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l'RANSLATOR'S PREFACE 

THE translator has known the au.hor of." Colloids" for almost 
twenty years, a period which practically covers the time spent hy 
Dr. Kruyt on colloid-chcmical researches. 

The results obtained in the van't HoII' Laboratory by tho 
author and his pupils have been included ill the text and arc hero 
presented for the first time, collectively, in English. 

It has been a source of gratification t.o the translator to have 
the opportunity to edit this textbook on colloids in the homeland 
of Willard Gibbs, whose countrymen, during the past fifteen years, 
have made a number of important contributions to this branch of 
chemistry. 

The major part of the manuscript was read and criticized by 
Dr. E. :1<'. Burton, of the University of Toronto, and Dr. M. A. 
Hunter, of the Rensselaer Polytechnic Institute. A number of 
suggestions and corrections were made by the translator's col­
leagues at the Rensselaer Polytechnic Institute: Dr. R. P. Baker, 
J. B. Cloke, Dr. A. W. Davison, E. V. Dwyer, Dr. H. M. Faigon­
baum, and H. H. Nugent. To these gentlemen the translator 
expresses his sincere thanks. 

One cut has been borrowed, with the permission of the pub­
lishers, from Dr. Getman's" Outlines of Theoretical Chemistry," 
and one from Dr. Holmes' "Manual of Colloid Chemistry." 

Acknowledgment is also due the firm of Carl Zeiss, in Jella, 
{Qt t.b.e 'UlR. Q( t.b.e ~wx~ io! ~. %, (1.7, 00, !I.W! 7Q. 

WALKER LABORATORY, TROT, N. Y" 
April,1927. 

H. S. VAN KLoOSTER. 



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 purpo.'lC to offer 
a mai" 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 
Il;eneral plan of attack is a matter of personal preference, has 
deliberately choBen the methods of Physical Chemistry to outline 
the path alonll; which the study of colloids should be pursued. On 
several occasions his personal opinion has been bronll;ht to the 
fore. This will he partirnlarly not,iceable in the treatment of 
lyophile colloids. It may be stated that in a textbook the sub­
jective method of approach is not undesirable. In fart, it is of 
prime imporlance for a student to develop a trend of thought; 
whenever he is confronted with a definite line 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. HALDAl>~ 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 "KapilJar­
chelnie." The reason for the existence of a textbook lies in it. 
limitation. This is true not only with respect to the number of 
subjects dealt with, but also with respect to the treatment of each 
separate subiect. 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 as 
possible. In many instances, therefore, he has first presented a 
preliminary, elementary diseussion of SOme particular problem. 
In such cases the arguments used are necessarily inco!Uplete, 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 inferences immediately at.tract the reader's 
attention. The next chapter describes Iwu> 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 HELMHOLTZ; 
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 HELMHOLTZ. This scheme has been 
followed repeatedly, and a different line of reasoning h .. , 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 an'd approved by the author and supplemented 
by new data. To PROFESSOR VA!" 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 valuahle criticisms 
which he has offered. 

V AN'T HOFF LABORATORY, 

Utrecht, 
Spring, 1926. 

H. R. KIroYT 
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General Introduction 





COLLOIDS 

CHAPTER J 

PRELIMINARY CONSIDERATION OF COLLOIDAL 
SYSTEMS 

1. Colloidal systems.-Dispersion. As a result of theoretical 
considerations which originated during the years 18S0-90 we have 
at present a clear idea of dilute solutions such as those of glucose 
and barium chloride. The work of VAN'T HOFF, RAUCLT, 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 
HrrroRF, KOHLRACSCH, ARRHENIes, and WI. O'TWALD 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 split 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 diHSOCiation and association that 
may exist for any given solute in any given solvent. 

By using another nomenclature, the meaning of which is self­
explanatory, we might say that glucose is molecularly dispersed in 
t'ne solvent, willie 'oaimm c'nlonoe is ionically aispersea ana partly 
molecularly dispersed insofar as the undissoeiated molecules are 
concerned. 

Whether the dissolved molecules and ions are present as such 
in the solution or combine with a number of solvent molecules 
(hydration or lIOlvation) is a question that has been much discussed. 
Up to the present time it has not been answered satisfactorily 
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4 CONSIDERATION OF COLLOIDAL SYSTEMS Sec. 1. 

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

It is a striking fact that an aqueous solution of glucose or of 
b .. riwn 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 make the following observations: If hydrogen 
sulphide is pa..sed into a solution of arsenic trioxide, the latter 
will assume a yellow colo: and the solution will be found to contain 
an apparenlly homogeneous Rubdivision of arRenic trisulphide 
particles, which will be discussed later. If, 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 + water is less than that of a homogeneous system. 

The same statement holds for the behavior of a suhstance such 
as agar-agar. Agar-agar threads do not dissoh'e spontaneously 
in water, even at 50°. If, however, the temperatme is raised to 
about 90°, there is formed an apparenlly 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 fo,.mation, 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 osmotic 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 have any real meaning or not. 

A comparison of the true solutions of glucose and bariwn chlo­
ride with tbe colloidal solutions of arRenic trisulphide and agar-agar 
leads to the asswnption that the latter substances occur in col­
loidal solutions in a much coarser state of subdivision than the 
former ones, which, ll.'l stated before, must be molecularly dis­
persed. The comparison of these two kinds of solutions will be 
t'Ontinued in the following paragraphs for the purpose 01 determin­
ing whether this supposition can be confirmed. 
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A substance that occurs in true solution can, of L'OUrse, 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 BaCh, 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 <"QUoidal solution of 
arsenic trisulphide, we find that minute quantities-about one 
millimole per liter--1l.re sufficient to precipitate the arsenic sul­
phide, "'hile, 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 betwccn 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 COl1Bist of coarser aggregates, we naturally 
expect that the added magnesium SUlphate molecules will react 
only with the older 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 colloidal 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 flubdivision. 
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 colloidal solutions, when viewed under the microscope, 
s.re 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 in 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 sidewise, while a true solution, as a 
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rule, does not. When the light that strikes the eolloidal solution 
is partly reflected and partly transmitted, the liquid presents a 
turbid appearance. 

The phenomenon of the scattering of light by colloidal solu­
tions and nebulae is called the TYNDALL effect (see further Chapter 
VIII, Sec. 39). On this phenomenon is based the principle of the 
ultramicroscope, an optical instrument in which the TYNDALL light 
is observed microscopically. Experience has shown that this 
TYNDALL light is cau,cd by the scattering of the light at the surface 
of the partidos dispersed in the liquid. In the ultramicroscope, 
the light scattered by each particle may be observed separately, 
and we are 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. GlIAHAM 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 colloidal 
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) particles that can be observed 
only by means of the ultramicroscope are called ultramicrons 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 microseopic visibility 
lies at 0.21', while the limit of ultramicroseopic visibility lies around 
101llI'[1 mm.= 10001'; 11' = looom,u; IIll1' = 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 moleeules. 

To SUlDmanZe the previous disou.'!8ion, it IIUty be said that. in 
true sclutions IIUttter is split up into mole('ules, while in colloidal 
solutions larger particles, polymolpcular partide., arc present. 

