorption phenomena and col-
loid stability. A few years earlier, PERRIN 25 published the first
comprehensive study of electro-cndosmosis, in which he pointed
out its eminent significance for colloid chemistry. In 1910
FreuNDLICH 26 made an attempt to explain the discharge on the
basis of eleetrolyte adsorption (see the discussion of Fig. 34 on p.
69) which enabled him to account for the exceptions to the val-
ence rules of ScuuLze, Harpy, WHETHAM, and others.

The numerous investigations on colloid-chemical subjects
published in the years 1900-1910 advanced the theoretical specula-
tions to such an extent that comprehensive texts began to appear.
As early as 1905, ZsiGMONDY wrote “‘ Zur Erkenniniss der Kolloide”
(translated by ALExaNDER uunder the title, “Colloids and the
Ultramicroscope,” New York, 1909), in which his pioneer re-
searches with the new instrument, mainly on colloidal gold,*" are
described.
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Some years later, in 1909, two more comprehensive works
appeared, viz.: Wo. OstwaLp’s “Grundriss der Kolloidchemie,”
of which unfortunately no complete second edition exists (only
part of it was published in 1911); and HERBERT FREUNDLICH'S
“ Kapillarchemie.” The aim of the latter text is to place colloid
chemistry on the basis of capillarity-physics. This book may be
considered the standard volume on physico-chemical colloid
chemistry (a second edition appeared in 1922; the third edition
of 1924 differs from the previous one only by the inclusion of a
few additions; an Fnglish translation by HaTrierp under the
title “Colloid and Capillary Chermistry” was published in 1926).

In 1912 the first edition of ZsiamonDY’s “ Kolloidchemic”
(English translation by Seear, “The Chemistry of Colloids,”
New York, 1917) was published. This was rather systematic in
character, while the later editions have tended more and more in
the direction of a general theoretical orientation.

During the present decade, the statics of colloids has made
great progress. The investigations of THE SvEppErG and those
of PErRIN, mentioned in detail in Chapter IX, have paved the
way for the recognition of a far-reaching morphological sirnilarity
between colioidal and true solutions and have emphasized the
significance of the idea of degree of dispersion for a clear under~
standing of various systems.

B6. Latest Developments.—In the preceding chapters the most
recent research work and the latest theories, were, for obvious
reasons, particularly emphasized. The general conclusion is that
modern colloid chemistry is developing along the line of the
electrical interpretation. Some investigators, including Jorprs 28
and Ducraux 29 have, however, devoted more attention to other
phenomena, with the hope of making a connection between col-
loidal and true solutions. But the work of Erissarorr, Kruyr,
Powrs and Euus, and numerous investigations made in the labor-
atories of FrEuNDLIcH, DonnaN, Bancrorr and Kruyr, and
quite recently also those performed in the laboratories of British
India (among which that of MUugHERSEE stands out prominently)
have clearly brought out the great importance of the electric charge.
The nature of the electric double layer becomes more and more the
central problem of physico-chemical eolloid chemistry; and
Govuy’s extension of HeLmBoLTZ's classical theory gains continu-
ally in importance, It seems therefore, at times, as if the adsorp-
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tion theory so strongly advocated by FREUNDLICH is losing a good
deal of its importance. The connection between ionic adsorption
and charge is, nevertheless, unmistakable, although we do not yet
grasp its real meaning. This fact was pointed out very distinctly
by von SmoLUcHOWsKI in the valuable article which he contributed
to Graerz's ““Handbuch der Electrizitil und Magnetismus”;?°
and the latest discussions (see, for instance, an article by Stern 31)
concede the necessity of introducing an adsorption potential, It
cannot be denied that the idea of “ionic adsorption” is used rather
flippantly in recent colloid-chemical literature, and it remains for
future research to explain satisfactorily the whole mechanism of
the genesis and the destruction of the double layer.

A considerable number of comprehensive texts have been
published recently. In addition to those mentioned before,
attention is called to the following books: W. D. BaNcrorr's
“Applied Colloid Chemistry; General Theory,” Second Edition,
New York, 1926; Paur Barv's “Les Collovdes,” Paris, 1921;
E. F. Burron’s “The Physical Properties of Colloidal Solutions,”
Second Edition, London, 1921; THE Svepserc’s “ Colloid Chemis-
try,” New York, 1924; and the extensive compilations of R. H.
Bocug, “The Theory and Application of Colloidal Behavior,”
New York, 1924, and of JEROME ALEXANDER, “‘Colloid Chemistry,
Theoretical and Applied,” New York, 1926,
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CHAPTER XII
GENERAL PROPERTIES OF EMULSOIDS

67. Introduction.—The characteristic differences between sus-
pensoids and emulsoids were discussed on page 10. As stated
there, the essential difference evidently lies in the fact that emul-
soids exhibit a close relationship between the dispersed particle
and the dispersion medium, while suspensoids lack this property.
The physical characteristics of suspensoids deviate but little from
those of water, while emulsoids form liquids with properties that.
differ considerably from those of water.

This contrast, however, does not hold for all physical propertics;
density and light refraction are additive properties for all sols;
i.e., these quantities change in proportion to the concentration of
the colloidal constituent.! Regarding the surface tension, the
available data are not sufficiently accurate to warrant a conclusion.
The statement is often made that emulsoids lower the surface
tension appreciably, while the surface tension of suspensoids is
practically identical with that of the dispersion medium. Insofar
as emulsoids are concerned, this assertion is due to a misconeep-
tion. It is said, for instance, that gelatin lowers the surface ten-
sion of water considerably, whereag, as a matter of fact, the best
grades of gelatin, which eontain few decomposition produets,
have no appreciable effect. The depression of the surface tension:
is frequently caused by impurities in true solution. The effect o
soaps on surface tension will be considered in Chapter XVII.

There is one property, however, in which emulsoids differ
characteristically from the water which acts as their dispersion
medium. This property is viscosity. One would expect, a priort,
that this guantity would change additively with the amount of
dispersed substance, in accordanee with EinsTein’s formula 2 for
the relation between the viscosity of a disperse system, n,, that of
the dispersion medium, 7., and the volume of the dispersed
particles, ¢:

n = n(l+ §9).
167
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It should be noted that this increase in viscosity depends on
the lotal volume of the particles, irrespective of the degree of dis-
persion. -

The equation holds, however, only under certain conditions:
the particles should be spherical, elastic, and large in comparison
with the molecules of the dispersion medium. If these require-
ments are met, the results obtained agree well with the formula.

BanceELIN 8 has tested the equation with a mastic sol and has
been able to verify it, except for a small deviation in the value of
the constant.

The formula of ExNsTEIN may be written in the form:

P 1=3¢, . . . . ... (D

in which the quotient ;L expresses the relative viscosily of the sol;
o

i.c., the value of the viscosity if the dispersion medium is selected
as the standard of refercnce for which the viscosity is unity.

s T M, : . e
Hence, ;’: — 1, 0r = 7 - is the increase in the relative viscosity

o o
due to the dispersed substance; this quantity is, therefore, pro-
portional to the dispersed volume.

In applying this reasoning to emulsoids, we meet with a peculiar
contradiction. For instance, if a polysaccharide like agar-agar is
dissolved in water, sols of extremely high viscosity are obtained.
A sol containing % per cent agar-agar should have a relative vis-
cosity, according to EinstriN’s formula, of :

14+ % X% X001 = 1.007,

if we assume the specific volume of agar-agar to be cqual to unity.
The experimental value for the relative viscosity is, however, in
the neighborhood of 2.400.4

Since ¢ is the only variable that determines the phenomenon,
the total volume has not been properly accounted for in our cal-
culation. The volume of the dispersed particles is obviously much
greater than that of the dry substance used in the computation.
Hence, there must be a reason why the particles in the sol are too
large in comparison with the volume of the dry agar-agar. It is
difficult to explain this fact in any other way than by assuming
that the agar-agar particles have taken on a large amount of
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water, thereby greatly increasing their volume. According to
our previous calculation, these particles should have o vohime 200
times that of the particles of the dry substance. The quantitative
correctness of this figure is subject to certain reservations. In the
first place, as we shall sec presently, the formula of EinsTrIN needs
a certain correction, and, secondly, it is not strictly applicable to
systems having a viscosity which differs considerably from that of
the dispersion medium. Special investigations have shown that
even in dilute sols there is a considerable discrepancy Detween
calculated and observed viscosity; lience, the particles in the
agar-agar sol must take up a considerable amount of water.

At first sight, some may be opposed to the idea of aseribing
to a sol particle such an unusually great power of absorbing water.
Tt should be realized, however, that a sol containing as little as §
per cent agar-agar sets into a jelly at room temperature, which
means that agar-agar removes the liquidity from an amount of
water equal to 700 times its own volume We are so familiar with
these phenomens of gelatinization that we almost take them for
granted, and we are not impressed until we meet cases, similar to
that just mentioned, where a particle is supposed to imbibe
approximately 200 times its own volume.

We do not know in what particular manner the particles take
up the water. It is possible either that they swell like sponges or
that they surround themselves with a layer of water. Against
the latter assumption it may be argued that in this case the particles
would exert their action over a distance far in excess of their radius,
since the added film of water would undoubtedly be more than
one molecule thick. In the following pages we shall, nevertheless,
speak of a water layer, because this idea permits, in several
respects, the simplest method of representation.

58. Viscosity.—As stated in the previous section, the viscosity
of sols leads us to believe that they contain strongly hydrated
particles. In a discussion of this property, the first question that
arises is whether, generally speaking, we can consider the viscosity
of a s0l in the sense of PoISEUILLE'S law.

A great deal of controversy has centered around this problem.
In the first place, there is no agreement as to how the viscosity of
a sol really should be measured. We can, of course, use the well-
known OstwaLp viscometer (Fig. 84), which is quite satisfactory
for relative measurements, provided its construction is such that
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certain systematic errors are eliminated.® Some investigators
seem to think that this is pot possible, and for that reason use
viscometers which operate on other principles. Among these are
the viscometer of Couerrte,® which measures the friction of a
cylinder rotating in a liquid, and the viscometer of Hess,? in which

the liquid under investigation and a standard
- liquid are scparately forced through a capillary
tube by means of air pressure.

Whatever instruments have been used, the
conclusion reached by various investigators is that
emulsoids, as a rule, do not follow the law of
PorsgviLLe; ie., different viscosities are found,
depending on the rate of capillary flow. This
behavior is explained by saying that the sols not
only have a liquid viscosity but possess also a
certain elasticity such as we find in solids.

It seems to the author that these objections are,
for the greater part, unfounded.” If we investigate
sols in properly constructed viscometers, carefully
accounting for the changes which the sol under-
goes as a result of irreversible and hysteresis
phenomena, and, furthermore, if we take care to
exclude sols that gelatinize, the results obtained

\/ are in complete accord with the law of

PoisguiLLe. Moreover, there is a complete ab-

Fre. 8% gence of elastie phenomena. Only when we are

dealing with particles that deviate sharply from the

spherical shape, as for instance, those of the V205 sol (¢f. p. 133),

benzopurpurin, and possibly partially gelatinized sols, do the
results fail to eonform to the formula of PolsEuILLE.

In applying EINSTEIN'S expression to sols of different con-
eentration, one might expect to find a simple linear relation between
the relative viscosity and the concentration of the sol. Investiga-
tions on different sols confirm the formula approximately. The
small deviation from the rectilinear behavior might be explained
by assuming that the hydration of the particles is a function of the
concentration. In the next section (59) we shall meet with a
second phenomenon, the electro-viscous effect, which may be a
function of the concentration and hence may cause the discrepancy.
Apart from these small deviations in the values for the relative
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viscosity, appearing in the third decimal only, it may be said that
EinsTteN's formula reproduces the observations with sufficient
accuracy for sols of agar-agar,® gum arabic,® starch,!! ete.

59. Electro-viscous Effect.—When the viscosity of a sol is
studied in relation to the concentration of an added electrolyte,
for instance, that of barium chlo-
ride,1° the results obtained lead, 7
for a sol of agar-agar, to the

following graphieal representation _.'91'6
(Fig. 85). On the addition of the §
first milli-equivalents a decided 51'
drop in the viscosity is observed, &

while on further addition of the
cleetrolyte the viscosity remains
practically unchanged. The pro-
nounced effect of very small Fig. 85.

amounts is strikingly reminiscent

of the behavior of capillary eclectrieal processes previously dis-
cussed (Chapter IIT). The agar-agar sol is negatively charged;

Plat,

Hexol
79
]

m-Equivalents
— T
4 &

-
034
<

Fic. 86,

hence, we are dealing, presumably, with the effect of an ion nf
opposite charge, i.e., the Ba ion. By carrying out similar experi-
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ments with electrolytes having cations of a different valence, we
actually find that the lowering of the relative viscosity ig greater
the higher the valence of the cation. Fig. 86 shows the changes in
viscosity for a starch sol on the addition of various ions. The
salts used are indicated for each type of curve.!l By luteo is
meant the luteo cobalt chloride with its trivalent cation. The

curve marked Hexol will be referred to later.
In Fig. 87 the same phenomenon is illustrated for the agar-agar
sol. Here too,’? the effect of the valence of the cation is quite
noticeable, while that

W00g 1,7 of the anion is very
o small. The experi-

mentally  determined

curves for the monova-

lent cations fall within

the upper black band;

e those for the divalent

K,SO; K, FelCN), cations, within the sec-
2 4 ond band; and so on.

The similarity of

these results to those

obtained in capillary

Pt(Aein), (NOg). electrical phenomena

4 immediately  suggests

the possibility of a

BaCl, 8rCly

2 2
MgS0, CdSO,
T T
La(NO)s Co(NH)Cly
[ T T

w0 ] m.Aed, relation between the
o 1 z 3 4 electrical charge of the
Fic. 87. particles and its effect

on the viscosity of a
sol. In 1916, von SmorLucHOwsK! showed that the expression
of EinsTEIN holds in reality only for uncharged particles.'? In
case the particles are electrically charged, they are surrounded
by a repelling sphere (c¢f. p. 109) whereby their active volume
is virtually increased. This apparent increase in the active
volume might be called the “quasi-voluminous” effect. Hence-
forth, we shall speak of the electro-viscous effect, by which we
mean the increase in relative viscosity as a result of the electric
charge of the particles. A relation between viscosity and electric
charge had previously been mentioned by Harpy and by Wo.
OstwaLp,}®
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Vox Bmovvcaowskl deduced the following modification of
EINSTEIN’S expression:

MM _ B 1 <m)2]
—'”—”——éd)[lﬁ-;lpg‘; e e e . (2

where « ig the specific conductance, r the radius of the particle, D
the dielectric constant, and ¢ the electro-kinetic potential of the
electric double Jayer, referred to previously.

In complete accord with the results just mentioned, it has been
found in experiments on the sol of starch that polyvalent ions can
actually reduce the charge to zero or else reverse it.

In Fig. 86 the curve marked Hexol indicates the change in the
viscosity of the sol caused by additions of a hexol salt

[Co{(OR)2Co ena} 5] (NOy)s

where ens represents ethylene diamine. It will be seen that this
hexavalent eation produces, first, a lowering and then, by a reversal
of the charge, a rise in the viscosity (¢f. p. 85). The boundary
potential ¢ appears squared in equation (2); hence its sign is
without effect on the clectro-viscous effect.

60. Cataphoretic Phenomena.—The fact that we can in-
vestigate electrical phenomena by means of viscosity experi~
ments simplifies the study of emulsoids considerably. Direct
observation of cataphoresis in emulsoids is made difficult by the
fact that these sols are colorless. The use of BurTon’s apparatus
(¢f. p. 60) is therefore excluded. A makeshift arrangement
would be to observe at right angles the path of a ray of light pass-
ing through the cataphoretic tube. The supernatant water
gives no Tynpart effect, while the emulsoid sol does. Thus, the
migration of the boundary under the influence of the electric
current becomes visible. SvepsErG ' used another expedient,
that of illuminating the apparatus with ultraviolet light and study-
ing the fluorescence of the emulsoid sol photographically. In
dealing with proteins, one may follow the movement of the albumin
by ailowing the cataphoresis to take place in separate vessels or
else in an apparatus with different compartments separated by
stopcocks (Fig. 88). Albumin migrates from € into A or B, which
were filled originally with water. From a KievLpauv determination
of the contents of 4 or B we can get an idea of the amount of
emulsoid transported by the current.
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In applying this last-named method to the calculation of the
potential of the double layer, from the measurements of the amount
transported, we meet, however, with a serious difficulty. On
page 81 appeared the formula:

P )

whereby it was assumed that the potential gradient throughout
the cataphoretic space changes gradually. This condition is not
fulfilled, however, when constrictions
due to stopcocks or siphons occur,
and the resulting error afiects the
computation,

Unlike suspensoids, proteins have
an electric sign which depends strongly
on the medium. A suspensoid sol
has an electric sign which is positive
or negative according to the nature of
the material forming the particle.
Only for substances like tin oxide
does the charge depend on the pep~
tizer. In general, however, only
strongly capillary-active ioms, such
as polyvalent ions and those that
are strongly adsorbed, can bring

Fra. 88. about a reversal of charge (see
p. 85).

For albuminous sols, however, matters are entirely different.
These sols are either positive or negative, according to the hydrogen
ion concentration of the medium. Very slight changes in the
hydrogen-ion concentration may produce a complete reversal of
the electric sign. (For further particulars, see Chapter XIV.)

The measurement of the electro-viscous effect has been com-
pared in many cases with direct measurements of cataphoresis, and
has led to satisfactory, at least semi-quantitative agreement.3 9 1°
Consequently, we shall, henceforth, often draw conclusions regard-
ing the electric charge of the particles from the results of experi-
ments dealing with electro-viscous effect. Furthermore, a compari-
son of electro-viscous effect and cataphoretic velocity has produced
results whieh permit an estimate of the size of emulsoid particles,
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61. Size of Emulsoid Particles.—1t is possible to draw con-
clusions regarding the size of emulsoid particles from determina-
tions of electro-viscous effect and cataphoresis.'> Yor instance, if
the viscosity of a sol is determined at two concentrations of an
added electrolyte, each of the two values obtained must satisfly
the above-mentioned equation (2). By determining the cata-
phoretic velocity, u, of the sol at the same electrolyte concentra~
tions, we can calculate the boundary potential from these measure-
ments each time by means of formula (3).

Substituting these values of { in the first two equations (2),
we get two expressions in which all quantities are known except ¢
andr. By eliminating ¢, the value of r can be computed. Experi~
ments on the sol of starch have indicated that the diameter of the
particles is in the neighborhood of 14 mu.