It. is customary to call a colloidal ""lution a 801, whH" the naml' 
gel is uSl'd exclusively for the jeUy-like mass that is formed, when, 
for instanc.e, a gelatin 8OIution 80lidifies completely without any 
visible separation. 

True solutions and colloidal solutions differ morpholo¢caUy in 
degree'of dispersion. The latter cxprc"sion ¢yes rise to the di .... 
tinction between dispersion medium (or di.'persing phllJle) and 
dispersed phase. If mastic is dissolved in alcohol. a true solution 
is obtnJned. On pouring a little of this solution into water, we 
obtnJn a colloidal solution of ma.<tic in water, a.~ shown by the 
immediate appearance of the TYNDALL elied. The water (or, 
properly speaking, the water in which a little alcohol is dissolved) 
is called the dispersion medium, and the mastic the dispersed (or 
disperse) phase. English scientists speak of internal and exUrnal 
phf18e, 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; rf. p. 101) and the dispersing phase 
milieu extlirieur or liquide intermicclUJire. The word micc!l(e) is 
also used considerably ;n English. 

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

1. G+G 4. L+G 7. S+G 
2. G+ L 5. L+ L 8. S+ L 
3. G+ S 6. L+S 9. S+S 

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 mil<ture of two 
gases. Since gases mil< freely and form molecular dispersioIl8, the 
system G + G falls outside the field of colloid chemistry. System 
2 represents the condition known as a fog: liquid droplets dispersed 
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in a gas such as air. Sysrem 3 is a smoke; solid particles dispersed 
in air. Sysrem 4 is a foam, consisting of isolated gas spaces en­
closed in cohering liquid films. Sysrem 5 is the emulsion of one 
liquid dispersed in another liquid. Sysrem 6 is a suspension. 

Sysrem 7 is a comparatively rare one. It includes the finely 
divided gaseous inclusions found in certain minerals. The gels, 
consisting of liquid enclosed in solid walls, belong to sysrem 8. 
System 9 is represenred by marerials such as gold (or ruby) glass 
in which minure gold particles are dispersed in a solid mass of glass. 

Although it is formally correct to consider all these disperse 
sysrems as more or less related to one another, the development of 
colloid chemistry has shown that only a few of them are. closely 
connecred, while others arc but remotely related to one another. 
Colloid chemistry has been developed chiefly in the direction of 
sysrems 5 and 6, representing colloidal sols, and sysrem 8, which 
is often formed from sysrems 5 and 6. It would be wrong, however, 
to suppose that the knowledge gained from these three sysrems 
might be transferred without change to systems 2 and 3, viz., 
to a fog or a smoke. Henceforth, the discussion will be confined 
t.o colloidal systems in a more restricted sense. A writer on dis­
persoid chemistry who attempts to discuss the general properties 
of all these sysrems is bound to fall into superficial generalities 
since the specific properties of the different sysrems 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. 
GRAHAM, therefore, was mistaken in his classification of colloidal 
and non-colloidal (or crystalloidal, as he called them) substances, 
since, in gener!'l, 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 stare, 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 
sysrems 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 genera.lly 
electrically charged with respect to their surroundings. When an 
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electric current is passed through a colloidal solution of As:aSa, it 
will he found after" while that the di.pe""'OO substance has ~u­
mul8.ted at the &node. Without claiming that anything else has 
occurre:! in the liquid but the displacement of the A..s:., one may 
state that the sulphide ,has migrated as a whole, whcl'f.'&S in 8. 
solution of "'Opper chloride the chlorine moves t.award the anode 
and the copper tOWII,rd the " .. thode. 

Furthermore, the direction in which .. colloidal particle moves, 
with respect t.o the electric current is a "pecific property of the.t 
particle. An As.S:, partide moves toward the anode and is there­
fore, apparently, negatively char~, while a particle of Feoo. moves 
toward the cathode alld must, therefore, be positively charged. 
A sol of ferric oxide may be prepared by hydrolyzing ferric chloride 
at higher temperatures. 011 pouring a few 
drops of a solution of this substance into 
boiling water, hydrolysis takes place and a 
reddish-brown iron oxide sol is formed. If 
the solution thus obtained be plac'Cd in a 
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 oUUlide waUlr 

Flo. 1. 

(which may be renewed repeatedly) while a pure colloidal solu­
tion of ferric oxide remains behind. 

In subsequent chaptel"8, it will become evident that there is an 
intimate connection between the electrical properties of a ""I a.nd 
a1ded electrolytes. It has been known for a long time that many 
colloidal solutions arc eJ<tremely sensitive to small quantities of 
added electrolytes. LINDER and PICTON have studied this rela­
tionship in detail. Although these matters will be fully discussed 
in Chapters IV Md V, their results may he summarized here in the 
following statement: For a negatively charged colloid, the amount 
of electrolyte required to produce precipitation i.~, in genenl, 
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 ease of the particular 
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AsoS:. sol used, the cOO{!ulaiing point (or limiting value), i.e., 
the concentration of electrolyte required to precipitate the sol 
completely in two hours, is 56 millimoles per liter for KCI, 0.68 
millimole per liter for BaCh, and 0.091 millimole per liter for 
Aleh. Hence the flocculating powers of these electrolytes are in 
the ratio of 1 : 8 : 500. The converse of these relationships is 
prp.sented by the previously mentioned pooitively charged Fe;,o.. 
sol. Whereas 60 millimoles of KCI (monovalent anion) were 
required for precipitation, only O.G millimole of K2S0. (divalent 
anion) produced the same effect. 

3. Two Types of Colloids.-In the previous paragraphs it 
h .. , been shown that colloidal eystems have three general character­
istics: (1) they arc not optically void but dlOW the TYNDALL 
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 8uRpe1'Soid8 and emulsoids. In another classifica­
tion, the terms lyophobe and lyophile arc employed. On the cor­
rectness of these nomenclatures, all opinion will be expressed 
later (see p. 167). The differences between thew two groups are 
as follows: 

(a) The suspensoids, or lyophobe colloids, to which helong 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 viscosity of a gold sol 
and that of an arsenic sulphide sol differ little from that of water. 
Emulsoids, or lyophile colloids, whirb include the £018 of albumin 
and the higher carhohydrates, form disperse systems in which the 
properties of the dispersing phase are considerahly modified by the 
dispersed colloid. The high viscosity of a glue solution is a familiar 
example. 

(b) There is an important difference ill the behavior towllJ'd 
electrolytes. Suspensoids undergo flocculation by the addition of 
minute concentrations of electrolytes, whereas large amounts of 
an electrolyte are necessary to precipitate emulsoids; the so-called 
saUing out of proteins requires comparatively large concentrations 
of electrolyte (except in the case of salts of heavy metals). There 
is &tilI another important difference in the precipitation of these 
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two groups. Addition of water to the syswm after flocculation 
causes emulsoids to return to the state of colloidal dispt'rsion, 
but does not have tlus effect upon suspensoid.; hem"" jlocculotion 
is as 8. rule, £rret,(,1\~ibl~'1 for 8u:5p{'nsoid."1~ and rcvt}rBiblt, for emulsoidtol. 