In this manner we can obtain the size of the particles, including
the surrounding film of water. It is possible, however, to find
out from the viscosity determinations which part of the aetive
volume must be ascribed to the dry substance, the remainder being
due to the water film. From this we can compute the part of the
emulsoid which is taken up by the dry substance, the difference
hetween unity and this value being accounted for by the water.
In the case of starch, the amount of dry substance corresponds to
a particle having a diameter of 6 my.

In the above calculation it was assumed, however, that [
varies on the addition of an electrolyte, but that ¢ and r do not.
Unfortunately, we cannot, a priord, predict that this will be so.
The result depends on the relation which exists between hydration
and electric potential at the boundary of the particle. From the
fact that varying concentrations of electrolyte give the same results
for 7, it seems that for substances like agar-agar and starch such
a connection does not exist; for gelatin and proteins, on the other
hand, it must exist.

These investigations indicate that the size of the particles of
an emulsoid sol, such as starch, is of the normal order of magnitude
of colloidal particles. This size far exceeds molecular dimensionis;
hence, it is highly improbable that we are dealing with a simple
dispersion of large molecules. Réntgenographic investigations
have developed a suitable method for arriving at the size of the
corresponding molecules.

On page 124 reference was made to the method of DEsYE and
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ScHERRER for the determination of the erystal properties of sus-
pensoid particles. Emulsoid particles do not give, generally
speaking, X-ray patterns with well<defined interference rings.
Various threads occurring in nature give, however, distinct photo-
grams. Ramie and cotton threads in particular have been studied
by HErzoa and JAnkE.’® These fibers appear to consist of oriented
particles with unmistakable crystal properties. From the X-ray
pattern, the space lattice of the crystals and the size of the clement-
ary cube can be determined.  Assuming that in such an clementary
cube only one molecule oceurs (probably there are more, so that
the molecular size is only a fraction of the figure mentioned here),
we find by computation that the molecule of cellulose has a volume
not exeeeding 0.68 mp®.  The starch molecule is surely not larger
than that of cellulose; consequently, we arrive at the conclusion
that a particle in the emulsoid scl consists of several thousand
molecules. )

In recent times, chemical arguments have been advanced
which seem to indicate that the cellulose molecule is not exceed-
ingly large. It has been erroneously assumed in organic chemistry
that n, in the formula (CsH1005),, is large; in reality, this quantity
is completely unknown since we lack the means of determining the
molecular size of a non-volatile and insoluble (i.e., non-molecularly
dispersible) substance. Trom the researches of BErGManK 17
and those of PRINGSHEIM, 8 one gains the immpression that there is a
possibility of obtaining cellulose temporarily—although only
under unstable conditions—as a monomolecularly dispersed
substance, in which case n = 1 according to the ebullioscopic
method. These ehemical investigations are thus a confirmation
of the concept developed here, viz., that sols are polymolecularly
dispersed particles. Other experiments of BEramann 19 prove that
the development of the organic chemistry of proteins is proceed-
ing in the same direction.
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CHAPTER XIiI
STABILITY OF EMULSOIDS

62. General Characteristics..—Whereas the proteins have long
been known to be the most typical emulsoids, nevertheless, these
sols are discussed in numerous articles and texts as if they were
solutions of clectrolytes with large molecular weight.! In the
previous section we saw that the particle size of emulsoids is
incomparably greater than that of the largest known molecules
and that, on the other hand, there is no reason to assume that the
molecules cf various substances entering into emulsoid solution
are particularly large. It is obvious that a colloidal particle can
be built up from small molecules: a gold sol consists of gold
particles formed from atomic gold; the AssS; molecule is small,
although the arsenic trisulphide exists in the state of colloidal sub-
division in water.

There is, however, a special reason which has led many
investigators to look upon emulsoids as molecularly dispersed
systems, morc particularly, as electrolyte solutions; this is the
fact that a great many properties of protein solutions may be
explained by considering these solutions as systems of amphoteric
electrolytes. This train of thought will be fully considered in the
next chapter and shown to be incorrect. It may be pointed out
at this place that a discussion of emulsoids in terms of ionically
dispersed systems must necessarily conflict with typically colloidal
properties of these systems. We do not know any electrolyte
solutions that scatter the light in a corresponding manner (TYN-
paLL cffect), show no lowering of the freezing point or rise of the
boiling point, and produce, for such minute concentrations, such
exceedingly viscous solutions. The fact that protein solutions
do not pass through dialysis membranes might possibly ~be
explained on the basis of a large number of atoms in the molecule
{¢f. p. 149), but the other properties mentioned here cannot be
connected with large chemical molecular weight without leaving
the domain of general chemical experience.

178
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The main criticism that can be raised against the coneept of
the electroiyte nature of protein solutions lies in the fact that the
division of colloids into suspensoids and emulsoids would thus be
without continuity. In other words, we should have to aseribe
to colloid chemistry a dualistic line of reasoning which is highly
unsatisfactory. Whereas, for instance, the clectrical properties
of suspensoids are to be explained by means of the electro-adsorp-
tive phenomena of the peptizing ions which divide themselves
between the particles and the medium in accordance with the
adsorption isotherm, we should have to consider for protein solu-
tions an ionie equilibrium of one single kind of mnolecules dis-
sociated into ions, the degree of dissociation being governed by
OsTwaLp’s dilution law.

This dualistic theory of colloid chemistry has found consider-
able support, as stated before, in the specific properties of protein
solutions. TFor a clear understanding of the condition of emulsoids, |
it will be wise not to start with the study of proteins, which always
opens up the possibility of an electrolytic point of view, but to/
investigate the corresponding properties of higher carbohydrates,
thereby precluding an electrolytic explanation.

In the previous chapter we saw that researches on the electro-
viscous effect have brought out clearly that typical emulsoid sols,
such as those of agar-agar and starch, possess an electric charge
which i8 in no way different from that of suspensoids. Hence it is
irrational to plaee the clectro-chemistry of suspensoids on any other
bagis than that of emulsoids. Although some investigators have
made an attempt to transform the electro-chemistry of suspensoids
by considering, for instance, an FeeOj3 particle as a complex ion,
it may be said that this idea is unsound and leads to unsatisfactory
conclusions. One unavoidable inference of that train of thought
is obvious: that flocculation of collaids (including suspensoids!)
must be considered as a transgression of the solubility product.
This line of reasoning, however, destroys all continuity between
eapillary electrical phenomena and flocculation, whereas, as a
matter of fact, the close relation between these two propertics
has led to a satisfactory explanation of the flocculation of sus-
pensoids (¢f. Chapters IV and V). In fact, nobody has ever
faced the consequences of bringing these phenomens within the
domain of the theory of the solubility product.

Our experiences concerning the electro-viscous effect compel us
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to discuss emulsoids on a par with suspensoids. As we shall see
in the next section, this can be done without any difficulty.

63. The Two Stability Factors.—An important difference
between suspensoids and emulsoids lies, as we have seen, in the
ifact that the latter, when deprived of their electric charge, do not
floceulate.  This is exactly the point which has led to a separation
of the statics of emulsoids from that of suspensoids.

In order to explain this difference, we must look elsewhere for
a suitable hypothesis which can be tested experimentally. Evi-
dently, emulsoids have a serond stability factor which prevents the
flocculation of the uncharged particles. Remembering that the
condition of non-floceulation signifies a probability of adbesion not
largely deviating from zero (p. 109), we realize that this second
factor, which keeps the colliding particles from permanently unit~
ing, must be of a different nature. Since, as shown on page 169,
the characteristic difference between suspensoids and emulsoids
is due to the hydration of the particles, we immediately assume
that it is the film of water which furnishes a second protective
factor. In other words, emulsoid particles may be protected
against flocculation both by their electric charge and by their
hydration. When we have at our disposal a means of eliminating
hydration, we can readily verify this assumption.

Alcohol is well known to be a strongly dehydrating agent,
presumably on account of the formation of hydrates in solution up
to a considerable concentration. The pronounced maximum in
the viscosity curve for solutions of alcohol and water clearly points
in this direction.? This hydration of aleohol, therefore, is a pbe-
nomenon which is governed by the law of mass action, since the
latter determines the equilibrium between the alcohol hydrate(s)
and the decomposition products.

On adding alcohol to an emulsoid sol, for instance, that of
agar-agar,® we find that the addition of a few per cent has little
effect. However, on approaching the concentration at which
bydration predominates, i.e., where water is strongly bound by
alcohol and thus removed from the particles of agar-agar, we
notice a very remarkable phenomenon. The sol changes ‘its
properties very strikingly in two directions: viz., the viscosity
decreases quite rapidly, and the optical properties become those
of a suspensoid. In other words, the sol acquires the bluish tinge
(TynpaLn light) of a mastic sol. In the ultramicroscope the
indistinect TyNDALL cone of the original sol changes to a well-
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differentiated picture, such as the one we know for suspensoids.
In short, the emulsoid sol has been transformed by the aleohol
into a suspensoid sol as a result of the dehydration of the agar-
agar particles.

This fact, remarkable in-itsclf, is supplemented by another
which completes the argument. By dehydrating the sol we have
removed the second stability factor but left the first: viz., the
electric charge, intact. The small amount of electrolyte required
for the removal of the capillary electric effect will be sufficient to
flocculate the sol. As a matter of fact, the agar-agar sol dehy-
drated by alcohol is just as sensitive to electrolytes as any of the
suspensoid sols discussed in Part II of this book.

In the following table are reproduced some of the floceulaton
values obtained with such a dehydrated sol. The characteristic
discharging properties, in connection with the valence of the
oppositely charged ion, will be immediately recognized.

TABLE XXIV
ONE VOLUME OF AGAR-AGAR 80145 VOLUMES OF ALCOHOL

_! Floceulation value :
Electrolyte (\ in millimoles

per liter
j
KCl | 1.25
BaCl, | 0.05
| JCo(NH))Cl, 0.03 |

i |
! |

We have already seen that the addition of minute quantities
of an electrolyte to a starch or an agar-agar sol removes the charge
but not the stability. On adding alcohol to such a discharged
sol, one observes an immediate flocculation. This proves, there-
fore, that we are dealing, in every case, with two stability factors
but that it is immaterial in which order they are removed. The
removal of one can be accomplished without evident effect, but
the removal of both inevitably causes floceulation.

It was stated on page 66 that the flocculation of suspensoids
does not require a complete removal of the charge. A lowering of
the potential to its critical value is sufficient to cause precipitation.
A similar statement can be made with regard to hydration. Since
these two factors both determine the probability of adhesion, and
since, for flocculation, the probability of adhesion must be raised
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to a definite value in the neighborhood of unity, they can be lowered
simultaneously and thus bring about flocculation. In other
words, in the same sense that we speak of a critical potential {in the
absence of hydration) we might consider a eritical hydration (in
the absence of charge). Between these two values will be found
a series of conditions for which flocculation becomes possible by &
simultaneous lowering of charge and hydration, both to values
above their critical limiting values.

This explains why we find widely differing *“alcohol numbers”
for variously charged emulsoids. The alcohol number niay be
defined as the number of cubic centimeters of alcohol which must
be addod to 5 ce. of sol in order to secure flocculation. This
number is obviously the larger the higher the charge of the sol.
‘This point will be referred to later (sec p. 197).

A suitable plan for forming an idea of the dehydration of the
particles by means of aleoho] is to study the relative viscosity of
the sol on the addition of increasing quantities of alcohol. A
decrease in the relative viscosity means a lowering of ¢, and hence
a shrinkage of the filin of water surrounding the particles. Special
emphasis should be placed on the expression relative viscosity, since
the viscosity of water alone is considerably changed by alcohol.
Tig. 89, therefore, gives the change for both systems: water +
alcohol and agar-agar sol + aleohol. By dividing the correspond-
ing viscosities we obtain the changes in relative viscosity, viz.,
1 ol as represented by the curve shown in Fig, 90.

7 disperse medium
We notice that the dehydration becomes very marked for a weight
concentration of about 45 per cent alcohol.*
; Acetone is likewise a suitable dehydrating agent and gives
! gimilar results. Other dehydrating substances, such as sulphuric
t acid or glacial acetic acid, may be employed; but since these
compounds are electrolytes, they affect both hydration and charge.
The effect of this combined action will be discussed in Sec. 64.
64. Salting Out.—We have previously (p. 10) seen that
emulsoids can be precipitated by means of electrolytes but that
much greater quantities are required than in the case of sus-
pensoids. This phenomenon is called “salting out,” an expression
. which indicates that the reaction taking place is quite different
from flocculation.
There are certain salts which are, in general, suitable for salting
out emulsoids, viz., (NH4)2804, MgS80s, and N804 These
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salts are very soluble; hence, they can be used in comparatively
large concentrations without being disturbed by the limit of
solubility. However, the solubility of a salt is not the only factor
which determines whether it is suitable for the purpose of salting
out. MgS0; is less soluble than MgCls, and yet it can be employed
to sait out agar-agar whereas the chloride is unsuitabie even at
the highest concentrations.

It has been shown that the power of salting out depends on
both the nature of the cation and that of the anion, The dif-
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ferent cations can be arranged in a series of decreasing precipitat-
ing power, from left to right, when used in equal molecular con-
centration. A similar series exists for anions. These series are
called lyotropic series. :

Cation series:

Li—Na—EK—Rb—Cs and: Mg—Ca—8r—Ba.
Anion series:

804—Cl—Br—NOy—J—CNS

These lyotropic series are not only met when emulsoids are

salted out but are also characteristic of a number of other physico-
chemical phenomena. The effeet of neutral salts on the rate of
inversion of cane sugar and on other reaction velocities is determined
by the order of the lyotropic ionic series. The same sequence is
noticed in the displacement of the maximum density of wafer.
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(at 4°); in the change in solubtlity of non-clectrolyies, for instance,
1hat of uren in water; and in the lowering of the surface tension of
water. In the subsequent chapters we shall consider still other
properties that are related to these lyotropic series.

The significance of the lyotropic order of ions is best understood
from its connection with another phenomenon in which the series
also comes to the fore, viz., the hydration of ions. From investiga-
tions concerning the mobility of different ions,5 the conelusion has
been reached that these ions, generally speaking, carry water
molecules along with them. It appears that the degree to which
ions are hydrated is determined by the lyvotropic series; hence, it
is obvious that this series must be regarded as an indication of
the order in which the respective ions are hydrated. This hydra-
tion, of course, is a reaction which is subjeet to the law of mass
action. The fact just mentioned readily cxplains the effect of
salts on the solubility of other substances: the more water the
ions require for themselves, the less remains available as a solvent
for the added substance. This practically corresponds to a
removal of the solvent. The effect on the reaction velocity
(inerease of active mass) is likewise easily understood; but the
change in surfacce tension and the displacement of the maximum
density (of water) cannot be explained by ionic hydration. It is
now generally conceded that the latter is closely connected with
the association of the water molecules to di- or polyhydrols:
nHzO0 = (H20),. The influence exerted by the ions in the order
of the lyotropic series is apparently such that those at one end
favor association while those at the other extreme promote dis-
sociation. Since surface tension is intimately related to the molec-
ular size of the liquid, it is evident that the same relationship
holds for the change of the surface tension in the order indicated
by the lyotropic scries.

We thus arrive at the inference that a lyotropic series expresses
the order in which the ions take up water or affect the associa~
tion and dissociation of water.

Salting out has, quite naturally, been related to the power of
the ions to take up water, a property which formerly caused the
impression that the effect of electrolytes on emulsoids merely
consisted in withdrawing water from the sol, whereas the influence
exerted by electrolytes on suspensoids was considered to be due
to capillary electrical phenomena. In the light of the experi-
ments sketched in the preceding sections, however, the effect on
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emulsoids appears to be less onc-sided.  We now realize that the
small initial amount of added electrolyte fully performs its capil-
lary electrical task and that the removal of water is brought
about subsequently in the order of the lyotropic scries. This
argument can be readily verified by studying the change in relative
viscosity as a function of the salt concentration.

Figure 91 shows how the relative viscosity of an agar-agar sol
varies when MgCle or MpS0y is added. ‘The curve as drawn
shows that the first few mil-
limoles added eliminate the Tase
clectroviscous effect. The 1
valence of the Mg ion is
the determining quantity; MGl
hence, both curves coincide. !
At higher concentrations the
effect of the dehydration is 12

MgSO0,
felt, and this effect is greater
for the sulphate than for
the chloride in accordance T 7 3
with the position of these two Concentration in moles
ions in the lyotropic series. Tia, 91.

We notice that the curve for

the sulphate lies lower and soon descends rapidly, thus resem-
bling closely the aleohol-dehydration curve represented in Fig. 90,
the difference being that in the latter case the dehydration is not
preceded by a removal of the charge, so that the dehydrated
cmulsoid remains stable. The magnesium sulphate, however,
dehydrates a discharged emulsoid and consequently causes a
simultaneous flocculation. The suiphate curve, for this reason,
cannot be continued very far on the descending lower part as the
viscometer soon becomes filled with flakes.

The theory presented here indicates, therefore, that salting out
consists in a discharge followed by dehydration. Inother words,itis
equivalent to a removal of both stability factors, which brings this
phenomenon in line with the viewpoints developed in this chapter.

The action of sulphuric acid and glacial acetic acid, mentioned
at the end of Sec. 64, need not be discussed separately since these
substances act in a similar manner.  Another side of the problem
of lyotropy will be further discussed on page 236.

65. Dehydration by Tannins.—It is a familiar fact that tannin
solutions precipitate various emulsoid sols. For example, the
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mutusal precipitation of tannin and gelatin is a well-known qualita-
tive reaction, and the transfer of emulsoid material (particularly
proteins) into insoluble forms of matter by means of tannin has
long been the basis of the theory of tanning.

Other sols, like thosc of agar-agar and starch, can like-
wise be precipitated by tannin.® Careful investigation has shown
that the addition of tannin to cmulsoid sols free from electro-
lytes does not necessarily produce floceulation; but if, on the other
hand, tannin js added to a sol such as that of agar-agar, the latter
is changed from the emulsoid into the suspensoid condition. The
sol containing tannin has a milky appearance (Tynparn light),
shows a well-differentiated ultramicroscopic picture, and possesses
a viscosity which differs only slightly from that of water. The
80l becomes very sensitive to electrolytes, and the effect due to the
electrolytes present depends entirely on the valence of the ion of
opposite charge. In short, we are dealing with a sol which has
purely suspensoid properties; the agar-agar sol treated with tannin
shows great similarity to the sol dehydrated by aleohol. On
account of the decreased viscosity, we are safe in stating that
tannin has dehydrating properties and acts in a way similar to
alcohol,

The disappearance of emulsoid properties is also indicated by
the fact that an agar-agar sol treated with tannin no longer gelatin-
izes on cooling, a property characteristic of hydrated particles
(¢f. p. 212).

There is,however, one striking difference between the dehydrat-
ing action of alcohol and that of tannin. Minute quantities of
the latter are sufficient to bring about dehydration, whereas the
action of alcohol becomes noticeable only in weight percentages
in excess of 50 per cent. Since the same effect is produced with
1 per cent of tannin, the mechanism of dehydration by tannin
must be entirely different from that caused by alcohol. It is
reasonable to explain the difference as follows:

We saw previously that the dehydration effected by alcohol
results from the mass-law equilibriuin between alcohol and water
(see p. 180). Tannin, on the other hand, is 2 substance which
lowers the surface tension considerably; in other words, it is
strongly adsorbed. Hence, the large effect in small concentra-
tions is presumably due to the adsorption of tannin by the colloidal
particles. '
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That this is really the case can be proved in the following
manner: When another compound that is capable of exerting a
displacing action (¢f. p. 40) is added to an agar-agar sol treated
with tannin, the colloidal particles are freed, at least partly, from
the adsorbed tannin; and, consequently, the emulsoid properties
must return.  Curiously enough, we can use, for instance, alcohol
for this purpose. Investigation has shown that alcohol added
in small amounts to an agar-agar sol, that has been dehydrated
by tannin, increases the relative viscosity and brings back the
property of gelatinizing, whereas the addition in quantities of
about 50 per cent again prevents the setting of the sol as a result
of the dehydration by alcohol.

This shows that the action of tannin on emulsoids agrees with
our ideas concerning the stability of emulsoid sols. Tannin is a
dehydrating agent, but the principle on which it acts is different
from that which governs the action of alcohol. In interpreting
this dehydrating action, we might point out the following: Tannin
is penta-digalloyl-glucose:

CoH706[COCH2(OH)20COCHa(OH)3)s,

and has the structure:

O0—C—H
Ha H H H J.
¢ & L D) ¢
] | | | |
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=0 =0 l-o (":=0 C=0
HOjOH HOL JOH HOQOH Hol_ Jom HO@OH
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When this substance is adsorbed, it will probably turn the
glucose end of the chain toward the particle and the phenol groups
toward the water, according to the theory of LaneMuIr and Har-
KINs (gee p. 41). The outside of the particle will no longer be
covered by its own hydrophyle molecules but by phenol groups.
Sinee the simplest phenol is only partially miscible with water,
and since, moreover, the miscibility for complicated phenols
decreases, it is obvious that the hydrophile character of the apar-
agar particles will be greatly diminished by the modification of
their boundary layer. In an alkaline medium, however, the
phenol groups are changed into groups ~ONa which arc ionized
and remain to a large extent hydrophile. Hence tannin does not
dehydrate in an alkaline medium.

This remarkable property of tannin is noticed for all depsides
to a greater or lesser extent. 'We find, therefore, that the investiga-
tions of H. G. BuncENBERG DE JonG & 7 have developed a new
method of dehydration, viz., by adsorption of substances having
certain definite molecular configurations. The important modi-
fications thus introduced in the system, particularly with regard
to the sensitiveness towards electrolytes, may offer a basis for the
explanation of various precipitation reactions in nature.

dehydration by alcohol 5.

N

rehydration by water A

charged

suspensoid

g2 |2
3 HE:
K £
5|3 .
E-1 B8 S
B B

dehydration by alcahol

uncham_'ad precipitating

particle
Fie. 92.

HE)

66. Summary.—Our concept of the stability of an emulsoid
sol of the simplest type, such as one of agar-agar or stareh, may be
embodied in-the following sketch (Fig. 92) which will be readily
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understood. The dehydration of the electricaily charged particle
is represented as reversible, whereas the removal of the electric
charge is rot reversible (at least not in a simple way). Further-
more, the dehydration of the uncharged emulsoid is an irreversible
flocculation, for, as we have seen, this flocculation is very similar
to that of suspensoids; i.e., onee the primary particles have united
to form flakes of secondary or more complex particles, these
flakes cannot by a simple process be broken up into primary
particles,
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CHAPTER XIV
PROTEIN SOLS

67. Amino-acids in True Solution.—In this chapter it will be
shown that the behavior of protein sols is in complete accord with
the general stability couditions developed in the previous chapter.
The line of reasoning developed and the conclusions drawn will be
considerably at variance with the customary trend hitherto fol-
lowed in textbooks of physiological chemistry. As stated on
page 178, these texts ususally consider protein sols as solutions of
electrolytes; i.e., as systems in which the proteins are molecularly
or ionically dispersed.

Proteins are known to be substances which, in the language of
organic chemistry, behave like amino-acids. Their molecular size
is, 28 a rule, unknown, and thus may be imagined to agree with the
dimensions of particles in true colloidal dispersion. This trend of
thought will be discussed later {p. 192); but for the present we
postulate that protein sols are colloidal systems. In fact, they
are the classical examples of collpids; hence, they consist of poly-
molecular particles, and the chemical processes in which they take
part occur at the boundary of these particles, so that here, as else-
where, we are dealing with boundary phenomena. In the preceding
chapters it was found that what happens in the boundary is either
adsorption pure and simple or electro-adsorption with capillary
electrical effects. In the case of protein sols, these phenomena
also play an important réle, and the knowledge gained from amino-
acids in true solution—for instance, from aminobenzoic acid—will
be valuable in helping us to understand the interaction of the
molecules on the outside of the particles and the surrounding
liguid. Let us consider, therefore, first of all, the properties of
amino-acids that are in true solution as amphoteric electrolytes.

An amphoteric electrolyte is one that can split off both hydro-
gen ions and hydroxyl ions and hence can act either as anion or
cation, s is the case, for instance, with aminobenzoic acid. Ip

190
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a strongly acid solution (for instance, HCl) it breaks up chiefly
into the following ions:

CI~ + (HNH:CeHsCOOH) 5

and in a strongly alkaline solution (NaOH, for instance) into the
ions:
(NH2CsHiCOO)~ + Na+,

Hence, the amino-acid may be in equilibrium with both H ions
and OH ions; but these two ions themselves are in equilibrium
only when they obey the well-known equation for the dissociation
of water:

e+ ton- = Ko (Kv = 0.64 X 10774 at 18°).

If we designate the affinity constant of the aminobenzoic acid,
when it acts as an acid, by K, and indicate its dissociation
constant when it acts as an amine by K, then the following
three equations hold simultaneously for the amino-acid:

eg+-cong- = Ku P ¢ )]
cprcg- =Koer . . . . . . . (2
cog-"cr = Kpoew . . . . . . . (3)

where cp is the concentration of the undissociated molecules of
amino-acid and cp- and cg- the concentrations of its cation and
. anion.
i Since amino-acids are generally more acid than alkaline, we
find as a rule that K.> K.
1If conditions are so arranged that ¢+ = cg-, there are as many
positively charged ions of amino-acid as there are negatively
charged ones (besides the so-called ““ Zwitter'’ ions); therefore, an
electric current cannot produce any visible displacement of amino-
acid in this solution. This condition, in which there is no dis-
placement by an electric current, is called the iso-eleciric point
of the amino-acid.
For cg+ = cgr-, we can derive, from equations (2) and (3):

[2:5 &
con- Ki
Since K,> K;, the concentration of the H jons must also be greater
than that of the OH ions at the iso-electric point; hence the latter

CY
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lies in a slightly acidified solution. Furthermore, we can readily
infer that at the iso-electric point the disseeiation of the amino-
acid is a minimum. [t is self-evident that this condition is reached
in weakly acid solution, since the dissociation of the weak amino-
acid must be forced back by hydrogen ions introduced from the
outside. This conclusion is also obtained by solving equation (1)

K, S R . . .
for con-, cou- = — and substituting this value in equation (4):
Cpe

K.Ko
et = 71\~ -
[

Consequently, the hydrogen-ion concentration of the iso-
cleetric point is determined by the three equilibrium constants, and
this value is independent of the concentration of the amino-acid;
in other words, the iso-clectric point lies at the same hydrogen-ion
concentration, no matter whether we have a hundredth-normal or
a tenth-normal solution of the amino-acid.

Amino-acids react with alkalies, forming salts of the type:
COONa

RVH ; whercas with acids they form acid salts of the gencral
NH.

COOH - .
type: RNHZH(‘I' With neutral salts they react slightly or not

at all, for the simple reason that they are weak acids and hence
are not affected by neutral salts of strong acids and bases, except
for the possible forcing back of ionization by a common ion.

68. Colloid Character of Protein Sols.—One may ask: Are
protein sols systems like those discussed in the previous section?
No doubt, they contain molecules of amino-acids, and certain
clectrical phenomena can be as well explained from the viewpoint
developed in Sec. 67 as from the concept that a protein par-
ticle is not a single molecule but a polymolecular unit, subject
to cataphoresis, for instance.

If the protein in a sol is displaeed by an electric current flowing
toward the anode, it is possible that we are dealing with dispersed
anions of protein or with negatively charged colloidal particles.
In either case there will be a displacement of the protein toward
the anode.

Nevertheless, both in the previous section and in the preced-
ing chapter, several arguments were advanced in favor of the
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second conception. In Sec. 70, other considerations pointing in
the same direction will be mentioned. ¥urthermore, certain
inferences drawn from Sec. 67 do not hold for protein systems.
For instance, in discussing equation {4) we saw that the iso-cleetric
point of amino-acids in frue solution lies at a certain hydrogen-ion
concentration which is independent of the concentration of the |
sol.  From the researches of Pavit and Samxc ' it appears that 1/
this is not the case for protein sols since the hydrogen-ion cancentra-
tion of the iso-electric point varies with the eoncentration of the
protein. Hence, the conclusion is reached that a colloidal protein
particle consists of a large number of molecules, some of which are
found on the outside of the particle while otliers are inside. The
molecules of the periphery are in a position to interact with their
surroundings and determinc the electrical condition of the partiele,
The statements made in Sec. 67 about amino-acids are more or
fess valid for the molecules on the outside of the particle. Depend-
ing on the state of acidity or alkalinity of the medium, the ioniza-
tion of the molecules in the boundary will be determined by the
group RNHa* | =C1or by the group RCOO— | Na+.  Furthermore
remembering that at the interface the electrically polar groups
orient themselves at right angles to the boundary whenever pos-
sible (see p. 41) we rcalize that the charge of the particle is
governed by the hydrogen-ion concentration of the medium. In
Tig. 93 is sketched the condition of a particle, first, for a hydrogen-
ion concentration greatly in excess of that belonging to the iso-
electrical point (Fig. 93 a), and second, for a slight hydrogen-ion
concentration (Fig. 93 ¢). These sketches express the idea that
the colloidal particle is either positive or negative, depending on the
hydrogen-ion concentration, and also that there is one hydrogen-
ion concentration at which the particle is neither positive nor
negative (Fig. 93 b).

The investigations of PavLi, Logs, and others have shown,
for instance, that gelatin does not move in a cataphoretic tube
when the hydrogen-ion concentration of the intermicellar liquid
corresponds to Py = 4.7, For pure water Py = 7. According
to the statements of Sec. 67 we have minimura dissociation for a
value of Py = 4.7; hence, the number of electro-polar groups is a
minimum for this concentration and we have as many —COONa
groups as there are —NHzCl groups. In other waords, the charge
of the particle is zero. We also find, in accord with previous
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statements, that the iso-electric point lies at a slight, concentration

. of acid.
It is obvious that a natural protein which has been subjectad
to dialysis against pure water for a considerable time changes into
a colloid with an intermicellar liquid of hydrogen-ion concentra-

Fia. 93.

tion Px = 7. Years ago, Pauri had already found that the elec-
tric charge of proteins decreased considerably on prolonged
dialysis. Nevertheless, we often meet, in chemical literature,
with the incorrect statement that one can obtain neutral protein
in this manner. PauvLr himself stated that prolonged dialysis
produces a protein sol that is slightly negative. This is only
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natural since we are here on the negative side of the iso-electric
point. Strictly neutral protein is obtained by dialyzing against
water containing so much acid that the concentration of the iso-
electric point is just reached. Loep found that ome can best
remove all ash constituents by the use of such a liquid. It should
be remarked, however, that even if adsorbed constituents are
removed, others are always introduced by the process of displace-
ment adsorption. Hence, we cannot confirm Loep’s statement
that gelatin treated with an acid solution of y¢yg normal hydro-
chloric acid or vk normal acetic acid is completely free from sub-
stances that are not gelatin. If one has used bydrochloric acid,
the presence of chlorine, which has entered into the gelatin by
displacement, can readily be detected.

This iden of the structure of proteins is completely in line with
the considerations of the preceding chapter and explains the behav-
ior of protein sols satisfactorily.

Let us discuss, first of all, the viscosity of a gelatin solution
as a function of the hydrogen-ion concentration. Loes made an
unusually extensive study of this relationship. It is to his credit
that he paid particular attention to the hydrogen-ion concentra-
tion of the intermicellar liquid and did not confine his investiga~
tions to the concentration of the added acids and bases. In the
course of his researches, he gradually dropped his early view that
gelatin solutions were true electrolyte solutions; and the present
writer is convinced that, had his untimely death not interrupted
his work, he would before iong have arrived at the theory that is
here propounded. His last experiments on the cataphoretic
velocity of gelatin pointed clearly in this direction. Probably he
would have been forced to retract erroneous statements regarding
colloid chemistry made in previous years. As a matter of fact,
he had already deserted his original viewpoints a number of tines
in the period from 1918 to 1923,

The general character of the change in the viscosity with the
variation in the hydrogen-ion exponent is indicated in Fig. 94.
At the iso-electric point the charge is zero, and, since the electro-
viscous effect is necessarily a minimum at this point, the viscosity
must increase both by an increase and by a decrease of the hydro-
gen-ion exponent. The increase in viscosity from the iso-electric
point onward must, therefore, be primarily caused by the electro-
viscous effect. The fact that this increase gives rise on both sides
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to a maximum is in full accord with previous statements concern-
ing capillary electrical processes
(see p. 82}, L.e., that all charging
effects are maintained up to cer-
tain maximum values, to be fol-
fowed by a subsequent decrease.
Similar behavior is exhibited by
b the viscosity curve drawn in
6 7 & 9Pu Fig. 94,
. It will be shown presently

that hydration is also dependent
on the electric charge and that there are consequently two factors
which affect the viscosity.

In this trend of thought, the hydrogen iom, as such, does not
play a unique part. In Loew’s opinion, this ion was all-important;
he thought that only an ion which determines the chemical behavior
of protein could produce an effect. However, boundary charges
are modified not only by chemical reactions in the interface but
also by adsorption of oppositely charged ions, particularly of

, polyvalent ions. H. R. Krvuyr and H. J. C. TeNDELOO 2 have
‘recently found that the course of the viscosity curve drawn in
Fig. 94 is not exclusively governed by hydrogen ions. For
instance, if we choose a gelatin sol with Py = 4.4, which is posi~
tively charged and represented by a point to the left of the iso-
electric point, we shall find that addition of KsFe(CN)s causes a
lowering of the viscosity due to the trivalent anion. At a con-
centration of 1} milli-equivalents per liter & minimum value is
reached. At higher concentration the viscosity again increases;
yet under all these circumstances the Py remains unchanged.
Hence, we can reach the iso-electric point either by establishing
a Py of 4.7 in the medium or clse by bringing it up to a Py of 4.4
by the addition of 1} milli-equivalents of Fe(CN)e~—~. In
fact, the same effect is obtained when the Py is made equal to 4.9
and 0.2 milli-equivalent of {Co(NHs)e]*+*, i.e., the cation of
luteo-cobalt chloride, is introduced. This investigation demon-
strates convineingly that neither the H ion nor the OH jon oecupies
a unique position, but that simply the general action of eations and
anions is involved. This action merely becomes somewhat more
pronounced whenever there is a special chemical relation between

i
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the ion and the material of which the (’ll\p(‘ﬂ(-‘d particles consist
(H ion and protein for instance).

Coucerning the effect of alcohol on the smbllxty of gelatin sols,
Loes found that the sol is extremely sensitive to alcohol at the
hydrogen-ion concentration of the iso-electric point, a result which
agrees with statements made in the foregoing pages. On page 180
attention was called to the dehydrating character of aleohol and
the role it plays in removing one of the stability factors. When
a sufficient amount of alcohol iz added, the sol can only exist
insofar as is consistent with its electric charge.

The latter being at its minimum for the iso-

clectric point, it is evident that very little

dehydration is required to deprive the =ol

entirely of its stability. Figure 95 shows the

so~called aleohol numbers plotted as ordinate:

against the hydrogen-ion exponent as ab- “ R
scissa. By alcohol number, LogB means the Fra. 05,
number of cubic centimeters of aleohol which

must be added to 5 ce. of sol in order to produce flocculation.

The iso-electric point is also a minimum for the electrical con-
ductance of the sol. It is obvious that the conductance is greater
the higher the potential of the double layer, i.e., the more polar
groups constitute the double layer. It goes without saying,
therefore, that the iso-electric point. represents a minimum in the
clectrical conductance.

The minimum osmotic pressure at the iso-electric point will be
taken up in the next chapter (see p. 209).

Lok laid particular emphasis on the fact that the cffect of
different acids on protein solutions is perfectly stoichiometric; he
used this as a strong argument in favor of the molecularly dis-
persed nature of protein sols. The author is inclined to think
this view incorrect because this is also true of polymolecular
particles, in which only the molecules of the boundary layer react.
Tt is evident that these boundary molecules will react proportion-
ately to their number. Hence, the concept here set forth explains
perfectly the stoichiometric relation to which Logp called special
attention.