(r) The ultramicroscopic image of one group is often different 
from that. of the other. Most susl"msoids Ilive a weU-differentiated 
ultmmieroscopi(' pictur~ ('onsistilll!: of hright particles in vigorous 
Brownian movement. Emulsoid., however, usually show only a 
diffuse light ('one. 

(d) Filially, the electrical properties arc quite diff,'rellt. A 
suspcru::oid, ordinarily, ha..~ an ('lpetrie ('harg;e of a definite sign, and 
only by wry special methods (to he discussed later) is it possible 
to change this sign. On the other hand, most emulsoid_, morc 
particularly protein wls, change their ('harge readily, so that. they 
are positively chargod in an acid medium and negatively charged 
in an alkaline medium. 

}<'rom the first-nlPntiolll'<l difference it follows imm<'ljiately 
that there is apparently no mutual relation be( ween the Sll"P"D­
~oidal particlc's and the clisp{'''' ion medium. Hence, th" properties 
of the latter hardly l'hallg{', whereas in emulsoid systems, which 
are ri!(htly called lyophile, a reciprocal adion hc.,tween the dis­
persed phase and its medium tukes place. This explains the 
striking contrast in the [",havior of thc two dasses of sols. Although 
the opposing characteristics arc not absolute (no contrll8ts ever 
are, for that matter!) it is expedient to accept the above systematic 
distinction between these two main group" of colloids. 

4. General Problems of Colloid Chemistry.-In the preceding 
sections it has been shown that colloidal systems arc systems in 
which a substance, although not in true ,olution, 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 urute and form drops; small crystals grow 
together and form large units. 

Since the particles in a colloidal £Olution 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 
equa.lly striking fact, that, at least in the case of suspensoids, the 
addition of a sma.ll 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 rea.lly does 
take place in the interfacial boundaries. Chapter II will beqevoted 
to this problem. 

Secondly, the large part played by electrolytes, in connection 
with the fact that most sols are electrica.lly charged, gives rise to 
the assumption that special electrical causes have an important 
bearing on the phenomena under c')nsideration; hence the electrical 
conditions in the interface between particle and medium must be 
closely examined in order 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 II 

BOUNDARY PHENOMENA 

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

LAPLACE, as early as 1806, evolved a theory to account for these 
phenomena, basing his reasoning upon the idea that liquid and 
vapor meet sharply in one plane. Later, VANDER WAALS revised 
the theory of LAPLACE, working on the assumption that the transi­
tion from liquid to vapor is not discontinuou. but continuous. 

The condition of the molecules near the boundary i. depicted 
in Fig. 2. The basic idea is that the moleeules exert an attraetion 

FlO. 2. 

upon one another, in such a way that at a certain distance from a 
given moleeule 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 moleeules 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 moleeule within the liquid is usually 80 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 equa11;r strongly in all directiOD\l. On al'Proa.ching 

t3 
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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 withmolecuJes 
of liquid while the upper half is only partly filled. Sinee the 
vapor has a lower density than the liquid, there are fewer molecules 
in the segment bed than in the equally large segment efg,~Md con­
sequently the force tending to draw a upward is less than that 
tending to draw it downward. Such a molecule will be subjected 
to 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. 

It 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 i3 evident 
that a state of equilibrium must be established, so that a density 
gradient between lines I and II 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 VA" DER WAALS 1 and his pupils have 
made it dear that this continuous density gradient accounts for 
the so-called surfac~ tension. The in ternal pressure is, as we 
have seen, a force actinp; in a direction perpendicular to the bound­
ary surface; the folurfarc tension, however, is a force acting in a 
direction paranel to the boundary surface and tending to decrease 
the surface to a minimum. Hence, an increase in surface requires 
the expenditure of eneq';y, 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 te.-r>sian 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 houndary, 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 upp"r half water (mort' 
correctly speaking, if the figure were assumed to represent the 
equilibrium between two liquid pha.es in the system water-phenol). 
Consequently the same phenomena Ol'Cur at the houndl\l'y of 
two liquids, as will be discussed in Reo.7. 

As an example of the ell'ect of surflle" tension, it mav be nou,d 
that small droplets tend to distill to lar~l'r on,'s. This can be 
readily observro. under the )}UefOSeope by pladnl( a number of 
drops in a cell of II nlicroculture slide. It is evident that small 
drops have II p;n,at.'r vapor pre,,<ure than lar~e ones, since onc 
gram of small drops has more poteniial enerl(Y Hum one ~ of 
la~c drops. If both are to be vaporized, different amounts of 
enerey will be required; hence these two kinds of drops cannot 
exist in equilibrium with the same vapor. (For a further dis­
cussion, seC Sec. BO.) 

Sinlilarly, Rincl' small crystals sublime to larl(P Olles, we may 
conclude that there also exists a surface tension at the boundary 
of a solid in contact with its vapor. 
(See further, p. 26.) 

The surface tension exerts, so to 
speak, a ('omprcAAive foree on a drop. 
The magnitude of this pressure ran be 
easily computed. Let us consider a 
drop with radius r (Fil(. 3) at the end of a 
capilll\l'y tube, connected on the other 
side with a large volume of liquid. 
The volume of the liquid can he changed 
by means of the piston Z. When the 
drop at the end of the capillary is in 

z z 

L_l=-@.) 
FlO. 3. 

equilibrium with the large maJlS 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 = erd", . . . , • (1) 

in wrueh P is the pressure exerted, dv the change in volume, (f the 
surface tension, and dw the change in the surface area. 

For a change in radius from r to ,. + dr, the increase in volume 
is 4 .. ,-2 X dr, while the increase in area amounts to 

4.-(r + dr)' - 4".,-2 



16 BOUNDARY PHE..VOMENA Sec. 5. 

or 
4".r" + 8 .. rdr + 4"dr" - 4".r", 

which, neglecting dr" (a quantity of the second order), becomes 
8.-rdr. 

Hence, equation (1) is changed to: 

P X 41Tr"dr = <1 X 8.-rdr 
or: 

P=~. 
r 

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

The surface tension (u) can be determined by different methods. 
The first to be mentioned is that which makes use of the capillary 
rise (or fall), h. The relation between hand <1 is given by the 
'''luation: 

h=~. 
dLRg 

in which dL is 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 
detennine 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. 

Another method for the determination of surface tension is 
that which employs the sWoumomeJer. 3 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 0{ 
liquid, the number of drops fonned is inversely propor-
tional to the surfs<''C tension. t:sinl( a definite volume, 
we first determine the drop-numher for water, and then, 
with the same volume, the drop-number for the sample 
liquid. Or, we may proceed diJl"~rently. Fillinl( the 
pipette, first with water and then with another liquid, we 
may weigh a number of drops.' By means of the 
specific gravity of the liquid, the results are caku!ated 
in terms of equal volumes. 