Furthermore, there is another fact, totally incomprehensible in
LoEw’s theory, but readily understood from the point of view of
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this discussion, viz., the great difference in the properties of various
gelatin sols. If they were all molecularly dispersed, their condi-
tion, and hence their properties, would be completely defined.
But, precisely because of the poly-dispersity of the systems, their
ultimate properties depend entirely on the incidental circumstances
under which the sols are prepared. For these reversible colloids,
the conditions of peptization are really simple; but the final
product is quite sensitive to small changes in the method of prepara-
tion, such as previous imbibition, temperature of dissolving, speed
of warming, stirring, ete. In LorB’s experiments, only one
gelatin solution was used for each series,
and consequently we do not notice these
differences.  One would err, however, in
assuming that two 1 per cent solutions
of gelatin, for instance, were stoichio~
metrically on a par. Experimental evi-
dence will immediately nullify his idea.
Loer’s work could, at best, only prove
that for a given gelatin solution one
and the same number of molecules
(viz., those in the boundary layer of
the particles) is active in various reac-
tions; it could by no means verify the
statement that all gelatin molecules
4/ present in solution react. Moreover,
+ Horruan and Gortwer 2 have shown
| that cven the former simple relation
Y 0 does not exist.
N ,} —r @ To complete this discussion, a sketch
of the stability conditions in a protein
Fra. 96. sol of the gelatin type is given. Fig.
96 brings out clearly the respect in
which a gelatin sol differs from a sol of the agar-agar type
(Fig. 92, p.188) where the charge is not determined by the
amino-acid character of the constituents of the boundary
layer. Drawings 1-5 (Fig. 96) represent the hydrated particle
at different hydrogen-ion concentrations. If 3 indicates the
uncharged particle at the iso-electric point, 2 represents the con-
dition in a more acid medium, and 4 the condition in a more basic
one. Excess of acid causes a lowering of the charge, as shown in
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1; while excess of alkali produces the same effect, as indicated in 5.
These five sketches agree with the viscosity curve of Fig. 94.

If alcohol is added to the sol in these various conditions for
the purpose of dehydration, we obtain the conditions designated
by the numbers 6-10, which are readily understood. In cases ¥
and 9 a stable suspensoid is fortued. In cases 6, 8, and 10 floc-
culation takes place, since neither of the two stabilizing factors,
i.e., neither charge nor hydration, is left.

Figure 96 illustrates, therefore, all possibilities of stability and
flocculation in a system of the gelatin type, based on the gengral
counsiderations developed in the preceding chapter. 1t shows that
this theory thoroughly elucidates the dynamics of a protein sol,

69. Sols of the Casein Type.—In the foregoing discussion it has
heen steadily maintained that a sol can exist either by hydration
alone or solely by virtue of its electric charge. However, there
are undoubtedly some proteins that are not sufficiently hydrated
to be stable by their hydration alone; in such cases a certain
ionization of boundary molecules is required to furnish a sufficient
charge and make up for the deficieney in stability caused by the
defective hydration. An example is casein, which can exist either
in an acid or in an alkaline solution, but does not dissolve in water,
with the copsequence that the sol ordinarily flocculates when
neutralized.

Alechol Water
Hydration
Fi6. 97.

In general, we can represent the conditions by the sketches
reproduced in Figs. 97 and 98, where the potential of the double
layer is plotted as ordinate. The concentration ratio alcohol
water (not the hydration itself) is chosen as abscissa.
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A gelatin sol (Fig. 97) is stable in water for any charge, cven a
zero charge. When, however, an uncharged sol is dehydrated,
flocculation oceurs at the point b, and we enter into the cross-
‘hatched precipitation zone.  For a higher charge stronger dehydra~
tion is required to bring about flocculation, as is aiso shown in the
figure.

Figure 98 illustrates the behavior of casein in the same manner.
This system is stable in water only when the charge of the houndary
layer exceeds that of the point a. Dehydration by alcohol
increases the possibility of flocculation, as is indicated schematic-
ally in the figure.

A comprehensive study* has shown that casein does behave as
an emulsoid sol, but that as such it is far behind agar-agar sols
and gelatin sols in lyophile properties. It might be considered a
sol in which suspensoid properties predominate, and hence its
place would seem to be midway between a typical suspensoid sol
and a typical lyophile sol. It is similar in behavior to tin oxide
{¢f. p. 97) which can likewise be peptized in an alkaline or in an
acid medium; tin oxide sol is, therefore, in a way a suspensoid
with electrical properties resembling those of proteins. In fact,
like proteins, tin oxide also shows amphoteric properties to a

“certain degree.

70. Conclusions.—Briefly summarizing our ideas regarding
the stability of suspensoids and emulsoids, we arrive at the follow-
ing conclusion, which is best illustrated by means of four character-
istic sols: (1) gold sol, (2) tin oxide sol, (3) agar-agar sol, (4)
gelatin sol.

The stability of these sols is dependent on the electric charge,
on hydration, or on both. In the case of the first two sols there is
practically no hydration; they are suspensoids, the stability of
which is solely a function of their electric charge. The last two
sols can exist on the strength of . their considerable hydration
alone, although they are generally stabilized by both charge and
hydration.

Between sol 1 and sol 2 there exists a difference already exten-
sively discussed on page 99. The gold atoms in the periphery of
the gold particle are not able to form a double layer of their own
accord, but require an outside peptizing electrolyte in order to
obtain a charge. The flocculation of such a sol is in perfect
ccordance with FREUNDLICH's theory, discussed on page 69,
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The tin oxide sol, however, has a double layer, the inner coating
of which is furnished by the sol itself. Since this inner coating
may be positively or negatively charged, depending on the stabiliz-
ing electrolyte, two kinds of sols are possible,

About the same difference exists between the two cmulsoid sols
mentioned above. The carbohydrate agar-agar is in itself little
suited to the formation of a double layer. Traces of an cleetrolyte
(possibly derived from the ash content) build up the double layer,
and the phenomena of discharge are governed exclusively by the
theory of FReEvNDLICH.  The gelatin sol, on the other hand, possess-
ing ionogen molecules, can form a double layer either in an acid
or in an alkaline medium, thus greatly resembling the tin oxide sol.

Hence, there is this difference between sols 1 and 2, and likewise
between sols 3 and 4; viz., that sols 1 and 3 derive their double
layers from absolutely extrancous constituents whereas in the
second and the fourth cases one constituent of the double layer
originates in the particle itself.

We thus sce that our considerations have led to a gencralized
conception of the stability of colloids, which is applicable Lo both
suspensoids and emulsoids. In spite of the great diversity in
properties of colloidal substances there has been developed a line
of reasoning which condenses the broad domain of colloid chemistry:
to a comparatively small number of fundamental concepts. We
have been enabled to carry through this idea by means of a detailed
discussion of four extreme cases. In Scction 85, some space
will be devoted to a few other colloids which lie between thcse
extreme cases; for here, as elsewhere, our attention is fixed, first
of all, on the extreme cases even though it is fully realized that
there exist numerous intermediate ones.

T1. Special Properties of the Gelatin Sol.—The gelatin sol has
frequently been used as the most typieal lyophile sol, although,
as frequently stated in the foregoing pages, the agar-agar sol
represents a much simpler type and hence is to be preferred as
the classic example of this group of colloids.

Gelatin, however, has a number of peculiarities which make it
very remarkable.

In the first place, the term “gelatin” is indefinite in meaning
since the properties of the decomposition products of collagen
vary all the way from those of hard gelatin to those of glue.
Evidently, we are confronted by a gradual breakdown of the con-
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stituents of collagen in successive steps. Any sample of gelatin
will be found to be a mixture of these various decomposition
products.

There is, bowever, one very striking property of gelatin that
is not possessed by any other protein solution: this is the equi-
librium reaction which, below 50°, takes place at a slow but quite
perceptible rate. This phenomenon makes itself apparent in
various ways, most characteristically in the mutarotation which
has been carefully studied by Smitr.® The polarization of a
freshly prepared solution changes slowly with time, reaching an
end value which depends on the temperature. Another method
of studying this phenomenon was followed by voN ScurODER ©
for hydrosols of gelatin, and by Arisz 7 for glycerosols of gelatin.
They found that the viscosity is a function of the previous history,
in other words, of the temperature at which the sol has been kept
and the speed with which it has attained its final temperature.

This special property of gelatin is probably not of a colloid-
chemieal nature but belongs to a reaction occurring inside the
molecules of the dispersed particles. The phenomena of mutarota-
tion have been fully investigated for molecularly dispersed sys-
tems,® for instance, for eane sugar, while systems with dynamical
isomers © correspond entirely to those studied by Arisz. Gelatin
sols, therefore, are systems of very special properties and it would
be a serious mistake to consider their behavior as characteristic of
Iyophile sols in general.
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CHAPTER XV
OSMOTIC PHENOMENA

72. Osmotic Phenomena of Colloids.—As a physico-chemieal
quantity, osmotic pressure occupies a unique historical position:
Vax't Horr's theory of dilute solutions took as its starting point
the osmotic pressure. This quantity itself appears to play a
large part in biological processes, and, although direct measure-
ments of osmotic pressure have been comparatively few in number,
it has acquired—rightly or wrongly-—a certain historical prestige
which gives it a high standing, particularly among biologists.

In the theory of dilute solutions, the osmotic pressure is taken
to be proportional to the molecular concentration. When brought
in relation to the lowering of the freezing point and the elevation
of the boiling point, it furnishes three methods for the determina-~
tion of the molecular size of dissolved substances. The measure-
ment of the two last-named quantities has given no results at all
when applied to colloids. On the other hand, numberless measure-
ments of osmotic pressure have been performed for colloids,
especially for proteins. On page 144 the difficulties that must be
avoided at the outset were pointed out. Even in the case of
systems in true solution, one measurement of the osmotic pressure
is not sufficient to give an insight into the number and size of the
particles that are osmotically active.

73. Theory of Donnan.—Let us place in an osmometer a sub-
stance such as Congo red, which is ionized into the Na ion and the
Congo red ion, the first of which passes freely through a collodion
membrane while the second cannot pass. DoNNAN, in 19111
propounded a theory which explains the effect of added electro-
lytes on the osmotic pressure, even when these electrolytes them-
selves can pass freely through the membrane,

As an example, DoNNAN takes an aqueous solution of Congo
red in the presence of sodium chloride.

203
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Lot us employ the subscript 7 for concentrations inside the
osmometer and o for those outside. 1t is obvious that free ions-
cannot pass the membrane; each Na* jon must move as one of a
pair of which the other member is a Cl- jon; since otherwise these
ions would set up powerful electrostatic forces which would prevent
diffusion. The frequency with which a sodium and a chlorine jon,
inside the osmometer, simultancously strike a unit area of the
membranc depends on the product of the ionic concentrations,
viz., {Nat]y X [C17);. Likewise, the chaace of a sodium and a
chlorine ion striking a unit area of the membrane from the other
side, is proportional to the product [Na+], X [Cl=).

Equilibrium will be established only when the transfer of
paired ions per unit time is the same in both directions, whence:

Nath X [CI7) = [Na* X [CI). . . . ()

It follows, thercfore, that the product of the concentrations of
the Na+ and Cl~ ions has the same value on the inside and on the
outside. The Nat ions inside the osmometer are derived not
only from the salt but also from the Congo red, a fact which com-
plicates the sodium chloride equilibrium on both sides of the
membrane.

Let us indicate the initial state of affairs by the left-hand side
of the subjoined scheme, where the symbols to the left of the verti-
cal line designate the liguid inside the osmometer, and those to the
right the outside liquid. Congo red is represented by the symbol
NaR. The initial concentrations are assumed to be all the same,
viz., ¢.

At the outset: At equilibrium:
Na+ R~ | Na* R~ |
[ j c ¢
i Na* Cl- - | Na* C1—
ic c c+T ¢+2
Na+ c1-i Na+ Cl-
[ c—z c—z

From equation (1) it will be evident that, at the start, there
are too many sodium ions inside the osmometer, hence some salt
moves out, the loss in concentration being represented by z. The
final state of affairs, as shown on the right, leads then to the follow-
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ing relation, obtained by substituting the right values in equation

1:
2e—2) Xe—a) =(c+2?

or: .

2¢% — 3cx + 12 = 2 + 2cx + 22,
whence:

I = }c.

There will be equilibrium when the concentration of the sodium
chloride is ¢ on the inside and §¢ on the outside.

Furthermore, we count thce number of osmotically active
particles present, and find that there are 3§ ¢V particles inside the
osmometer and 2% cN particles outside (N = Av0OGADRO'S constant).

If we did not follow this line of reasoning, but adopted the
viewpoint that the presence of the salt is immaterial, since it can
pass freely through the membrane, we should have

7 = 2¢RT,

whereas DoNNAN’s theory plainly shows that the osmotic pres-
sure, m, is equal to (33-28)cRT, or 14cRT.

Caleulations based upon the above theory lead, therefore, to a
value for the osmotic pressure 40 per cent lower than that obtained
by a haphazard application of the law of van't Horr.

With other concentrations of Congo red and sodium chiloride,
using the same osmometer system, we obtain the results reproduced
in the table below:

TABLE XXV

Ixrrial. CONCENTRATIONA i FinaL CoNCENTRATIONS

. ; - : . i Percent | Ratio

NaRi o XaClh oo Rafio b Tnue NaQl: NeCl
‘ i

0.01 [ ; 0.01 \ 49.7 ! 1.01

0.1 [ ! 0.1 47.8 1.1

1 o2 | 0.5 1 40 1.5

1 I | 1 I 2

1 0.1 ; 10 ; 8.3 1

1 0.01 [ 100 1 {99
i |
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From this table, taking for instance the last row, we see that
the salt is almost exclusively in the outside liquid. One might
be inclined to say that the membrane is impervious to the sall.

If we calculate the ratio between the osmotic pressure accord-
ing to van't Horr's well-known law and the osmotic pressure as
computed by Donnan, we find the values given in Table XXVI
at the corresponding ratios of concentrations used. The concen-
tration of Congo red is represented by c;, while ¢ stands for the

total concentration of the salt, and ;’3 for the ratio of the osmotic
H

pressures as calculated by Donxan's and vax't HoFr's methods.

TABLE XXVI

c2 D
] TH
10 0.92
1 0.67
0.5 0.60
0.1 | 0.52
! J

It might be thought. that these complications cccur only when
the diffusible salt has an ion in common with a substance of the
type of Congo red. This is, however, not the case. With an
initial and a final condition in the osmometer and surrounding
liquid as represented by the scheme:

Na+ R- K+

Na+ R~ K+ CiI- 4 a-% a ce—z - Cl™
g a c2 c2 K+ CI- Nat c—z+z
z z—z 2

equation (1) may be written in the following form:

[Natle [K+ [CIh a+te

[Nat)h  [K* [CIT e

A computation of equilibrium concentrations gives the figures
reproduced in Table XXVII, ‘ ’ :
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TABLE XXVII

|

o o1 tes
€2 C2
1 2
10 11
100 101

74. Application to Colloids.—In the preceding discussions we
were dealing with an electrolyte one ion of which could pass the
membrane freely while the other was unable to do so. The further
development of the theory, however, is entirely independent of
these conditions. The theory is based on the fact that through
some cause or other a difference in concentration is established on
opposite sides of the membrane. Regardless of the cause of this
difference in concentration, the theory leads to the perfectly
general statement that the ionic products inside and outside the
osmometer must be the same.

‘Whenever we have in the osmometer a colloid in the presence
of a peptizing electrolyte, the stabilizing ions are undoubtedly
attached to the particles while the other ions move more or less
freely in the intermicellar liquid (diffuse double layer). Moreover,
part of the electrolyte is not adsorbed at all and will be distributed
between the inner and the outer liquid. ‘The case for which equa-
tion (1) on page 204 holds is, therefore, present, although the
substance involved (the colividal micells) is by no means an electro-
lyte of the Congo red type.

Loes ? made numerous osmotic measurements, using the gelatin
sol, and with the aid of a line of reasoning advanced by ProcTER
and WiLson,3 he compared the results obtained with the data
derived from an application of DoNNaN’s theory. The agreement
was obviously very good since his case was the one just mentioned.
LoEs inferred, quite erroncously, that his system belonged to the
type exemplified by Congo red, i.e., an electrolyte in true solution
one ion of which—viz., the gelatin ion—cannot pass through the
membrane. General objections to this view have already been
developed. Here, too, we are justified in rejecting the conclu~
siveness of the arguments in the field of oemotic measurements
for the simple reason that the agreement with DonNan’s theory
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holds just as well for a colloid in adsorption equilibrium with a
peptizing electrolyte as it does for an electrolyte of the Congo red
type*

76. Measurements.—From the preceding discussion it will be
clear that little importance can be attached to measurements of
osmotic pressure for the determination of the particle size. The
unavoidable, ever-present quantities of peptizing electrolytes and
the resulting deviations from the law of van't HoFF render any
computation illusory, while, on the other hand, our knowledge of
the concentration of the electrolytes present in solution is not
always sufficiently exact to make possible a proper use of Doxn-
NAN’s theory. The measurements of DucLaux,? Bivrz,® Licuig,”
and many others leave us completely in the dark with respect to
the size of the particles in the sols. The methods discussed on
page 175 will bring us to a knowledge of the size of the particles
much sooner than will osmotic measurements, however important
the latter may be for studying molecularly and ionically dispersed
systems.

Meanwhile, it may be well to mention at this point an example
which has attracted considerable attention on account of the
apparent agreement of results obtained by different methods.
The substance referred to is haemoglobin. LitLie derived a
molecular weight of 16,000 from osmotic measurements. The
empirical formula of hzmoglobin is, supposedly,

C758H12030218N19583Fe.

Assuming that only one atom of iron occurs in the molecule, we
find a value of 16,666 for the molecular weight.  From the amount
of CO whieh is taken up by hzmoglobin, we find, on the basis of
one mole of CO to one mole of the substance, & molecular weight
equal to 16,721. Measurements of the constant of diffusion give
the value of 20,000. Osmotic measurements by Roar led to the
higher value of 32,000.

Although these figures show concordant results insofar as the
order of magnitude is concerned, the author is inclined to think
that the agreement is a lucky coincidence. One has to bear in
mind that the purely chemical facts involved may be equally well
explained from the standpoint of adsorption phenomena, and that
such explanations are more probable than those based on stoichio-
metric relations of molecularly disperse systems.



Sec. 76. MEMBRANE POTENTIALS 209

Various investigators (PavLi, Loge, ef al.) have found that
proteins, gelatin, etc., possess a minimum osmotic pressure at
their iso-electric points. This is readily understood from the
preceding paragraphs. Let us assume that the system gelatin +
HCl has a Py of 4, for instance. Particles and double layer are
then of the type represented by Fig. 93a, with a diffuse double
layer of Cl ions; some of these move freely and take part in the
osmotic equilibrium, for instance, a fraction, a, of their total con-
centration ¢.. When equilibrium is reached the condition is as
follows:

Inside the osmomeler i Outside the osmomeler
ge]a.ﬂrgH*—‘r Cil- H+ Cl- H+ Cl-
C. ¢ 7 i } 0 0

According to the equation of the DoNNAN equilibrium, we have:
H X {ICl + ac.} = [H} X [Cl,.

For ac. = 0, the free HCl must be present in equal concentra-
tion inside and outside, and hence the osmotic pressure must be
that of the micells alone, viz., practically zero, which is the case at
the iso-electric point (¢f. Fig. 93b). The osmotic pressure falls
from the low Py toward the iso-clectric point. The same reason-
ing applies when we start from higher NaOH concentrations
toward the iso-electric point (¢f. Fig. 93¢); the osmotic pressure
is again at its minimum value, or practically zero, when there is no
double layer. The equation: [H) X [Cl} = [H], X {Cl}, then
indicates that [HC1), is equal to [HCl},, and hence that the osmotic
pressure due to the electrolytes present is zero.

76. Membrane Potentials.—In Sec. 73 we saw that the osmotic
equilibrium is established by means of an uneven partition of
electrolytes between the liquids on the two sides of the membrane.
As a result, there is a potential difference between opposite sides
of the membrane.

Let us imagine an osmometer in which there exists an equi-
librium of the kind discussed in Sec. 73, with an uneven distribu~
tion of the chlorine ions in the osmometer and in the outside liquid,
On introducing two calomel electrodes, one into the osmometer
and the other into the outside liquid, we obtain a concentration
element consisting of two chlorine electrodes placed in solutions
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having different concentrations of chlorine ions; hence we can
apply the well-known formula of NERNsT:

which gives us, quantitatively, the magnitude of the potential
difference between opposite sides of the membrane.

In general, it is possible to compute the potentials thus pro-
duced. 1t is evident that added electrolytes affect these membrane
potentials insofar as they change the concentrations of the ions
involved.

WiLson, Logs, and others think that the differences in potential
existing between the gelatin particle and the intermicellar liquid
are of the nature of these membrane potentials. In other words,
added electrolytes would alter the potential in accordance with
the equations derived in Sec. 73 and in line with Nerxs™'s formula.
This idea differs radically from the one expressed in Chapter
XIII, in which the rdle of capillary electrical processes was empha-
sized. We are confronted here by the confusion between trans-
verse potential differences, €, and tangential potential differences,
¢, discussed in Chapter VI; hence, these membrane potentials
cannot furnish an explanation for the electro-stability of lyophile
colloids, a fact that was recently made clear by the last experi-
ments of Loes & himself.

T7. Abnormal Osmosis.—A transport of liquid has repeatedly
been observed to take place, between two liquids separated by a
wall, in a direction opposite to the one expected on the basis of
osmotic considerations. In such cases of “abnormal osmosis”
there is a movement of liquid from the hypertonic toward the
hypotonie liquid. It must be admitted that, as a rule, the mem-
brane cannot strictly be called a semi-permeable wall; but, in the
large majority of cases in which osmotic phenomena are considered
by biologists, these scientists are not at all certain that the walls
with which they are dealing are semi-permeable. The question
arises: What is the origin of these counter-currents?

Let M (Fig. 99) be a membrane separating two liquids, 4
and B. In this membrane are capillary openings, one of which is
sketched in the figure. When dilute solutions of electrolytes are
involved, a { potential may be set up at the capillary wall, provided
& closed electric current flows through the capillary. To this end,
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it is necessary that the membrane be not an insulator, since the
current must pass through. Generally speaking, the electromotive
force of a concentration cell

will be set up, as explained in ) A

the preceding section. If this +

EM.F. is of such a nature 17

that the hypertonic seolution, " T 13 "
A, is positive with respect to P13

the hypotonic solution, B, and Ly 31

if, furthermore, the wall is ry

negatively charged with re-

spect to the liquid in the Fra. 99.

capillary, there will occur an

electro-endosmotic movement of liquid from the hypertonic
toward the hypotonic solution. This phenomenon is calied
abnormal osmosis.

In Chapter V we saw that capillary electrical phenomena in
general, including electro-endosmotic movements, disappear when-
ever the ecleetrolyte concentration is sufficiently increased. For
minute quantities, however, the { potential is raised. Los?
observed the same behavior in the case of abnormal osmosis; and,
what is more, the concentration of maximum electro-endosmosis
often coincides with that of maximum abnormal osmosis. On the
other hand, mere traces of ions like the Al+++ jon, which in very
small concentrations removes the ¢ charge, likewise eliminate the
phenomenon of abnormal osmosis.
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CHAPTER XVI
GELS

78. Gelatinizing.—Gelatinizing is a well-known phenomenon
which may be readily observed with the aid of a gelatin sol.
When, for instance, 4 g. of gelatin are dissolved in 100 cc. of water
and then allowed to cool, it is noticed that the sol solidifies at room
temperature to a solid gel. Gelatinizing, therefore, represents
the solidification of the whole system, ie., of both dispersion
medium and dispersed substance, into one apparently homo-
gencous, solid mass. Macroscopically, gelalinizing differs from
flocculation by the fact that dispersion medium and dispersed
phase solidify together, whereas flocculation shows a visible
separation of the two.

Agar-agar gelatinizes by a decrease in temperature in the same
manner as gelatin; but, in addition to these phenomena of fem-
perature-gelatinizing, there are others in which electrolyte-gelatinizing
occurs, as with the sols of aluminium oxide, cerium dioxide, and

- silica. These sols gelatinize almost immediately on the addition
of a sufficient amount of electrolyte.

Table XXVIII gives the electrolyte concentrations required
to gelatinize these three sols in a definite time. The criterion
chosen is different, however, for each of the sols used. It is
evident from the table that the necessary quantities are related
to the valence of the oppositely charged ion; hence, there is, as
far as the electrolyte action is concerned, a distinct parallelisin
between gelatinizing and flocculation. This fact at once suggests
that gelatinizing may be merely the flocculation of strongly
hydrated particles. In that case, we might represent the gel
as a coagulum of hydrated particles which, moreover, hold a
large amount of water enclosed between the coagulated flakes.
The fact that gel formation occurs only with lyophile sols is
brought out in a peculiar way with the aid of the sols of cerium

212
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dioxide (Ce0Qs). Two different kinds of sols can be prepared.* By
dialyzing ceriammonium nitrate (Ce(NQs)s-2NH,NO;-4Bz0), one
obtains a sol that is strongly hydrated, as shown by its viscosity.
The gelatinizing of this sol is indicated in Table XXVIII. When
the sol is heated for some time at 100°, the relative viscosity at
room temperature is lowered to sbout unity, and the lyophile
character of the sol is apparently destroyed. The addition of
electrolytes no longer causes gelatinizing, but results in ordinary
flocculation.
TABLE XXVIII

AlLO; ! Ce0, Ri(), 3
positively charged positively charged negatively charged
Conc. in Conc. in Conc. in
millimoles millimoles millimoles
Flectrolyte | perliter | Electrolyte | per liter | Eleetrolyte | per liter
required for| required for| required for
latination latination gelatination
NaCl....... 7 5 NaCL ..... 100
KCh........ 80 5 FNagf0.. . 100
KoS0,.. ... 0.28 3.5 BaCl.. ..... 15
K:C:04. . .. 0.36 15
K:Fe(CN)s. . 0.10 16
K Fe(CN),. . 0.08

The question arises: Is not temperature-gelatinizing likewise
a coagulation process, i.e., does not gelatinizing always consist in
flocculation of hydrated particles? The answer to this query was
found in an investigation by BacuMann,® who studied the process
of gelatinizing by means of the ultramicroscope. He prepared a
2 per cent gelatin sol and allowed it to cool in the ultramicroscope.
At first, he saw the well-known image of an emulsoid sol, but after
a while he noticed the following phenomena:

(1) At the outset, a diffuse light cone was observed, and only
a few particles, apparently due to impurities of the sample, were
vigible.

(2) After three hours, a peculiar scintillation occurred in the
light cone, indicating the appearance of visible particles.
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(3) Some time later, white submicrons in vigorous Brownian
movement were plainly seen.

(4) Gradually, the translatory motion of the particles decreased
becoming more and more sluggish, obviously as a result of the
increase in the size of the particles.

(5) The particles became so large that the Brownian move-
ment was limited to a swinging motion, translatory movements
having apparently come to a standstill.

(6) The whole field was filled with cohering particles without
any motion. The gelatinized
specimen, therefore, showed an
image which was clearly dif-
ferentiated from that exhib-
ited by coagulated particles
(see Fig. 100).

It was thus demonstrated
that the visible elements con-
sist of submicrons and, possibly,
in part of amicroscopic constit-
uents. The light given off is
clearly polarized; hence, we
might say that the gelatin gel is
formed by amicroscopic parti-
cles which have joined to-
gether to form larger aggre-
gates. These in turn might be distinguishable microscopically
(Bt TSCHLI).

These observations of BACHMANN indicate, therefore, that the
process of gelatinizing is accompanied by the union of primary
particles into larger aggregates, which is in accord with the line
of reasoning set forth previously for electrolyte-gelatinizing. One
problem, however, remains unsolved: Although the sol coagulates
when the temperature is lowered, while the stability factors are
not purposely destroyed, it is not apparent how a decrease in
temperature alone can remove both charge and hydration.

On the contrary, it has been found experimentally that lower-
ing of the temperature raises not only the viscosity (n,) but also

the relative viscosity (Z—i ; hence, hydration increases when the
0,

temperature decreases. Furthermore, an investigation by pE
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JonG ® shows that gelatinizing is independent of any previous
removal or non-removal of the electro-viscous effect, viz., of the
electric charge.

The process of gelatinizing has been investigated, for the most
part, by studying
the change in vis-

Ty W

cosity while the Kal s
transformation

1,504
from sol to gel takes
place. As soon as o
gelatinizing begins, 11
at a definite tem-
perature, we notice 36°
achange in viscosity 1,7 .
whichincreaseswith _—/_'_'—37“»

e

the time. Fig' 101 _________.—’__/__/-———__-——-—-——"—"_ﬁ:
1, ss-L—v

185

shows, for an agar- % 0 100 20
agar sol, the vis- Minutes
cosity-time curves Fic. 101

at different tem-

peratures. Above 40°, these curves run practically parallel to
the time axis; at lower temperatures, we clearly notice an in-
crease in viscosity with the
time. We must, however, keep

V(e in mind that it is only in tt
s y in the
First stage of the process that
viscosities can really be meas-
ured, since the sol, on gelatin-
izing, no longer follows the law

R of PoIsEUILLE (see p. 170).
When the temperature of
an agar-agar sol is lowered, for
a few minutes, below 40° and
then again raised above 40°,
LE L T T

it appears that the viscosity
hasincreased. The dotted line
Fia. 102. in Fig. 102 indicates the proper-

ties of such a modified sol as

they vary with temperatures above 40°. ‘It isseenin these casesthat
gelatinizing has permanentlyincreased . Thisisreadily understood
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if it be assumed that the agglomerated particles have a larger active
volume than the primary particles originally present. Deviation
from the spherical shape plays a part, as does also the enclosed
water, as is shown schematically in Fig. 103. The cross-hatched
portion represents the water surrounding the particles, while the
dotted line indicates the viscous active volume. Heating the
agar-agar sol at 100°, the temperature at which these sols are
prepared, brings about resolution into primary particles, as we
have previously noted in the case of reversible colloids (¢f. p. 11).
The fact that a sol gradually increases in viscosity as gelatinizing
takes place has led to the idea that the transformation from sol
into gel is a completely continuous process. Such a concept,
however, is a naive interpretation of the results of superficial
examination. In the first
place, clastic properties
gradually enter into play
in addition to the pheno-
mena of pure viscosity.
A gel, therefore, not only
Fia. 108. has a high viscosity but
also possesses elasticity,
a property lacking in a sol. Furthermore, the researches of
BacuMANN have shown that gels are formed by the agglomeration
of primary particles into complex particles, so that even in this
respect more has happened than is indicated by the simple expres-
sion just mentioned.

The process of gelatinization may be regarded in still another
way, which suggests itself readily. In Fig. 102, we saw that
hydration increases as the temperature decreases. One might,
therefore, reason as follows: Gelatinizing takes place whenever
the particles are so strongly hydrated that no more liquid water
is available for the sol condition. Here, too, there are insuperable
objections. If this conception were correct, a + per cent sol of
agar-agar at 35° would contain all of its water as hydrated water,
and at 41° we should have reached the limit of existence of such a
sol. A 4 per cent sol of agar-agar, containing double the previous
amount, could not possibly exist at 41°, which is contrary to
experience. The relation between temperature of gelatinizing
and concentration is remote; it does exist but it is too slight to be
applied to the line of reasoning developed above,
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The only satisfactory representation of gelatinizing is, there-
fore, the one sketched previously: Gelatinizing is the agglomera-
" tion of hydrated particles which retain the remaining water inside
the capillary spaces between them. ' This agglomeration occurs,
for sols of the type of aluminium oxide, simply by electrolyte-
flocculation, and is, consequently, irreversible; whercas in cases
of temperature-gelatinizing, the process takes place reversibly in
some manner as yet unexplained,

With respect to this reversibility, it must be remarked, how-
ever, that the temperatures of initial gelatinizing and of “ melting "’
are never quite the same. For instance, a 4 per cent gelatin sol
sets around 28° and the resulting gel melts around 31°. For
agar-agar thesc limits are much farther apart: gelatinizing takes
place at about 40° and melting around 85°.

BacHMANN’s work has brought out another highly important
fact with regard to sols that are so dilute that they do not set to a
gel. A gelatin sol of T per cent, for instance, does not gelatinize
at room temperaturc. Ultramicroscopically, BacaMann found
that these sols also passed through the threc first stages mentioned
before. The phenomenon came to an end, however, with a con-
dition in which small flakes floated in the surrounding aqueous
medium. This fact is in complete accord with the representation
outlined above. The volume of the remaining water is so large
that complete coherence of the particles is frustrated, and hence
retention of this water within capillary spaces is necessarily out
of the question. ¥or this reason, it is well to remember that
phenomena of gelatinizing may occur without any macroscopically
visible gel formation. This point has already been stressed,
on page 170.

79. Classification of Gels.—The views developed in the preced-
ing section regarding the structure of gels are of fairly general
application even though the individual gels differ considerably
in properties. For practical reasons, it is desirable to classify
the gels into two groups: (a) elastic (or swelling); and (b) non-
elastic (or non-swelling). The phenomena of swelling will be
discussed in detail in See. 82. When, for example, a gelatin gel is
suspended in water it takes up water and increases quite notice-
sbly in volume. When the swollen gelatin is removed, it parts
readily with the absorbed water and shrinks. This change in
volume on the addition or foss of water is not a property of all sols.
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The gel of silicic acid, for instance, under certain conditions does
not alter its volume when water is taken up or given off. A non-
swelling gel is, therefore, one degree simpler than a swelling gel.
Hence, in order to obtain a clear insight into the structure of gels,
we shall, first of all, discus:; the simpler case and consider the clas-
sical example of the silica gel.

80. The Silica Gel.—The gel of silicic acid has been for many
years an object of investigation on account of the peculiar changes,
both optical and tensimetric, which take place when it is hydrated
or dehydrated. J. M. vax BEMMELEN has carried out elaborate
cxperiments on this gel,” while in recent years the investigations
performed in ZsiGMONDY’s laboratory have led to a good under-
standing of vAN BEMMELEN'S results.

When a silicic acid sol iz allowed to coagulate, it forms a gel
containing many times more molecules of water than molecules of
silica.  On placing such a gel in a desiceator over sulphuric acid,
we find a gradual decrease in the water-silica ratio. Table XXIX
gives an iden of the change in the outward appearance of the gel
during dehydration.

TABLE XXIX

\
| Number of !
1 moles L
1 of water to Property of the Hydrogel
one mole !
[ of Siy "
40-30 Gel is sv consistent that it may be cut |
20 Fairly stiff 1
12 May be pulverized
8 Somewhat elastic
6 Apparently completely dry :
|

When the water content has decreased still further, i.e., below
6, the investigations become quite interesting. The results
obtained by van BEMMELEN are reproduced schematically in Fig.
104. The (water) vapor pressures with which the gel is in equi-
librium are plotted, as ordinates, against the ratios of water mole-
cules to silica molecules, as abscissae. The diagram is drawn for
a temperature of 15°. . The vapor pressure of water at 15° is 12.7
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mim., as indicated by the horizontal line in Fig. 104. A gelrich in
water is in equilibrium with water vapor having a pressure only
slightly below the maximum pressure of 12.7 mm. When water is
removed, the vapor pressure drops, following the curve W0O. At
the point O, which is called the first transition point, another
peculiar phenomenon occurs. Whereas hitherto the removal of
water has resulted in a slight diminution of volume, there is no
further change in volume once the first transition point i reached.
In the second place, when the dehydration is continued beyond O,
the decrease in vapor pressurc is much less than before; and
finally, the gel gradually becomes opaque, whercas previously it
has been transparent. This clouding increases continually until

12,7 mm, O,

Vapor pressure in mm.

Moles of water per 1 mole of Si0y

Fre. 104,

the gel is as white as chalk. After that it becomes less and less
turbid, so that when the point 0;, the so-called second transition
point, is reached, the gel is again perfectly clear. On continuing
the dehydration by placing the gel successively over more and
more coneentrated acid, we follow the curve Oy0s. The small
amount of water which is retained at Oz cannot be driven off at
lower temperature but requires ignition for its removal. When
the dehydration is followed by a rehydration by placing the gel
successively in desiccators containing more and more dilwte
sulphuric acid, we retrace, at first, the curve 020y, which is thus
seen to be reversible. From the point O1, on, however, the vapor
pressures follow another curve, viz., 0,03, which lies entirely above
the eurve 0:0. Further hydration, from O; on, causes a rapid
increase in vapor pressure until the maximum pressure is reached
(at O4). I we then dehydrate again, we pass along the path
0403004, while the return route is indieated by 010305 If the
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rehydration were interrupted at a point B, and followed by dehy-
dration, we should get the path BA. .

This shows the strange cycle in the course of the vapor pressure
of the silica gel. One series of curves is followed on dehydration
and another set on rehydration, while only the short stretch 0,0z
is reversible.

The credit for having explained these phenomena and thus
having considerably extended our knowledge of gels belongs to
ZsieMoNDY & and his pupils. They repeated vaAN BEMMELEN'S
classic experiments in an improved apparatus,? confirmed most of
his work and, furthermore, explained the facts in the following
manncr.

BAcHMANN's investigation, discussed in Sec. 78, indicated that
a gel consists of amicroscopic and submicroscopic constituents.
A network in which there are only ultramicroscopic capillaries can
be perfectly transparent since the discontinuities are smaller than
the wave length of the light. It will only give rise to a TYNDALL
effect, as is actually the case for gels. The assumption of van
BemMELEN (and previously of BiTscHLI) of a microscopically visible
honeycomb structure had already been proved to be erroneous
by the fact that gels are discontinuous and yet perfectly clear.