A third method is that of the so-called maximum 
bubble pressure5 The tip of a tube, through which air 
(or another gas) is blown, dips first into watN and 
then into the sample liquid. The pressure reqtlired to 
let the gas-bubble escape from the tip is a measure of Fta. 4. 
the Rurface ten~ion. 

A fourth method consist" in meaRuring the force necessary to 
remove an object from the surface of the iiqtlid. This force is 
measured with a balance.' As objects, a small plate, a ring,6 

H 

G 

l'lo. 5 • 

• A very eonvenient insttument is the micro-tonion balance made by thtl 
Central Scientific Co. (Chicago, Ill.) (Fig. 0.) 
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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 
measurement~. 7 

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

In studying the effect of added substances on the surface 
tension of a liquid, we find that this effect varies greatly for dif­
ferent substances. Some snbHtanccs lower the surface tension; 
others leave it unchanged; while a f('w 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 arc 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 BENSON 8 has verified this fact by compar­
ing the eoncentration in the foam obtained from an amyl alcohol 
solution with the concentration in the solution itself. 

WILLARD GIBBS 9 first deduced thermodynamically the relation 
between the change of concentration in the houndary layer and 
the effect of the dissolved substance on the snrface 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 concentration in the boundary layer are com­
monly called adsorpt/on. Positive adsorption is that which occurs 
when there is an increa.,_~ in concentration; when a decrease in 
concentration in t.he houndary 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 wiU, a .url .. "" tension tf and a 8Urf..ee 
-', while the h()8motic pressutt"" in a vo]umt> fJ would be 1f". 

(1) At {'onstant volume. the surfae,' is in,·reasro. This I'('­

luires th,' work udw. while the osmotic pressure {'hanges from 'Ir 10 

• + (0") dOl. a", ~ 

(2) The ""rond step ronRists in keeping the surf.t<'c ('onstant 
~'hile til(' volulllP is inerf'B.St>d.. In other word~, ttl(' solution i~ 

lilu("l with the' sol"""t while t.h" shap .. of th .. ('ontainer is changed 
n suph a wny that the total ar('ll rl'main~ ronstant. The work 
lon(' i~ (,<\ual to the o~motie preSfoiUf(' tim('!' the volume ('hange and 
LUlOunts to 

- 1,r+ (011') dw 1 d;·. 
l 3w. J 

)wing to the dilution, the :mrfac,p tension yane:;\. a.'"l a result of the 
'han~lT in ('otH'entru.tion and b(!('OOl(,S 

u + (~) d,·. 
0" " 

(:l) ~ext, the original surface is restored and the system 
)erform~ work {'qual to t.he 8urfaec tension times the ehange in 
.urfu.cc, or 

- L + (~) d"} dOl. 
l 0" " 

\( the same time, the osmotic pressure reverls to the original 
,·ulue,lI". 

(4) Finally, in restoring the old volume, for which the work 
rdv has to be performed, the system is brought ba('k to its original 
;tate. The sum total of the energy changes must be ~'<lual to 0: 

qdw - { 7r +(~:).dW } dL' - { q +(~) .de } dw + Tdv = 0 

!:lence, the following relationship exists: 

au d ... - dv = a;;; ....••• , (2) 

Rrom this equation of GUlDS, we can derive an expression for the 
lXress concentration (positive or negative) in the boundary, 
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Let us lU!Bume that n moles are diSBolved in v liters. If the sub­
stance is homogeneously distributed throughout the liquid, its 
concentration in the liquid is: 

n 
c = -

v 

If we call the excess concentration in the houndary layer, per 
square celltimct.t~r, H, we obtain: 

n - uw 
e= 

Equation (2) can he written: 

d" de <I .. de 
-a;,'(jV = ,IC';-i;;; 

From equation (3), it folloWA that: 

de n-uw c 
dV = - -,-)2- = 

and: 
de u 
(f;;;= --

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

du d ... 
-cdc=u(lC 

or, since .. = RTe, and '£ = RT, the final result is: 

c du 
u = - R1'ik . 

(3) 

(4) 

(5) 

From this equation, we see, in agreement with the rule of 
GIBBS, that u is positive, i.e., the boundary layer is richer in the 

dissolved substance when 'ff is negative, or, in other words, when 

the snrface tension decreases on addition of this substance. Con­
versely, the boundary layer is poorer in the added constituent when 

~ is positive, i.e., when the snrface tension increases with the 

concentration. 
For the liquid-vapor boundary layer, it is extremely diflicult to 

test this relation experimentally. In order to determine IL, we must 
know the concentration of the boundary layer per square centimeter. 
It will be readily understood that it is exceedingly difficult to ~ 
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conditions under which the total surfaoe of the boundary layer i. 
known and. at the same time, Ihe {'()neentration of the boundary 
layer is accessible to detcnuination apart from the remainder of 
the liquid. However, sinee the previous discussion docB not 
include anything that is speeific for the liquid or the "apor ph ... 'lC, 

equation (5) applies cquall~' well to hound~' phenomena between 
other phases. We shall pref'{'utly f'{'e that verificntion of t'<luntion 
(5) is sometimes possible. (i'l" Rec. i.) 

Positive adsorption is a mueh more importAnt phenomenon 
than negative adsorption. for the following ",,,,'on: By the addi­
tion of a seoond ~mh8taJ]Ce, u may be considerably diminished but 
may not he greatly increased. This becomes dear if we consider 
only the two extreme cases. Suppose we luwc a liquid of a 
rcrtrun concentration. Then t.he incre-3..<;«(, in the concentration 
of the boundary laYf'r is, w to say, unlimiteu; heIH~p, a very dilute 
solution can be extremely concentrated in the boundllry layer. 
If, however, negative adsorption takes place, the oonccntrntion of 
the boundary layer ean, ill an extreme CaB{', be e'lual to 0, hut tbe 
boundary layer ran never contain le&" dissojwd matter than is 
present in pure water. ,\nile, for positive adsorption, the con­
centration can illerease without limit, it can decr" ... "" only to a 
certain extent in the eMe of negative adsorption. Accordingly, we 
shall see that positive adsorption plays a more importa.nt r6le than 
negative. 

This is still further emphMized by the fact that solutions in 
water are the ones most. frcquentj~· discussed. Water, however, 
h ... , an exceedingly high surface tension, as can be seen in Table I, 
where the surface tension (at 20°) is listed for a number of 
substances. 

TABLE I 
SURFACE TEN~ION IS DYNES PER CENTIMETER AT ZOo 

Substance 

Ethyl ether .. 
Ethyl alcohol. 
Methyl alcohol. . 
G1ycol. ..... . 
Acetic acid .. . 
Chloroform. 
Carbon bi.sulphide. 

Suhstance- i tf 

16 li'-c-'a-r-bo-n-te-tr-a-Chl-or-id=~~I-;;-
22 Pyridine. . . . . ..... I 38 
23 ; Benzene. . ... t 29 
46 WATER. ., 73 
23 Bromine. i 38 

26 Sulphur trioxide. . . : .' .: I 40030 
38 Mercury ..... 
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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 repr"""nting 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 

ConeentratidD 
FIG. 6. 

with the increase in the dif­
ference between the surface 
tensions of the pure sub­
stances, and the curve may 
even exhibit a minimum 

Cone. in moles/Liter 

FIG. 7. 