Let us see what happens at the first transition point. Before
this point is reached the capillaries are filled with water; but at O,
where dehydration no longer involves a decrease in volume, any
further removal of water must necessarily bring about evacuation
of the capillaries. The latter are filled with water under high
capillary pressure. The vacuoles resulting from the removal of
water appear, on microscopic examination, to originate, not at the
outer edge of the gel but on the inside: water is continually sucked
through the capillaries toward the outside and vacuoles or air
bubbles are formed in the interior, ‘as indicated schematically in
Fig. 105.1° These vacuoles soon reach such dimensions as to be
microscopically visible; hence, discontinuities greater than the
wuve length of light occur and the gel becomes opaque. That
the opacity is due to air bubbles is proved by the fact that we
actually see the escape of the gas when the gel is immetsed in
water,

On continuing the dehydration, we empty the capillaries more
and more, so that at the second transition point they are com-
pletely filled with air, apart from the moisture adsorbed by their
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walls. Thus we have, once more, a system with only wlira
microscopic discontinuities. The resulting gel is again perfectly
clear. The difference between
the state of the gel at O and at
0; is that in the former case the
capillaries are filled with water
and in the latter they are filled
with air.

Dehydration beyond the point,
O; removes the water adsorbed
by the gel walls. This is a re-
versible process and gives to the
curve (102 the character of an
adsorption isotherm.

Let us now discuss the process
of rehydration. Starting from
0z, we move reversibly along the
adsorption isotherm. Beyond Oz
the capillaries gradually become filled with water. It remains
to be explained why the vapor pressure is now greater than before
(during dehydration). There is, in fact, one more question to be
answered: Why is the vapor pressure of the water-filled gel not
equal to, but lower than that of pure water? These two problems
have been solved by ZsiemoNDpY by following out ome line of
reasoning.

It will be remembered (see p. 15) that small drops have a
greater vapor pressure than large ones. In general, the vapor
tension of a curved surface differs from that of a level surface
according to the following formula:

Fia. 105.

o 2
dp —dp " R

Ap =

in which Ap represents the difference in vapor tension between the
curved and the flat surface, d. and dp, are the densities of liquid
and vapor, ¢ is the surface tension, and R the radius of the curved
surface. When R is positive, the vapor pressure is increased, as
for instance, with drops; when R is negative, there is a diminution
of vapor tension. This happens when & liquid is placed in &
capillary, as represented schematically in Fig. 106a.
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We saw previously that the gel has a sponge-like structure
with ultramicroscopic capillaries. In each of the capillaries
located on the periphery, the water meniscus is concave toward
the vapor. This hollow meniscus in the gel capillaries accounts
for the fact that, in the experiments illustrated in Fig. 104, the
vapor pressure is lower than 12.7 mm. whenever the capillaries are
filled with liquid in contact with vapor.

At the point O the condition is reached where the gel attains its
definitive form. DBetween W and O the gel is still subjected to

pressure: capillary forces exert
an outward pull on the water in
the capillary (see I'ig. 106a) and
a corresponding pressure in the
opposite direction on the walls;
henee, the contraction of the
el goes on from W to O, until
at O the gel is in its final
form. The capillaries are then
filled and the vapor pressure
has the value indieated by the
aboveequation. Atthestart this
pressure remains fairly constant, for the reason, previously dis-
cussed, that the capillaries on the periphery remain filled and
vacuoles are formed only inside the gel. This explains the slight
slope of the curve to the left of O.

The higher vapor pressures on rehydration are due to the fact
that during this process the meniscus in each capillary is less
curved than in the preceding dehydration. It is well known that
the meniscus with which a liquid adheres to a dry wall is less
curved than it would be if the wall had been moistened beforehand.
This state of affairs is sketched in Fig. 106b. A meniscus with
greater radius of curvature raises the value of R and hence causes
a smaller lowering of the vapor pressure; in other words, the
vapor pressure is higher than before. Once the point Og is reached,
the capillaries are completely filled and the addition of more water
leads to the formation of a film of water around the whole gel.
Immediately the vapor pressure of a strictly horizontal water
surface is attained (at the point O).

From the lowering of the vapor pressure, ZsiGmMonpy and his
pupils caleulated the numerical value of the radius, R. On the
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assumption that the relations are those expressed in Fig. 105, the
computation immediately gives the diameter of the capillaries,
which is equal to 28. It was found that the capillary diameter
for the silica gel is approximately 5 mg.

From the observed vapor pressures ANDERsON !! caleulated
the diameter of the pores for liquids other than water. His
results are given below:

2R for water.......... 5.20 mu
for aleohol . .. ... ... 5.08 mu
for benzene. .. ... .. 5.58 mu

This excellent agreement is a strong support for ZsieMoNDY's
theory .12

Knowing that the capillaries in the silica gel have a diameter
of about 5 mu, we can compute the capillary rise from the formula:

2c

) = ———

Aok

For water, this amounts to several kilometers, which confirms
our supposition as to the enormous force with which the water is
sucked into the capillary pores.

The changes in Fig. 104 which result from the use of aged
silica gels have been the subject of some interesting experiments,
hydrophane

12
g 11
g 10
E 10 //"
2y
5 7
H
6
£s
ol
g &
22
LSt
0.5 1,0 1,5 2,0 2,5 30
Moles of water per 1 mole of $iOz
Fig. 107.

Figure 107 indicates the sense in which these changes take
place. The extreme limit is shown by the curve for hydrophane,
which is a form of silica that occurs in nature. It is apparent
that the capillaries have slowly disappeared, and hence the curve
for the oldest silica follows a course which almost coincides with
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the isobar for a level water surface. The reason for this is, no
doubt, the instability of the colloidal structure. Rontgenographic
research has shown thet freshly prepared siliea gel is hardly
erystalline, but that as time goes on, there is gradually developed
a regular orientation which is obviously due to the progressive
arrangement of Si0; molecules into crystal lattices; hence, the
capillaries and the concomitant phenomena disappear.

Nowadays the silica gel plays an important part as an
adsorbent (Patrick). From the preceding discussion it is obvi-
ous that the dried silica gel has a large surface development,
which is a prerequisite for an adsorbent. As a decoloring agent
dried silica gel hes lately found numerous applications.

81. The Gelatin Gel.—A gelatin gel differs from the silica gel
discussed in the preceding section, by the absence of a final state
corresponding to the point O in Fig. 104. This is due to the con-
tinued shrinkage of the walls of the gelatin gel while the water is
being more and more completely removed. The silica gel at the
point O has rigid walls, while the gelatin gel has supple walls.
The cause of this elasticity is most probably the occurrence of
water not only inside the capillaries but also in the walls of the
pores. A distinction must be made, thercfore, between the water
adsorbed by the walls and the imbibed water which fills the pores.
In computing, for the gelatin gel, the capillary diameter from the
lowering of the vapor pressure, one does not find constant values
but figures that decrease continually. TFurthermore, different
values are obtained, depending on the liquids dispersed in the gel.
Nevertheless, there exists a relationship between the vapor-tension
experiments on gelatin and those on silica gels, but in the former
case the phenomenon is complicated by the pliability of the
capillary walls.!3

The continued deformation of the walls of the gelatin gel is
closely connected with the well-known fact that many gels increase
their total volume when they imbibe liquids. This phenomenon
is called swelling.

82. Swelling.—When a dry gel is placed in a closed space and
covered with a liquid, for instance, water, it may happen that the
water is taken up with great intensity. A time-honored method of
splitting the trunk of a tree consists in placing dry peas in a cavity
of the trunk and then pouring water over them. The swelling
peas split the wood with great force.
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The process of swelling is, therefore, distinguished at once by
two features: increase in volume, and pressure of swelling,

With regard to the formner we must, however, quslify our
statement. By an increase in volume is ineant, generally speak-
ing, the difference in fofal volume of all the participants before
and after the process. The volume change that occurs when
ammonium chloride is dissolved in water is not the difference
between the volume of the solution and that of the water but the
difference between the volume of the solution on one hand and
the combined volumes of water and salt on the other; hence, the
observation of the increase in volume of a gel immersed in water
cannot be interpreted by saying that the process of swelling takes
place with an increase in volume. The two things to be compared
are the swollen gel and the dry gel plus water. This comparison
leads to the inference that the process of swelling is characterized
by a decrease in volume. This fact in itself is quite obvious:
whatever the nature of swelling may be, at any rate, the fact
remains that water is forced into capillary spaces and, as we have
seen on page 15, increase in surface brings about compression of
the dispersed phase.

Joncerning the influence of pressure on the process of swelling,
n clear distinction must be made: If gel and liquid are compressed
together, an increase in pressure, according to the theorem of
vaN'T Horr-LE CHATELIER, will favor the process that involves
a decrease in volume; hence, uniform pressure increases swelling.
In general, however, we study something different: The pressure
of the swelling gel is measured in such a way that the mobility of
the water is maintained. We are then dealing with a non-uniform
pressure, and, since the gel swells with increase of volume, this
one-sided pressure will hinder the process of swelling.

The latter is, indeed, an equilibrium process ¥ in the sense that
by exerting a. non-uniform pressure on the swelling gel we can
prevent further swelling. If the pressure applied is lower than the
pressure of swelling under the given conditions, the swelling
proceeds until both pressures are equal. If, on the other hand, the
pressure exerted exceeds the pressure of swelling, water is squeezed
out of the gel until the pressures are again the same.

Tt thus becomes apparent that small amounts of imbibed
liquid correspond to large pressures of swelling and, conversely,
that large quantities are taken up under small pressures of swell-
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ing. Posnjak !5 studied this relationship with the aid of an
apparatus which is schematically represented in Fig. 108.

A porous pot, 4, is attached to the glass tube, C, by means of
the cement, B. The tube is closed by the cap, I, and eonnected
to a graduated capillary, E, through which pressure can be exerted
on the system in C by means of compressed gas in the cylinder, F.
The gas pressure is read on the manometer, M.

Posnsak investigated, first of all, the swelling of raw Para
rubber in different organic liquids.  For this purpose he introduced
a small disk of rubber through the tube, ', where it fell on the
porous bottom. Mereury was poured into the tube until the

Fig. 108,

latter was completely filled and the attached capillary partly
filled. The porous pot was then placed in a beaker eontaining an
organic liquid. The swelling of the rubber disk, caused by the
Hliquid entering through the porous pot, was read by observing the
displacement of the mercury in the capillary, E. Moreover, the
gaseous pressure neeessary 1o prevent the movement of the mercury
could be readily determined, and in this way the pressures cor-
responding to different degrees of swelling were measured.
Posniak’s results are reproduced graphically in Fig. 109.
The abscissae indicate the amounts of organic liquid taken up by
the rubber, expressed by the ratio of grams of liquid taken up to
grams of rubber. The ordinates represent the corresponding
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pressures of swelling in millimeters of mercury. The different
curves reiate to the liquids mentioned in the legend.

A careful examination of any of these curves confirms
PosniAx's statement regarding the relation between the amount of
absorbed liquid and the pressure of swelling.  For ethyvlene chloride
for instance, the pressure reaches over 7 atmospheres when the
rubber contains one and a half times its own weight of absorbed
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Fra. 109,
1. Ether 7. Thiophene
2. Etbylene chloride 8. Acctylene dichloride
3. Cumene 9. Acetylene tetrachloride
4. Cymene 10. Chioroform
5. Benzene 11, Carbon tetrachloride
6. Toluene

liquid. Poswsax could not extend his experiments to higher
pressures because the porous pot was unable to withstand them.
The general run of the curve shows clearly, however, the enormous
pressure of swelling for the amount of liquid absorbed at the start.

Another thing which strikes us in examining Fig. 109 is the
fact that the curves run practically paraliel; hence, there is nothing
specific about the behavior of these various organic Jiquids in the
process of swelling. FreuNbLICH points out that the following
empirical equation applies:

P =P or logP =logP; +kloge,

where P is the pressure of swelling, ¢ the concentration of the rub-

ber in the swollen gel, P; the value of P for ¢ =1, and k a constant.
The logarithmic curves are all straight lines running parallel to
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each other, since the value of the exponent k is the same for all.
It appears also that k does not differ to any great extent for various
gels. Whereas for rubber in & number of organic liquids k varies
between the limits 2.5 and 3.3, Posnyax finds, for the system gela-
tin 4 water, the value 3.1.

The nature of the proeess of swelling has not yet been deter-
mined with certainty. Nevertheless, the facts set forth in the
preceding sections suggest that swelling is primarily caused by
capillary suction in the gel (see p. 222). This pull can, as we
have seen, amount to several kilometers of water pressure. For
elastic gels such as gelatin, the inward suction causes a lateral
pressure on the walls of the capillaries. The walls give way and
at the same time take up liquid. The narrower the pores and the
greater the capillary pressure, the more pronounced will be the
pressure of swelling,

Kartz % has made a Rontgenographie study of the change in
the elementary cube in swelling threads. From his investigation
the impression is gained that this unit remains unchanged, but
that the constituents move further apart. This agrees well with
the explanation given above.

The process of swelling has been studied more frequently under
ordinary pressure than under a non-uniform pressure as applied
by PosNiak.

A number of gels possess the property of swelling to a certain
limit, the so-called maximura of swelling, while others swell con-
tinuously until the whole system is completely liquefied, as is the
case with gum arabic. This maximum of swelling, then, appears
to be the extreme limit to which the framework of the gel can be
distorted, the limit depending, of course, on the temperature. A
gelatin gel seems to show a tendency in this direction, but a eareful

investigationmade by Arisz!?

- showed that the swelling of
T gelatin as a funection of the
time cannot be expressed by
a curve with a horizontal
part, as sketched in Fig.
110, but follows the dotted
Fra. 110. line. It appears, therefore,

that there is some tendency

toward a maximum of swelling but that another process allows a

Bwelling

Time



Sec. 82. SWELLING 229

slow continuation of the swelling. It is probable that we are
dealing with an alternate filling of capillaries and increase of
clastic limit resulting from the continual absorption of water by
the walls of the pores, .

Most investigations on swelling have bcen performed by
immersing plates of some substance, such as gelatin, in various
liquids, and determining at definite intervals their increase in
weight. Such experiments have been made by Horuersreg,'s
Wo. OstwaLp,!? and others.

The effect of aqueous solutions of clectrolytes has been most
extensively studied. LoEs,?” in recent years, performed a number
of careful experiments on the influence of the hydrogen-ion con-
centration on the swelling of gelatin.

In dealing with these investigations we must, however, dis-
tinguish between two different methods of attack. Some of these
workers studied the effect of an added acid by suspending a plate
of glue, which is a gel of glue 4+ pure water, in solutions of dif-
ferent concentration, while others first introduced acid into the
gel and then allowed the gel to swell in water or solutions of acid.

Loks applied the latter method and obtained results which are
reproduced graphically in Fig. 111, We notice that a minimum
of swelling occurs at the iso-
electric point (see p. 195). Both
increase and decrease of the hy-
drogen-ion concentration {avors
the swelling. Following the idea
of WiLson, LoEB tried to explain
thi= phenomenon on the basis
of the DonnaN equilibrium, by
considering the gel contents as the 5
liquid within an osmometer and
the liquid in which the swelling
occurs as the outside liquid. In
this way he succeeded in obtaining a semi-quantitative agreement
between theory and experimental results.

HorurisTeR and OsTwaLp followed the first-mentioned method
and recognized the comparatively complicated effect which neutral
salts exert on the swelling. In general, it may be stated that the -
order in which salts influence the process of swelling is the one
indicated by the lyotropic series of cations and anions; viz., if, for

Bwelling
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instance, the CNS ion greatly enhances the swelling, the SO, ion
will reduce it to a large extent. For this reason the lyotrepic
series is also called the HoFMEISTER series. LoEs considered the
whole phenomenon as the result of the influence exerted by the
salts on the hydrogen-ion concentration. Without denying this
effeet, the present writer wishes to emphasize the specific influence
of this jonic series both here and elsewhere (see pp. 183 and 235).
Te his mind, a change in hydrogen-ion concentration cannot
possibly explain the phenomenon.

83. Syneresis.—The converse of swelling is represented by a
phenomenon which is usually called syneresis. It appears as a
separation of water from the gel. When, for instance, a gelatin
sol is allowed to gelatinize, a solid mass of gel is obtained, which
on standing contracts and squeezes out liquid. The amount of
aqueous liquid increases continually while the gel shrinks more
and more. The phenomenon is also noticeable in the case of a
swollen plate of gelatin where small droplets appear on the surface.
In some cases of electrolyte-gelatinizing, syneresis is quite strik-
ing. When an electrolyte is added to a CeO2 sol, the resulting gel
forms a lump which fills the container completely. The gel soon
contracts, and after a few days only a very small piece of gel is
left in the surrounding aqueous liquid.?

In the last-mentioned case, what happens is probably this:
Gelatinizing is, as was previously explained (¢f. p. 214), the
flocculation of strongly hydrated particles in the form of a coherent
mass of gel. Floceulation, however, need not be complete, and
this coagulation may only represent the first link in the chain of
consecutive changes. FREuNpLICH and ScHucHT,?? as well as
HaAasE,?3 have shown that the size of the particles in flocculated
suspensoids increases continuously. Apparently the same thing
happens in the case of the CeOg sol. The water that is thus
expelled from the pores of the gel represents the syneresis water.
A similar progressive increase in the size of the particles may
possibly occur with the gel of agar-agar. Here, t00, an expulsion
of the water in the pores takes place, giving rise to the phenomenon
of syneresis. -

84. Optical Properties of Gels.—In the preceding sections some
reference has been made to optical properties of gels, insofar as
transparency and TyNpaLL effect were concerned (see pp. 213-214).
There is, however, one property which has been much studied and
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therefore deserves a separate discussion, viz., the double refraction
that occurs under certain conditions.

It has been shown that the V:0s sol exhibits the phenomenon
of double refraction (see p. 133), which, however, is not noticeable
as long as the location of the particles is haphazard. Orientation
of the sol particles in parallel lines at once produces double refrac-
tion. This phenomenon, therefore, must be ascribed to ““individual
double refraction” of the constituent particles.

A piece of plate glass bent in one direction becomes double
refractive. The same is true of fibrous alumina, which in itsclf
does not consist of double-refracting particles but is composed of
non-spherical constituents. These may become oriented in the
same direction and thus give rise to double refraction. AMBrONN 24
found that this double refraction depends on the difference in
refractive index of the particles and the surrounding medium.
Hence, this so-called ‘‘double refraction of small rods” can be
eliminated by choosing a medium that has the same index of
refraction as the particles.

On examining the double refraction of gels, we note that
unilateral deformation of a gelatin gel or of a celloidine gel causes
double refraction. Either of the two above-mentioned types of
double refraction is conceivable. It might be possible that bend-
ing produces lines of force along which rod-shaped particlcs orient
themselves in the manner of the particles in the V205 sol. The
second possibility is that the existing particles of the gel possess a
double refraction of their own.