(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 
8Urface activity, that is, they cause the greatest change in the surface 
tension of water. In general, the surface activity in an homologous 



series increases with the number of carbon atoms. An example is 
given in Fig. 7 where the surface tensions for aqueou. solutions of 
ratty acids, from formic acid to valerie acid, are reproduced. 

Looking at these phenomena from the standpoint of the 
theoretical physicist, we do not a., yet possess a mol .... u}ar thoory 
which would enable us to predict a quantitative connection 
between surface tension and con('entration. So far, it has only 
been possible to propose an empirical relation between these 
quantities. 

FREc'NDLlCH 10 ha.. pointed out that the lowering of the surface 
ten"ion by a dis.,olved su}>!'tance. for moderate concentrations, can 
be represented by an equation of the following form: 

Au = 8C', • • • • • . • • (6) 

where sand 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: 

log.1O' = log 8 + ~ log c. . . . . . (1) 

Log Au and log c are in linear relation, which agrees well with the 

FIG. S. 

)bservations, as shown in Fig. 8, where the data of Fig. 7 are 
piottsd logarithmically. FroID the fact that the lines in Fig. 8 
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run parallel to each other, we note that ~ for these different acids 
n 

is practically constant. 
We have seen in equation (5) that the amount of S'"bstanee 

adsorbed is intimately connected with the change in surface ten­
I 

sion. For a change of the latter proportional to CR, the amount 
adsorbed will bear a similar relationship to the concentration. 

FREUNDLICH 11 has maintained. therefore, that for the amount 
X adsorbed at constant temperature the following relation exists: 

where :l:w is the total boundary surface. Hence ,~ represents the 
_w 

amount adsorbed per square centimeter. This equation, usually 
called the adsorption isotheml, is poorly adapted to experimental 
verification in the gas-liquid equilibrium, for the same reasons 
that were su!':gested with re!,:ard to equation (5). 

The speed with which a dissolved substance changes the surface 
tension of water is generally !,reat. 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 belon!," 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 cf soap 
solutions, that tbe time required to establish equilibrium is quite 
considerable. 

'I. The Liquid-Liquid Boundary.-At the boundary between 
two immiscible liquids, there also exists an interfacial tension. 
TillS is evident 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 oil 
and water are, in many respects, similar to those represented in 
Fig. 2. Also, the methods of measuring the interfacial tension 
can be in a manner analogous to those diacussed in 

._ . ping below the interface of the two 
iN8r'lt! 
~.~(:". 
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liquids enables us to measure the eapiJIary rise or fall of the inter­
face. Using a stalagmometer filled with one liquid and dipping 
into the second, we can COUIlt I.he numl",r of drop" and arriYe at a 
conclusion n.,garding tht~ iutcrfa('iaJ u·n~ion. jU!':it a.,G in the ca..w 
of liquid a.nd air. Even t}", m .. thod of .. pulling apart ,. can be 
applied to the illterfaee of two liquids. 

If a foreiWl ~mh~tan('e i!'4 dissolved in th(~ water, th(' cffpd of 
the added constituent on the interfaeiul knHl"" can hr' ~tudie<l 
in the manner rles('ri\wrl ahove. For instance, tht· addition of a 
little soap de('r('a."'~ ('onsiderably the> interfacial tellsion \wtW('lCll 
oil and water. 

In the eaS{' of the liquid-li()uid ('omhination, we arc in a much 
more favorable position 1.0 h'st pqulltion U;). }'or one T('a..;;on, it il'l 
pos."liblp, u.." w{' hayp 1"t"'C'll, to meu..;,;urc the efipd, of th(' flub­
biancc to be nd:~{)rhpd on the int('ril1eial t('n~ion; moreover, we 
ar~ ahle to divide one liquid into fim' droplets of known <limen­
f'iOnR and in thi:-. way (Teate 11 ht!ge surface 
that i" completely known. LEW,:; and PAT­
nll'K,I2 in particular, have used this method 
to check equation (5), tlw former hy mCllSur­
inp; the adsorption of different "uhstances by 
drops of paraffin oil (or of mercury) ,·mulsified 
in water, the latter by doinp; the Rame for smaU 
droplets of mercury which moved in a stream 
through a liquid. 

1>A.TRICK.'S work was carried out in l\n 
apparatus Ruch as that skekhed in Fi!!:. 9. 
A is a. reservoir containing lurrcury. By 
means of a ground-glass stopper, it is con­
nected to a tube, B. Fine 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 Band C are filled, for instance, 
with a solution of picric acid in water, the ad- FIG. 9. 
sorption of the picric acid by the mercury will 
lower the concentration in the tube B, while in C the adsorbed 
quantities will be released. 
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Since the rain of mercury exerts a strong stirring elIect, it is 
necessary to keep the liquids in C and B from mixing. 

A counter-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 
elIect 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 adsorbed could not be calculated, by means of equation 
(5), from the lowering of the surface tension. 

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

S. The Solid-Gas Boundary.-It has already been pointed out 
(p. 15) that there must exist a boundary tension at the interface 
between solid substances. 'Cnfortunately, 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 Hame, on coming in contact with ammonia gas collected 
over mercury in a eudiometer tube, causes an immediate rise of 
the mercury colunm, due to the condensation of gas at the surface 
of the charcoal. 

On page 24 the following relation was discussed: 

x ! 
- = k·c·. 
2;w 

• • • (8) 

The total &rea 1:", is a quantity which is not readily measured 
for a piece of charcoal. In order to check this equation, we start 
from the following C<mSi.deration: 
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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 80 

finely divided that it can be evenly mixed, Hence, we can replace 
l:w 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: 

X I 

- = k'c'fJ. 
m 

Since, for a gas that follows the law of BOYLE, the pre.8!lure is 
proportional to the moleeular concentration, we may write, instead 
of c, the gaseous pressure, P, Hence formula (8) becomes: 

x ! 
_ = k·pn

, 
m 

or, on changing to logarithms: 

log.!' = log k + ~ log P. 
m n 

(9) 

This equation is 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 k 
better theoretical foundation. 

The first attempt to place the theory 
of adsorption on a kinetic basis was made 
by LANGMUIR. I• The adsorbent is repre­
sented by a crystal lattice in the interior 
of which all valences are saturated, while 
at the surface this is not the case. LANG­

MUIR assumes that the unsaturated va­
lences are responsible for the adsorption. 

p 

FrG. 10. 

These projecting valences are, however, distributed regularly over 
the surface and form adsorbing spacee in that surface. G88 
molecules coming within the sphere of attraction of theoe spaces 
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arc adsorbed, but, owing to their kinetic energy, which acts in the 
opPoHite sense, they tend to escape; hence, we have, simul­
taneously, condensation on the surface and evaporation. A state 
of equilibrium is cstablished as HOOn "" the rate of condensation 
per square centimeter of surface is exactly counterbalanced by 
the rate of evaporation. 

Let B represent the fraction of tho total number of available 
spaccs occupied per square centimeter of surface; then 1 - 0 is 
the part that is unoccupied. 

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

vO = all(l - 8), 

where v is the rate at which the gaB would evaporate if all available 
spaees were completely coven'd. From this equation it follows 
that: 

ai' 
0=-­

V + 0,11 

On placing ~ = {3. we get: 
v 

B = _!!?--
1 + {31l 

The number o! molecules colliding per square centimeter (Il) is 
proportional to the gas pressure, P. For {31l we can write kIP, by 
combining the proportionality factor and the factor {3 and calling 
the result k l • Since B is proportional to the number of adsorbed 
molecules, u, we can substitute u for B and combine the new 
proportionality factor with kl in the numerator, thus obtaining 
another constant, k2 , whence: 

k,P 
U=---

1 + kIP 

This equation gives us a relation between the amount of glIB 
adsorbed, u, and the equilibrium pressure, P, resembling the rela,.. 
!Jon expressed in~. lO. This he"9ples clear from !I ~nsitleratiOll 
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of the two extreme cases. ,I~or vpry low pJ'('88Urt~~, kIP in tllf' 
denominator be-eorneR negli!!:iblf' ('ompared with unity, ~o that: 

Thie corresponds to tho initial .(pcp slope of the adsorption 
isotherm, which starts almo:-;t as a straight litH,. 

At very hi~h prCRSnl'(,S kd) hp('olTl(,::- y<,ry lar~(' eompaJ'pd with 
unity, so that: 

k" 
1_{ = k; = ('onstallL 

This agrees with the pradieally horizontal portion of the 
adsorption isotherm at high prpssnres. 

LA~GMlJIH has eonfiruH'd tIl{' !weura('y of his formula in experi­
ments with mica as adsorbent, usinJ!; UH'thaUl' at pressul'{'s }>('Iow 
0.1 mm. mcreury. The theory has been extended so Ut'> to indude 
amorphous RubstanecR. 

Although this line of r(',"soning is quite important for !l C'!ear 
understanding of adsorption phenomena, it nevcrth(,](,f-'~; ID£'cts 

with some serious objection,'. 
In the first plaeo, we notice that ud"'lrption i., reduced to a 

process of chemical affinity~ and yf't it i~; llot spt~cifk in ehara(·tpr, 
being thus in striking eontrast with the epceifie nature of chemieal 
combination. The supporting ('vidclI('c indudce til(' fact that the 
chemically inert gases, helium and neon, tiJ'e sear('cIy adsorbed by 
charcoal. It should be remembered, howe,:er, that mgon is 
truly adsorbed. 

Secondly, the theory is based on the idea that the adHorhed 
layer is only one molecule deep; otherwise a covered spaee would 
also be able to adsorb. Although the hypothesis holds true in 
eertain cases (ece p. 42) it is, as 3. general statement, Of en to 
grave doubt. 

A highly interesting investigation by LAMB and COOLIDGE 14 

has, furthermore, brought out the fact that gases arc frequently 
condensed into liquids in the adsorption layer, which in that case 
is certainly many molecules thick. Hence the attraction exerted 
by the surface extends, directly or indirectly, much farther than 
the diameter of the adsorbed molecule. 

POLANYI 15 has made a more complete study of the CnB{'.s 

tleali~ with the adsorption of condensed gas or liquid, while 
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ILIIN 15 and several other workers have eontinued the investiga­
tions of kinetic phenomena begun by LANGMUIR. Since none of 
the theories advanced by these investigators eovers the whole 
field of adsorption phenomena more accurately than FREUNDLICH'S 

dassical formula, the Ust' of this familiar expression will be con­
tinued in this book. 

The phenomena of gaseous adsorption show very clearly that 
the adsorption equilihrium is a reversible onc. For instance, if 
we increase the volume after the adsorption equilibrium has been 
established, the carbon releases 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, "Kapillarchernie," 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 process is determined not only 

by the surface capacity but also by the relation ~, that is, by the 

influence of the substance to be adsorbed on the boundary tension. 

The value of ~ naturally varies for different substances. 
de 

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 }>lay an important r61e in a later part of this discus­
sion, it may be stated here that in most cases both gases are 
adsorbed from a mixture of the .two, but each is adsorbed 
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to a lesser extent than if it. were present alone. A certain mutual 
displacement exists, therefore, but in ~pit.e of this t.1l(' ('omplctely 
reversible character of adsorption phenomena is maintained, the 
final equilibrium being independent of the order iu which the gases 
are brought in rontact with the adsorbent. 

The speed with which equilibrium i" cBt"blislwd in tl:Ug case iB 
quite considerablf'. A f(>w minutes arC' mOl'{' than Ruffirient to 
bring about a perfect adsorption equilibrium. If, howf>ver, any 
chemical reaction takes place subsequently, either bptwcen the 
gases and the adsorbent, or bet.ween the gases t.hemselves ill th" 
adsorption layer, more time will be required to rcac·h a final st.ate 
of equilibrium. 

9. The Liquid-Solid Boundary.-As evidence for the exist.cnce 
of a liquid-solid boundary tension, the facts mentioned at the begin­
ning of Sec. 8 may again be citcd. Here, too. there are indication~ 
that a boundary tension docs exist. For instance, if a number of 
small crystals are in contact with their solution, while at the same 
time a few larger crystals are present, it is quite apparent that the 
smaller crystals are more soluble than the larger ones; hence the 
former (lissolve continuously and the latter grow, since the Rolu­
tion is supersaturated with respect to the larger crystals. This 
phenomenon must likewise be explained on the supposit.ion that 
a boundary energy plays a role just as wilh small drops which 
have a greater vapor pressure than large ones (sec Sec. 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 diseussed. 

Adsorption experiments on a pure liquid in contact with a solid 
wall have not been made, and are naturally excee(lingly 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. Thls problem, however, has not 
been solved experimentally. 

On the other hand, there have been frequent and successful 
attempts to determine the degree to whlch a 8ub8tance dissolved in 
water is condensed in the boundary layer of a solid adsorbent. 
This problem is much easier to solve, sin.ce the amount adsorbed 
can be derived from the diJierence in concentration bPtween the 
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original solution and one with which the adsorbent is in equi­
lihrium. 

It has been known for a long time that the constituents of a 
solution can be removed by means of charcoal powder. Colored 
substances, ill particular, are often removed in this manner. 
When charcoal is added to a solution of a dye, the intensity of the 
color will deereaR" or th" ('Olor will disappear completely, depend­
ing on the amollnt of eharc:oal used. The same thing happens 
when fi quantity of wool is employed. The adsorption of the 
color becomes manifest by the dyeing of the white adsorbent. 

Hegarding an adsorption process of tlus kind, anum ber of 
remarks lllay be made. 

(a) This process is an equilibrium reaction and is quantitatively 
cxpreRRPd hy the equation of the adsorption iRothenn, discw:,sed in 
('onupctiotl with (~quationR (8) and (n), viz.: 

(10) 

where x is the total amount adsorbed, 1n is the amount of adsorbent 
llsf'd, and 1-.: and 11 an' ('onstants chara('tf'ristie of the substance 
adsorb(',!. 