A remarkable study in this direction was made by AMBRONN.28
A cube-shaped piece of cherry gum appeared to become double
refractive when compressed, but this double refraction changed
gradually with time, while the pressure remained the same. This
points to a slow adaptation of the particles, and it may be
inferred that both phenomena occur, viz., individual double
refraction and double refraction caused by rod-shaped particles.
When the pressure is released these two double refractions are
restored successively.

An exhaustive study of WaAcHTLER 20 showed that both kinds
of double refraction also play a réle in gels of celloidine. This was
proved by immersing the gels in liquids of gradually increasing
refractive indices.

Réntgenographic investigations,2? furthermore, have brought
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out the fact that many gels have a crystalline structure, so that
the surmise of an individual double refraction is well founded.
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Special Cases






CHAPTER XVII
SPECIFIC COLLOIDS

85. Cases Intermediate between Susp ids and Emulsoids.—
Hitherto we havesharply distinguished between lyophile and
iyophobe sols. It is obvious that in reality we often meet with
cases which do not belong wholly to either of these two types.
Nevertheless, we do well to make theoretical distinctions at firsi,
and later to compare the more complicated reslity with the extreme
cases.

Heretofore we have assumed that the electric charge is a
measure of the stability of suspensoids, while both charge and
hydration are determining factors in the case of emulsoids, If
this were so, the floceulation of a suspensoid sol would depend
solely on the valence of the oppositely charged ion and not on its
Iyotropic position. The latter would exert its influence only on
cmulsoids. A careful examination of Table VII1 (p. 68), which
gives the flocculation values for the typical As;Ss sol, shows,
however, that although the limiting values for different electro~
lytes are undoubtedly primarily dependent on the charge of the
eations, there is unmistakable evidence of a slight lyotropic effeet.
In fact, the order of the flocculating values for a series of cations
of the same valence is found to be:

Li>Na>K

and
Mg>Ca>8r.

This lyotropic effect, which is barely evident in Table VIII,
comes more strongly to the fore in the case of some other sols. In
the following table are found the first flocculation values, i.e.,
the concentrations of electroiyte producing the first turbidity, for
the sols of MozOs and V205!  Although the effect of the valence
of the cationg can still be recognized (both sols are negatively
charged), the enormous influence of the lyotropic series is quite

235
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manifest. Remembering that these sols give jelly-like precipi-
tates, and further, that a sol of V205 readily sets to a gel which
greatly resembles that of AlsOs, we are inclined to link this behav-
ior with a possible hydration of these particles and thus establish
a case iniermediate between suspensoids and emulsoids. An
argument in favor of this consideration is found in a recent investi-
gation showing that the addition of alcohol to the sol strongly
represses the effect of the lyotropic series on the flocculation
value.? Hence, a removal of hydration reduces the lyotropic
influence.

TABLE XXX

Firer FLoccuLatioNn VALUES

!

Electrolyte Mo:05 s0! ‘ V.0, s0l
JLisSO.. . 500 ‘
Lict. ... 130
NaCl.. 60 50
KCL. 12 17
RbCl 5 7.7
CsCl............ 2.6
Mg(NOs)a. ..o 1.8 0.56
CaCle........... 0.77 0.25
SrCle.. . 0.61 0.28
BaCls.......... 0.19 0.23
Ce(NOy)s. .. 0.22 0.013
JALSOs. ... 0.14 0.005

The author does not believe, however, that this is an adequate
solution of the problem. If it were merely a matter of hydration,
one would expect the strongly hydrated lithium ion to be a better
flocculating agent than the slightly hydrated potassium ion,
whereas the reverse is true. On page 184 the lyotropic effect was
ascribed to two factors: viz.,, the hydration of the ions and the
change in the molecular state of the water. Later investigations
and recently proposed theories have connected the lyotropic
influence with a third contributing factor. The water molecules
influenced by the ion and forming, as one might say, the hydrated
water of the ion, are probably oriented polarly in the manner
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depicted schematically in Fig. 112. A water molecule is here
represented ag a triangle with the hydrogen ion at one cormer
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while the OH ion forrs the base. A cation will fix the dipoles of
water in such a way that the negative side of the water is turned
toward the ion and the positive side away from it. The atrongly
hydrated lithium ion, therefore, causes a very pronounced orienta-
tion. A negatively charged colloidal particle likewise orients the
surrounding water molecules, but in the opposite direction; hence,
strong hydration causes an orientation of the water molecules
diametrieally opposed to that of the water molecules surrounding
the colloidal particle, and we have a contrast which apposes
cobperation.

Lyotropy, therefore, is probably not a hydration pure and
simple, but one that orients the dipoles of water. This explains
at once why, in the case of proteins, the lyotropic series are reversed
when the charge of the protein changes from positive to negative.?
Here, too, the similar or dissimilar Jocation of the hydrated water
determines the arder of the lyotropic phenomena.

Another example, of the same type as the oxide sols referred to
above, is the sulphur sol. Its flocoulation values are presented in
the accompanying table. We notice again that, although the sol
is negatively charged, a certain lyotropic effect, at least in the case
of monovalent cations, is unmistakable.

However, not all sulphur sols belong to this type; on the one
hand, we have sols prepared from sulphur dioxide and hydrogen
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sulphide or from thiosulphate and an acid; on the other hand,
there are sols, made by dissolving sulphur in alcohol and pouring
this alcoholic solution into water. The first-tnentioned sols, which
are all grouped under the termx OpEn’s sols, show the behavior
illustrated in Table XXXI. The other kind, prepared according

TABLE XXXI

Froceunation Vatuk, 8 Son

|
|

Floceulation

Electrolyte
value

* It is not clear why the value for Ce is a Bittle too high,

to the method of voN WEIMARN, possesses a normal suspensoid
character. FreunpLick end Scuorz* found that the double
layer in the case of OpEN's sols consists of pentathionic acid (¢f.
p- 101). This acid enters into the reactions referred to, either as
a by-product or as an intermediate compound. This thionic
acid seems to be responsible for the peculiar character of the
Op#n sol, since it is closely related to the sulphur particle, owing
to its sulphur content. It is also strongly hydrophile and therefore
gives to the sol its pronounced hydration. The latter property
has been definitely established by viscosity measurements.’
Furthermore, the Opfin sol is rich in amorphous sulphur, Su,$
while the sol prepared according to the method of von WEIMARN
contains mainly crystalline sulphur, S\, Following the method of
indicating the structure discussed on page 101, the Op£N sol must
be represented as follows: [Su Hz0]8:06~.

Evidently, we have here again a conneetion between the hydra-
tion of the sol and the effect, of the lyotropic series on the flocculs-
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tion values. The sols hitherto discussed are, morcover, character-
ized by the fact that flocculation can occur more or less reversibly.
The Op£N so} shows this property to a great extent. The addition
of an electrolyte to the sol produces flocculation, but a subsequent
dilution with water is sufficient to dissolve the precipitate. Obpfn
has made use of this property to purify his sols. Having found
that the limiting value is & function of the size of the particles, he
has been able to separate his sols in fractions of definite particle
size by means of fractional precipitation.

The sols of MoeOs and V205 are likewise reversible in the
sense that the coagulum obtrined by centrifugal separation can be
redissolved after one or more washings.! This renewed peptiza-
tion is most readily performed in case the sol has been flocculated
by a small excess of a monovalent cation with slight flocculating
power. When precipitation has been brought about by a large
excess of electrolyte or by a sudden addition of polyvalent cations, |
repeated peptization occurs only after prolonged treatment with
water, and sometimes there is no peptization at all. The same is’
true of sulphur, where elcctrolytes that flocculate strongly hinder
the re-formation of the sol.?

‘We naturally look for a connection between reversibility and
hydration. The latter is, as we have seen, a stability factor but is
not in itself sufficient to insure stability. A small electric charge
is also necessary. Morcover, hydration interferes with the final
destruction of primary particles, so that washing of the coagulum
soon after precipitation raises the charge of those particles that
have not yet coagulated, and in this manner a re-formation cf the
sol is made possible.

The positively charged iron oxide s0), discussed on page 72,
also shows unmistakable lyotropic phenomena. Table XI, page
72, indicates that the order of the flocculating monovalent ions is
as follows: 1>NQO; and Br>Cl. Here, too, there is a reversibility
resembling that previously considered, as found, years ago, by
Linoer and Picron.? Especially concentrated sols of iron oxide
exhibit & marked reversibility. FreunpLicE and RosenTHAL ®
ohserved that a coagulated sol of iron oxide is returned to the sol
condition by simply shaking the container. On standing, the so)
again gelatinizes.* It was found, furthermore, that this gelatiniz-
ing has the character of flocculation and hence may be eonsidered

* This phenomenon has been called thixotropy.
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a8 a reversible flocculation. The close connection of these floccu-
lation phenomena with gelatinizing comes repeatedly to the fore in
the discussion of the sols mentioned in this section (see p. 212),

86. Soaps.—Whereas in Sec. 85 we considered colloidal solu~
tions combining the properties of suspensoids with those of
emulsoids, we find that a soap solution is one combining the state
of a true solution with that of o colloidal solution. By a soap
solution we mean, in daily life, a solution with washing properties.
We shall see presently that these properties are very noticeable in
the alkali salts of the higher fatty acids. It is a remarkable thing
that only those fatty acids which contain more than 12 carbon
atoms in their molecule yield solutions that exhibit the peculiar
properties of capillary ? and electrical 1° nature which are connected
with common soap solutions. Of the salts referred to, the sodium
and potassium salts of oleic acid, stearic acid, and palmitic acid
are the ones that have been most frequently studied.

In alcoholic solutions, soaps behave like substances in true
solution.!! The aqueous solution acts in such an extraordinary
manner that the older investigations give a rather confusing idea
regarding the structure of these systems. Modern researches,
particularly the excellent experiments performed by J. W.
McBain *2 during the past ten years, have considerably broadened
our knowledge in this field.

If we study the structure of a soap solution by measuring the
elevation of the boiling point (the method of the dewpoint deter-
mination has been found to give the best results), we can compute
the activity coefficient, 7, according to the formula of van’t Horr.
The value of 7 for soap solutions appears to be less than unity.
At first view, one might infer that electrolytic dissociation is,
therefore, out of the question, since where this occurs 7 is of course
more than unity. This conclusion, however, does not agree with
the fact that a soap solution eonducts the electric current exceed-
ingly well.

It has, for a long time, been customary to ascribe these peculiar
properties of soap solutions to hydrolysis. The hydrolytically
separated fatty acid or acid salt of fatty acid would then be osmotic-
ally inactive, and only the alkali formed by hydrolysis would be
responsible for the rise in boiling point and the electrical con-
ductance. McBaIN’s researches showed, however, that the con-
centration of the free OH jons in these solutions is comparatively



Sec. 88. S0APS 241

small. Disregarding the possibility that hydroxyl ions are
adsorbed,’? we must conclude from this fact that hydrolysis plays
an insignificant réle in the soap solution.

The results of the determinations of dewpoint and conductivity
can only be reconciled by the assumption that we have simulta-~
neously electrolytic dissociation and colloid formation. A value of
i in the neighborhood of unity results from the compensation of
these two factors. It is quite obvious that part of the soap is in
true sofution. The more dilute the solution, the greater the
percentage of soap in true solution. The only question is: In
what form is the colloidal constituent present in the soap solution?

MoBaIx thinks that this colloid exists in two forms: onc part, |
which he calls neutral colloid, consisting of undissociated sonp
molecules; and another part, peculiar to soap solutions, viz.,
ionic micells, These are presumably aggregates of acid anions
forming one polyvalent anion in equilibrium with a corresponding
number of free alkali ions. The osmotic properties of the solu~
tion are then wholly due to the slight quantity of soap in true
solution and to the alkali ions of the ionic micells. The remaining
constituents are practically inactive osmotically.

It appears to the writer that this dualistic representation is
superfluous. The colloidal constituent can be considered wholly
in accordance with the ideas previously developed in connection
with protein systems (see p. 193). A colloidal soap particle con-
sists probably of a nucleus of salt molecules, only those on the
ootside being ionized and taking part in the formation of the
electric double layer. TFurthermore, these particles no doubt con-
tain the small amount of free fatty acid due to the slight hydrolysis,

The diffuse outer coating of the double layer contributes to
the osmotic effect, as was also previously indicated on page 208.
All the data obtained by McBax can be readily explained on the
basis of this simple conception. Miss LaiNe * has carried out
electrical trausference measurements on soaps, which are in com-
plete accord with those of Varca and Wintamx, discussed in
detail on page 104.

The colloidal constituent of soap solutions may be represented

by:

NaX

ax B0 X
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where X stands for the fatty acid radical. Hence, we have in a
soap solution the following participants:

NaX Na*+X- Na* + OH- %\If{ H:0 X~ + Na* (or H¥).

Another peculiarity of soap systers is the behavior of solidified
sols. The investigations of McBa1x 15 have shown that there are
two things to be considered here, viz., the setting to the state of
gel and the formation of a curd, a gel being transparent while a
curd is opaque. One and the same sol under certain conditions
gets to a gel, and under other conditions solidifies to a curd. For
instance, a sol of 0.6N sodium oleate, when slowly eooled between
25° and 6°, forms a transparent gel which on prolonged standing
(e.g., after two days) changes into a curdy mass. Immediate
cooling helow 6° produces a curd at once. The change from sol to
gel occurs, strange to say, without any alteration of conductivity,
whereas the formation of a curd takes place with increase of con-
ductance. Ultramicroscopically, both sol and gel are void, while
the curd contains long threads or needles. Evidently the gel is
composed of hydrated micells which occupy haphazard positions,
while the curd particles arrange themselves in the form of clongated
crystals in the same manner as the particles of an aged V205 sol.
In fact, the intermicellar liquid of a curd is in reality a saturated
true solution, and curd formatior is, therefore, simply crystalliza-
tion from a supersaturated solution. This is, furthermore, in line
with the fact that the solubility of soaps decreases strongly when
the temperature is lowered.

The cleansing action of soaps has, in the past, been ascribed
most frequently to the hydrolytically separated alkali. CuevreuUL
explained the soap action as a separation of the fats under the
influence of the free alkali, but this concept is entirely inadequate
and could never account for the removal of substances other than
fats. In later years, especially since the work of SPriNG,'® the
cleansing is explained by assuming that any dirt that may be
present is emulsified by capillary action of the soap apnd thus
transferred from the object to be cleansed to the soap solution.
In the light of the boundary theories discussed on pages 41, 92
and 192, this line of reasoning is quite plausible. '

87. Emulsions.—By emulsions we usually mean systems in
which one liquid is dispersed in another. In recent years these
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systems have attracted a great deal of attention, and CLayTon 17
has written a very readable résumé on emulsions. Little is known,
however, concerning the stability of these systems, as will be
pointed out below.

We possess a fairly good knowledge of systems in which il is
finely dispersed in water. Generally speaking, such a system is
unstable unless the oil is present in small concentration only. In
this case, according to the theory of von SmoLucHowsk: (¢f. p.
109), the oil particles coalesce very slowly. In order to obtain a
stable emulsion, it is necessary to add a stabilizing agent, which,
for obvious reasons, is often called an emulsifier. Alkali soaps are
particularly well adapted for this purpose. We have met such
emulsions repeatedly in preceding chapters (¢f. pp. 60, 66 and 82).
It may be remembered that the investigations of DONNAN,!®
Eiuts,’® Powis,2® and others have shown these oil-in-water
emulsions to be suspensoid in character, since their stability is
governed exclusively by the electric charge. The mechanism of
these systems is, therefore, fairly well known to us.

On the other hand, there are emulsions of a totally different
type: Instead of dispersing oil, as dispersed phase, in water as
dispersion medium, we are able to do the reverse, viz., disperse
water in oil. In this case the water is present in droplets dis-
tributed in a continuous oil phase. The word “oil” is used here
in a general sense, indicating any organic liquid that does not mix
freely with water.

It is of prime importance to know how a water-in-oil system
may be distinguished from an oil-in-water system. Fig. 113
represents both systems schematically, the shaded portion indicat-
ing the oil phase, One method consists in adding a few grains of
a dye, soluble in oil but not in water, for instance, sudan III. An
pil-in-water system is not colored because the dye cannot reach
the oil, whereas a water-in-oil system readily takes on the color of
the dye.

Another way is the following: A drop of the emulsion is placed
on a glaas slide next to a drop of water. When contact is established
between the two drops there will be coalescence in case we are
dealing with an cilin-water system; conversely, a water-in-oil
-system will ecoslesce with oil but not with water. The microscope
readily reveals the difference.

A third method is furnished by the. t of the electrieal
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conductance. Whenever water is the dispersion medium the
conductivity will be fairly good on account of the presence of
electrolytes in the water. With oil as dispersing phase the con-
ductance will be extremely small,
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In the early days it was thought that it was entirely a matter
of the ratio between the constituent phases, whether an oil-in-
water or a water-in-oil emulsion was obtained. Suppose that all
the drops of the emulsion just touch each other. Then we know,
from the theory of piled spherical balls, that at most only 74
per cent of the total voluine ean be occupied by the spheres,
provided they are all of the same size and are incompressible.
Wa. OstwaLp 2! first postulated that both emulsions would be
capable of existence, depending on whether the ratio of the two
phases is above or below 0.74. PIckeriNG,22 however, showed
experimentally that this hypothesis was untenable, sinee he could
make emulsions in which the dispersion medium occupied only
1 per cent of the total volume. Evidently the drops are then
compressed so that the dispersing phase forms only thin films
between them. Later investigations have made it clear that the
amount of the phase plays a subordinate part, while the determin-
ing factor which governs the tyvpe of emulsion is the added emulsi-
fier. Experiments of CLowes 2 and BHATNAGAR ?* have shown
that, in general, alkali soaps produce oil-in-water systems, while
the soaps of the alkaline earth metals, Fe, Al, and Zn, favor the
formation of water-in-oil emulsions. For example, if a system
consisting of equal volumes of water and oil is stabilized by means
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of a sodium soap, the first effect of adding barium chioride is to
destroy the stability. When the amounts of sodium soap and
barium chloride have become equivalent and a barium soap has
been produced, the system is extremely labile. The addition of
more than an equivalent quantity of barium chloride reverses the
system and a water-in-oil emuilsion is formed.

These water-in-oil systcms are, as a rule, very viscous or, to
express it more correctly, plastic.  They form paste-like masses,
somewhat in the nature of butter or margarin.