By plotting the amounts aJi'orbpd :1') ordinates agaip..st the 
equilibrium concentrations as abscissae, 
we obtain the curve represented in 
Fig. 1l. 

! : J--,.....--, ,-

We have previously seen that the log­
arithm of tbe amount adsorbed mUBt be 
proportional to the logarithm of the equi­
librium concentration. In Fig.12 a number 
of adsorption isotherms are reproduced, 
while in Fig. 13 the same isotherms are 

I I _....--r I 

~ .-_. -r --! I 
~ __ ' __ ' __ ' _ _..E.. 

FIG. 11. represented 10garitlmllcltUy. It will be 
noted that the lines are straight and 

more or less parallel to each other, which means that they have the 

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 M and c. 
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It can readily be shown that t hi" phpnompnon i, a trup ,,'VO"" .. 

ible equilibrium. This can \)(' dOl'" by t wiet' inVl'stigutinll: the 
adsorption equilibrium of a 
solution in contact with an r' 
adsorbent: Starting from a in 

certain amount of dissolved 
substance we measure the 
equilibrium concentration 
and then add a coneen .. 
trated solution t.o the dilute 
system; next a ('oneeu­
trated system is diluted in 
such a manner that the 
same total ('oneentration is 
reached as hefore. It will 
be seen that the equili .. 

Fw. l~. 

brium concentration for the adsorption prO(,(,R~ if.; Hw samp in 
both cases. 

(b) The peculiar shape of the adsorpt.ion isotherm drawn in 
Fig. 11 shows that the effeet of the mlsorption is greateRt in very 
dilute solutions. By comparinp; the amount. adsorbed with the 

corresponding equilibrium 
('OllCcntratioIl. we sec that 
for small valuer.: of c this 
ratio is most favorable to 
the amount adsorbed. This 
inference is in complete 
a!(rcpment with the state­
ITH'nt made on page 27. 

The fact that the ad-
log C sorption process gives rise 

'--------------- to such considerable dis-
FIG. 13. placements, particularly in 

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 pave great effect, this 
action is due to the fact that somewhere an adsorption plays a 
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r6le and a minute concentration is considerably increased in 
some boundary layer. It is perhaps not a mere coincidence that 
mosl 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. Washin" 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 washin!( 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 16 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 kil'd 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 17 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 ~. 
de 

Unfortunately, we cannot measure 0' or its change with the con­
centration. Frequently the adsorbability is compared with the 
value of (1 for' the Jiquid-gas equilibrium, a comparison which is 
not directly permissible. Nevertheless, it so happens that sub­
stances tba.t have great surface e.etivity under one set of condi-
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tions are also well adsorbed under other condition". For an 
homologous series this regul;mty hold" indeed, quite well; but 
whereas phenol lowers the surface tension of water Ie", than amyl 
alcohol, the former is, neverthelesR, better adwrbcd.'s 

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

The adsorption is slight for all inorganic substances with the 
exception of the halogens. Moreover, the salts of the heavy 
metals are adsorbed to a somewhat greater extent than th08ll of 
the alkali metak This is also t.rue of all aliphatic substances 
having several hydroxyl groups, sueh a' the sugars. 

The adsorption is stron{/er for all other aliphatic substances and 
for the inorganie substances chlorine, bronliur, and iodine. 

The adsorption is slrorl{/cst, generally speaking, for aromati(' 
suhstances. The more benzene nudei they contain, or the more 
complicated their structures are (as in the ca'e of the alkaloids), 
the better they are adsorbed. 

It may be stated in a general way that, apart from constitutive 
differences, a more complicated molecular struct.ure coincides with 
greater adsorbabilit.y. 

(e) As in the case of the solid-gas equilibrium, we find here that 
the order of adsorbability is the same for different adsorbent..; 
but it should be repeated emphatically that only non-cleetrolytes 
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, beeause in colloid-chemical 
discussions we often deal with adsorption processes that cannot he 
measured directly for colloidal particles. The corresponding adsorp­
tion experiments have usually been carried out by means of a 
suitahle 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. 14 are reprodnced the loga­
rithmic adsorption isotherms for the adsorption, by charcoal, of 
atJetic acid dissolved in water, at 0°,50° and 94°. From the IOCR-
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tion of theRe lines it is seen that k decreases with rising temperature, 

while.!. increases somewhat. 
n 

Sometimes We Illeet with cases in which higher temperatures 
are ~'Ondu('ive to the adsorption process. III geneml, boundary 
tensions decrease with rising temperature; the liquid-gas boundary 
tension, as is well known, approaches zero; when the critical 
temperature is reaehed the boundary tension becomes z(~ro. For 
the liquid-liquid interfacial tension this rule does not hold in all 

cases. The boundary ten­
sion, to be ~urc, approaches 
zero &~ the critical solution 

~ 
temperature is reached, and 

"I' the rule is applicable to all 
j systems having an upper crit-

ical solution temperature. 
But there are also systems 
that possess a lower critical 

Log. C solution temperature, and for 
FIG. 14. these the boundary tension 

increases with the tempera­
ture. 'Ve do not as yet know what the conditions are for the 
boundary tensions at solid surfaces, but, knowing the behavior 
for liquids, we should not be surprised if the same two possibilities 
were found to occur at solid boundary sminces. 

As stated above, the most frequent. case is that in which the 
adsorption decreases at higher t.emperatures. According to the 
theorem of YAN'T HOFF-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. Even 
determinations of integral heats of adsorption are quite rare. 
When 2 millimoles of crystal violet are adsorbed by charcoal from 
an aqueous solution of the dye, the heat evolution amounts to 
16 calories.' • 

(g) 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: Alcohol liissolved in water is fairly well 
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adsorbed by carbon. A dye that is well adsorbpd frOlll its aqueous 
~olution is poorly adsorbed from an all'oitoli(' solution. ("ihwe 
alcohol itself is so well ad.sorbed, it i~ a pOOl' Rlborptioll lllPuium. 

This rule is easily cxplain('d when we I'f'member t.hat ~~ i:o: a 
dc 

measure of the adsorbability of a substance. In Figs. liJ, a. IJ, and 
c arc plotted thp ('hanges in the houndary tt'Ill'1iorn_ for till' thrt't, 
systems just mentioned. :'\in('p alcohol is R' w<'ll adsorb"'l, its 
q - c curve must have a steep slope. It was stated on pag(' 21 
that alcohol has a surface tension considerably below that of wat('I' 
(Fig. I5b). The same is true of the uy<, (Fig. 150): but for the 
combination alcohol + dye (Fig. 151') these boundary tensions 

, 
, 

H,O 

a 

"""',"" 

Alcohol Alcohol Dye 

FlG. 15. 

necessarily differ very little. Hence the "urve 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 aqueolL' 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.2o At any rate, this fact corroborates the 
statement, made on page 33, that adsorption processes very 
probably playa role in disinfection. 