It is exceedingly difficult to give an interpretation of these
phenomena. (‘LaYTON's book,'? quoted above, may be consulted
regarding the many attempts that have been made in this direction.
Obviously, one might look for an explanation in the direction of
changed surface tensions, and the modern theories of LanaMuar
and Harkins, discussed in Sec. 11, may help out to some extent.
However, they cannot at present explain why the curvature of
the interface becomes convex for one phase and coneave for the
other, viz., why one phase remains continuous while the second
distributes itself in the form of drops. The fact that the boundary
tension between the two phases is more or less lowered cannot in
itself be regarded as an explanation for the peculiar behavior of the
emulsifying system.

Hipeeraxp and his co-workers 2% have made a successful
attempt to solve this cardinal problem by means of the so-called
wedge theory of emulsification. They postulate that the shape
of the sodium soap molecule can
be represented by the sketch ~—— —wWater———— ——
shown in Fig. 114, where circles — -
stand for sodium atoms and the =
jong straight bands indicate the
fatty acid radicals. Peptization
takes place in such a manner
that the hydrocarbon chain points
toward the oil and the dissociating
sodium atom toward the water.
In the figure it is assumed that the sodium atom is broader than
the hydrocarbon chain. Hence, whencver a molecular layer of
closest, packing is formed, it must give rise to the formation of an
oil drop.  On the other hand, if we peptize with a zinc soap having
two hydrocarbon chains per atom of metal, the authors imagine

Fuo. 114
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that the acid radicals are attached to the zinc in the shape of a
wedge, as is depicted in Fig. 115. The broad side of the peptizing
~ molecule is now located nearest
= to the oil, and as & result the
T sgystem will tend to produce
water drops. HrLpesranp and
his co-workers found a con-
firmation of their hypothesisin
the behavior of various alkali
Fra, 115. soaps, which appears to be
dependent on the size of the
alkali atom. Since the atomic volume of sodium is smaller
than that of potassium and this in turn smaller than that of
caesium, the difference must exert its effect’ on the closest
packing. )

A general objection to all theories based on the assumption of
monomolecular layers is that solid substances which are present
in the system may function as excellent emulsifiers. An example
is furnished by soot, with which, in some cases, very good emul-
sions have been obtained. Since these soot particles are, no doubt,
located in the boundary layer of the emulsified drops, it is evident
that polymolecular bodies
also make good emulsify-
ing agents. HILDEBRAND
accounts for the behavior
of these solids by taking
into consideration theangle
of contact of the liquid
with the solid emulsifier,
Fig. 116 shows that the
liquid with the smaller
angle of contact will become the internal phase while the liquid
having the larger angle of contact readily forms the external
phase.

Bancro¥T % has formulated the rule that, of two liquids, the
one that dissolves the emulsifier better always becomes the external
phase. Although this is undoubtedly true in numerous cases, the
rule is not of universal application. It satisfies the systems
mentioned to the extent that alkali soaps are guite soluble in
water while alkaline earth soaps are insoluble in this medium but
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readily dissolve in the oil phase. On the other hand, however,
oleic acid is insoluble in water and soluble in amyl alcohol, yet it
forms oil-in-water systems.

QOur knowledge of emulsions is, therefore, as yet far from com-
plete, and it is to be regretted that the phenomena of electric
charge in these systems have been comparatively little studied.
The prominent part which the electric charge plays in colloid
chemistry has been pointed out repeatedly, and important results
may be expected from future studies in this domain, Experiments
on the electric charge of water drops dispersed in oil are, however,
cxceedingly difficult, and progress is retarded by the limited infor-
roation available on colloidal systems with an external liquid other
than water.

Another difficulty which complicates the study of emulsifica~
tion is the vagueness of the term ““stable emulsion.” Between the
extreme cases of ready formation of emulsions and non-emulsifi-
cation, we find gradations of greater or lesser stability. Further-
more, we do well to divide the problem of the formation of a stable
emulsion into two parts. There are two requisite canditions to be
fulfilled: (1) one of the liquids must be finely divided; and (2) the
droplets formed must be sufficiently stabilized to keep tbem from
coalescing. The first part of this problem plays, in general, no réle
in the discussion of suspensoids, since the existence of discrete pri-
mary particles is an essential prerequisite and the preparation of
suspensoids, insofar as it necessitates a dispersion method (¢f. p.
156), merely involves a peptization process. In the case of emulsions
the subdivision of the previously continuous phase may be brought
about by such minute mechanical force that a second factor must
be taken into consideration in the preparation. Future research
will no doubt clarify our knowledge of these problems which, for
technical reasons, have attracted considerable attention.

88. Flocculation by Several Electrolytes.—The limiting values
for a single electrolyte were discussed at length in Chapter IV.
In order not to interrupt the course of the argument, the author
omitted the complication which is introduced by the simultaneous
addition of several electrolytes. This matter bhas been much
studied in recent years,?” mostly with the intention of obtaining
a better insight into the peculiar antagonistic action which some
cations exert on each other physiologically. Whether the study
of flocculation values can really settle this point is & debatable
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question; hence, the matter will be discussed exclusively from the
colloid-chemical point of view. If the flocculation value of a
given sol amounts to 100 millimoles per liter, with potassium
chloride as a precipitating agent, the total concentration of a mix-
ture of potassium chloride and sodium chloride will likewise attain
the value of 100 millimoles at, the limiting concentration. In case
the flocculating ions are not as closely related as the potassium
and sodium ion, thelimiting value for the mixture cannot be
computed additively. It is quite remarkable to note that the
addition of a second salt does not lower the flocculation value of
the other salt, but, on the contrary, raises it. Representing the
flocculating values of each of the salts, used separately, by 100,
we notice, from the data given in Table XXXII, that the limiting
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Lt MgCl I:Fji()l' oMot | RFelONe i aecry
I { I
| | |
T i
0 100 0 | 100 | o I 100
25 B8 125 1 180 3 1 130
50 156 20 | 180 J 66 | 60
72 180 25 | 200 | 100 | 0
100 0 4 230 | |
62 60 E
P

Hgs sol “ HgS sol f Sa sol
| r“? ‘ B
___I"so‘ i MgCle KCl ! MegCls wh‘FeiC bl MgCl

0 100 o | 100 0 100
16 110 16 110 8 112
33 120 33 120 16 116
100 i 100 P 25 122
38 122
50 100
100 0
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values of mixtures often exceed 100. The two salts, therefore, do
not codperate, but, in & way, interfere with each other’s flocculat-
ing activities. Whereas the Asy3; sol is flocculated by 0.8 mithi-
mole of MgCla per liter (= 100 in the table), 1.25 millimoles of
MgClz (corresponding to the comparative value 150) will be
required after the previous addition of half the floceuletion value
for LiCL

From the examples quoted in Table XXXII it appears, there-
fore, that whenever lithium chloride is first added considerably
more than the amount demanded by the rule of mixtures is neces-
sary to discharge the sol to its critical potentinl. This justifies
the surmise that the addition of the first salt has raised the poten-
tial. As a matter of fact, we met, on page 82, with cases where
the boundary potentinl was increased by salt addition. The same
is evidently true for the salts mentioned in Table XXXII. Special
investigations on cataphoresis of these sols have confirmed this
assumption.?®  Another point which strikes us in Jooking over the
figures in the table is that ions that greatly increase the charge are
highly suitable for raising negative charges, as, for instance,
804~ and Fe(CN)g——".

The problem of floceulation by means of mixtures of electro-
ytes is, therefore, reduced to the following: Whenever a salt
raises the charge, its addition will also raise the floceulation value
of a sscond salt. This leads to another question: Why does the
first salt raise the charge? This matter has been previously dis-
cussed. One js inclined 1o say that in such a case the anions are
adsorbed more strongly than the cations. The chlorine ion, for
instance, might be adsorbed more strongly than the potassium ion,
and even to a greater extent than the lithium ion, which in turn
suggests a connection with the lyotropic series. Since it is diffi-
cult, in cases where displaeement adsorption plays a prominent
part, to secure experimental evidence on the manner of adsorp-
tion, we must, for the present, confine ourselves to the statement of
theinterrelation of elevation in charge and increase of Limiting value.

89. Photo~colloid Chemistry.—Comparatively little is known
with regard to the effect of light and other radiations on colloidal
systems. Mention shouid be made of the work of FERNAU and
Pavwii 30 on the effect of B~ and y-rays on the sol of CeOz and of an
investigation by FreuxpLicH and Nataansox 2 on the influence
of light on the AsSsz sol.
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We are, of course, better acquainted with the influence of
light on the photographic plate.?' The so-called photographic
emulsion (the word emulsion naturally has a different meaning
here from the one given to it in Sec. 87 of this chapter) consists of o
silver halide dispersed in a gelatin gel. Any kind of silver halide
may be employed, such as AgCl in diapositives or AgBr and Agl
mixtures in plates and films. One may prepare these emulsions
by pouring into the same container dilute solutions of silver nitrate
and alkali halide in the presence of gelatin, and allowing the whole
{0 sct. Colloidal silver halide is formed, but in such a high state
of dispersion that the reactivity of the cmulsion is exceedingly
slow. In order to produce rapid plates, a process of ripening is
applied whereby small grains grow to larger ones. We are, as yet,
not certain whether this grain growth is the cause of the rapid
action, or an incidental side reaction. The grain growth is essen-
tially a recrystallization process.

The exposure of the photographic plate to light results in the
formation of the so-called latent image and corresponds to a reduc-
tion of the silver halide particles. For a long time it has been
doubtful whether there oceurs a reduction to a subhalide or to
metallic silver. Modern investigations, however, have shown
that the exposed plate contains silver halide grains in which minute
nuclei of silver arc produced. When the plate is developed, only
those silver halide particles are reduced to silver that already
contain a tiny silver nucleus in the latent image. The researches
of SvEDBERG *2 have brought out that the course of the process is
really as follows: One silver nucleus in & grain of silver bromide
makes the whole grain suitable for subsequent developing, whereas
a grain without a nucleus remains unchanged uniess it is in close
contact with another grain containing such a center.3® The
exposed plate represents, therefore, a peculiarly complicated eol-
loidal system, viz., a gelatin gel with dispersed silver bromide
grains, part of the latter containing one or more silver nuclei.

In recent years a new question has cropped up: By what
mechanism does the light produce the silver nuclei? While in
the past the action of the incident light was measured by the degree
of blackening of the plate, we have been enabled in recent years,
by using plates with a single layer of silver halide grains, to count
the number of grains attacked by a definite quantity of radiation.
Sveppere 3¢ found that by using a-rays (i.e., charged helium
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atoms) each grain hit by an a-particle is made fit for subsequent
development. With B-rays or ordinary light, as a source of radia-
tion, we do not know whether each quantum of light plays the
same part as an a-particle.  On the contrary, various investigators
have pointed out that no confirmation of the theory of light quanta
can be looked for in this direction. Some experiments of CLark 3%
have even indicated that a solution of sodium arsenite exerts
exactly the same effect as light.

Consequently, there is, as yet, nothing certain about the
mechanism of the separation of the silver nucleus from the silver
halide. 'What interests us in particular is why certain parts of the
grain are better adapted for nucleus formation than other parts.
The impression is gained that specific points in the photographic
emulsion are favored because of the presence at those spots of
catalysts which pave the way for the appearance of the silver
nuclei of the latent image. Recently, Suerparp 3¢ showed that
gelatin - actually contains decomposition products which highly
favor the sensitiveness of the emulsion. It is probable that these
catalysts are located at certain points of the grain and that herein
lies the explanation of the local predisposition of the grain, The
problem of the photographic emulsion is, however, in its first
stage, and the fact that we arc dealing with a rather complicated
system of dispersed particles means that colloid chemistry will
without doubt be called upon to furnish the clue to the solution.
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viscosity of, 170
Drop method for determining particle
size, 132
E
Elastic gels, 217, 224-230
Elastictty in sols, 170
Electric charge, see Charge.
Electrical disintegration, 157
Electro-dialysis, 148
Electro-endosmosis, 53-57, 79, 80
Electro-valence of double layer, 104-
107
Electro-viscous cffect, 171-173
Electrolyte-gelatinizing, 212, 213
Emulsifier, 243, 246
Emulsions, 242~247
cataphoresis of, 60, 66, 82
Emulsoids, 167-211
vs, suspensoids, 10, 11, 179, 180
External phase, 7

F
Ferric oxide s0l, 9, 71, 72, 77, 84, 87,
100, 101, 133, 155, 157, 239
Filtering, 6

Flow potential, 52, 57, 58, 81

INDEX

Floceulation, 65-77, 8590, 88-101,
109-118
by excessive dialysis, 84
by seversl electroytes, 247-249
compared 10 gelatinizing, 212
kinetics of, 109-118
of emulsoids, 10, 181, 182, 185,186
value, se¢ limiting value
Foam, 8
Fog, 7
Formation of suspensoid sols, 151-157
Fractional floeculation, 239
Fuehsin,
new—as flocculator, 70, 86

G
Gel, 7, 212-232, 242
Gelatin,
gel, 224, 229, 231
in photography, 250, 251
protective action, 87
sol, 186, 193, 195, 197, 260-202
U-number, 88
Gelatinizing, 212-217, 240
Gold pumber, 87
Gold sol, 65, 68, 69, 77, 84, 87, 89,
90, 113, 115, 116, 120-122, 125,
131, 137, 141, 151, 200
color of, 121, 122
Granule, 7, 102
Gum arabic sol, 171

H

HeS sol, 71, 72, 75, 157, 248
Historical review, 158-163
Hydration,

and electric charge, 180, 182

and Ivotropy, 183, 184, 229, 230,

- 235-237

and reversibility, 238, 239

as stabilizing factor, 180

of emulsoids, 168, 169, 180
Hydrolysis methods, 155
Hysteresis in gelatin sols, 201, 202

I

Immersion ultramicroseope, 129
Internal phase, 7
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Tonie micell, 241

Irregular series, 85, 86, 89
Iso-disperse, 154

Iso-electric point, 66, 191-197, 209

L

Latent image, 250
Light,

influence of—on colloids, 249-251
Limiting value, 10, 67-72, 115, 248

and sol coneentration, 75-77

by adding several electrolytes, 247-

249

determination of, 67

or arsenic trisulphide, 68, 71, 73

of dehydrated angar-agar, 181

of ferric oxide, 72

of gold, 68

of mercuric sulphide, 72
Literature on colloids, 161163
Liyophile »s. lvophobe, 10
Lyotropy, 183, 184, 229, 230, 235-237

M

Mastic sol, 85, 120, 140-142
Maximum bubble pressure, 17
Maxwell's distribution law, 67, 117
Mechanical dispersion, 156
Membrane potentials, 209-211
Micell, 7, 101, 102, 159

ionie, 241
Microns, 6
Migration potential, 53, 61
Mirror condenser, 128
MnO, sol, 100
Molecular dimensions,

estimation of, 44,
Molecules,

large—or colloidal particles, 175,

176, 178, 179, 190, 192, 197

Molybdenum oxide sol, 236, 239
Mutarotation of gelatin sol, 202
Mutual flocculation, 86, 87

N
Nuclei,
formation of, 152
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0

Oil emulsion, 66, 82
Optical phenomeny,

of gels, 213, 214, 230, 231
6, 119-135, 180
Opticeally void liquids, 119
Orientation,

of molecules, $1-49, 92-107, 103,

104, 236, 237

of dipoles of water, 237
Osmotic phenoniena,

abnormal, 210, 211

in general, 203-211

of enulsoids, 207-209

of suspensoils, 143-145
Oxidation methods, 155

r
Paraboloid condenser, 128
Peptization, 84, 97-103, 156, 157, 245,
247

FPhato-colloid chemistry, 244-251
Photography, 250-251
Polarigation,

of fluorescent Jight, 119

of Tyndall light, 119-121
Poly-disperse, 154
Potassium sol, 157
Potential of flow, 52, £7,
Probability,

of adhesion, 66, 67, 76, 169, 112,

115-118

of collision, 67, 76, 1069
Protective action, 87
Protein sols, 190-202

charge of, 173

eonstitution of, 192--195
Purple of Cassius, 90

R

Radiation and colloids, 249-251
Rapid cougulation, 112~114
Rate,

of coagulation, 109-118

of crystajlization, 153

of formation of nuclei, 152
Reduction methods, 154
Reversibility of sols, 11, 217, 239

58, &1
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Roéntgen rays, 8, 123-125, 175, 176
Ruby glass, 8

8
Salting out, 182-185
Seintillation of sols, 134
Selenium sol, 113. 114, 132, 154, 248
Sensitizing of suspensoid sols, 86, 89
Silica gel, 213, 218-224
Bilicic acid sol, 213
Silver halide sols, 102, 103, 250
Silver sol, 154
Blit-ultramicroscope, 129
Slow coagulation, 112, 114
Sinoke, 8
Soap, 240242
Sodium sol, 157
Sol, 7
Solution, true and colloidal, 4, 159,
162, 175, 176, 178, 179, 192, 208
Solvation, see hydration
Spontaneous filters, 150
Stalagmometer, 16
Star dialyzer, 148
Starch sel, 171, 172, 175
Stoichiometry in colloids, §, 77, 150
in the adsorption layer, 97, 102
with emulsoids, 197, 198
with suspensoids, 73-75, 98, 99
Streaming potential, see potential of
flow
Sihmisrans, &
Sulphur sol, 88, 89, 101, 120, 125, 238
Surface tension, 14-17, 45
of electrolytes, 184, 185
of soap solutions, 240, 241
of sols, 167
of solutions in general, 18-26
Suspensions, 8
Suspensoids, 65-163, 235-251
vs. emulsoids, 10, 11, 179, 180
Swelling, 224-230

SUBJECT INDEX

Syneresis, 230

T
Tanuins, dehydration by, 185~189
Temperature-gelatinizing, 212, 213
Thixotropy, 239
Tin oxide sol, 97-99, 104-107, 155,
200, 201
Tyndall effect, 6, 119-12], 123
T
Ultrafilters, 148-150
Ultramicrons, 6
Ultramicroscope, 6, 125130
alit-, 127, 120
immersion, 129
U-numbers, 88

v
Valence, influence of—on floccula-~
tion, 9, 10, 68, 69, 160
Vanadium pentoxide sol, 133-135,
156, 231, 23¢, 236, 239, 242

Vapor pressure,

of small crystals, 15

of small drops, 15, 221

in capillaries, 221-223
Viscosity, 10, 167-173

and Poiseuille’s law, 170

of protein sols, 195, 196

of sols of agar-agar, starch, etc., 171

w

‘Washing out method, 156
Water equilibrium, 184

X
X-rays, 8, 123-125, 175, 176

z
Zwitter ions, 181
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