More than one attempt has been made to determine whethel 
~e adsorption process is really a rev;rsible 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 complet.e exhaustion of the solution. 
Even so, it is quite possible, of oourse, 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 kinetic standpoint., we must, 
however, assume that, for an adsorption surface in equilibrium 
wit.h t.he 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 question has been asked: Does the 
adsorption go on indefinitely wi th increasing concentration, or do 
we fina11y reach a state of Eatnration? In fact, there are indica­
tions that in some cases the adsorption isotherm runs horizontally 
at hill,her concentrations. Even so, the imQfession l'revails that 
LANGMUIR'S idea of a monomolecular layer covering a surface is 
not generally valid. 

SCHMIDT 21 origina11y worked out a theory of adsorption based 
on the assumption of a saturation concentration, but later 22 Ioe 
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
stances are adsorbed, each one to a lesser degree than if it were 
present alone, and in su~h a manner that the more strongly 
adsorbed of the two predominates in the mixture and thus hampers 
the adsorption of the second substance. We are, in these csses, 
dealing with phenomena. of displacement, as is shown in the table 
below.23 
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,ABLE II 

ADSORPTION DISPLACEMENT OF GL'C'COSE BY YARJOlJR rnETIIANfoJR 

Initial solution: 9 g. of glucosp p(>r liH'r; 3 J.!:. of hlood charcollL 

(~luco1S(, l'rethllnf' in m(Jlt~s IWI" litl'T 

Added uTf'thane 
I 

I InItial I ( .r 
I i m I solutIOn I I m I 
I -~I---I-!\one. I 53 i 123 - - --

Methyl.. 

I 

6.7 I 0 77 0 072 I 0 031 0 014 
Ethyl. 7.2 060 I o 074 0021 () 018 
Propyl. 8.3 0.23 I 0.070 o (XI9 () 020 
Butyl. I 8.S* 007 0.070 o OO·j o (r22 

This is a clear case of displacement. The admrbcd glucose is 
partly forced out of the boundary surface by the addition of a 
urethane. The more readily the added substance is adporbed, 
the more pronounced 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 pharmacologirru 
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
nomena 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.24 If two electrolytes occur simnl­
taneously, they generally displace each other, but in some cases 
both are adsorbed more strongly than,. when present alone.25 
~urthermore, an electrolyte is, as a rule, not adsorbed as a whole, 



40 BOUNDARY PHENOMENA Sec. 10. 

on account of ionie interchanges between thp ions of a 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 26 described as 
early as 1881. He prepared manganese peroxide from K.MnO. 
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 fu(·hsin in the form of its hydrochloric 
acid salt is adsorbed by blood ('hareoal,27 the outside liquid becomes 
('ompletely decolor1zed but. appears to contain all the chlorine on 
the addition of HN03 and AgNO". 

'Yhat happens in these two examples may be represent.ed as 
follows: During the preparat.ion of t.he manganese peroxide the 

FIG. Hi. 

latter adsorbs sulphuric 
acid in such a way that 
the SO,,,, ions condense on 
thl' 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 occurR, the potassium taking the plaee 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 one-sided character of the adsorption 
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phenomena digcuss~d preyiously. The latter were related t.o the 
lowering of the surface tcm.;ion, while hen' a rlixpla('('nl('nt adsorp~ 
tion occurs, elpctro-cquivulent quantities being ad~oJ'b(>d and given 
Off.28 }"'or this rea....:;on we may characterize the:;:£' tW(I difi'Pl'ent 
types of adsorption as non-polar and lJular adsorption. It goes 
without saying that in the ea.'e of polar ndsorptioIl de(tri('al 
phenomena play an important r61(', ",hie·h will I", fully d;,;cussed 
in the next chapter. 

Since these two kinds of adsorption are quite different, the 
question might be raised whether it iH n'u .. "':olluhle to URC the 
designation "adsorption" foJ' both. B:v ::ul:-'orption we mean, 
however, only an incl'{'us(' of cOfl('{>ntration ill the boundary layer 
irrespectiv(' of the mcehani:';;In by which thh; in('rea.<.;e iF) broup;ht 
about. 

The adsorption of electrolytes often takes the ehnract.er of a 
pcrmutite interchange: hcn~(', it is dear that thi!'. proeess is not 
affected by non-electrolytes, whi('h eannot t.ake part in it 
(MICHAELIS and BONA 28). Before this fa('t was u<'IllOnstrated, 
however, KRUYT and VAN Dol'< 29 had already observed that 
phenol was not entirely without ('ffc(,t on tll!' a(lRorptiOll of 
Kel by blood charcoal. KOLTHO>"F 30 has studied the'!' matters, 
using ash-free sugar coal prepared accordinp; to the Tll('thods of 
BARTELL and MILLER,'l and has found that this substance 
adsorbs electrolytes only slightly, sinc(' no inten'hnnp;c is possible. 
Insofar as they are adsorbed, however, displu('cmen(, for instance 
by alcohols, really does occur, as we are then dealing evell when 
using electrolytes with non-polar adsorption. The slip;ht adsorp­
tion of electrolyt.es in this ease can only be ascribed to their 
adsorption as molecules; henee it is equivalent to that of non­
electrOlytes and is subject to displacement by non-!'Iectrolytes. 

11. Theory of Langmuir and Harkins.-Our insight into the con­
dition of some substances in the adsorbed state, espeeially 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 LANGMUIR 32 will he dis­
cussed: A very small quantity of oil, pbced upon the surface of 
wat~r, 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 so, we 
may assume, on the basis of a theory ad,'anced in 1899 by LORD 

RAYLEIGH,33 that the oil layer is one molecule thick. LANGMUIR 

uRed this phenomenon as a starting point, and studied it in two 
wayci. 

DEVAUX 34 had previously performed experiments of the fol­
lowinl!: naturp: A glass tray contains water (Fig. 17a). rpon 
the surface of the water are placed two strips of paper, A 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 

FIG. 17. 

of oleic acid in benzene, 
is allowed to fallon the 
surface of the water be­
tween the two strips. 
When the benzene has 
evaporated, a film of oleic 
acid remains behind. Care 
is taken to choose a proper 
amount of oil, so that the 
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. 17c). To distinguish the oil-covered area from the clean 
water surface, a little talc powder is sprinkled upon it. By 
blowing gently, at an an!!:le, upon the surface, the talc is made to 
collect on the oil film so that its surface can be plainly recognized. 

LANGMUffi measured the area covered by the oil. Thus he 
knew, on the basis of RAYLEIGH'S 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 towri each other by means of a movable partition, 
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we bring about the state o.f affairs indieat<'d ill Fig. ISh. By 
moving the partition still farther toward t hl' loft, w(' Jl;('\. tho ('ondi­
tion shown in Fig. 1&. The behavior of tho marbl,," in Fig. lSb 
is similar to the po,ition of the 
oil film as reprepcnted in I'ig. 
17e. 

By sharply dis(,ingni,hin!( 
between the different comli­
tions shown in hg. J i, LANG­

MUIR was able to perfe,'!. the 
method of DEYAUX. By means 
of a special balance, a method 
was developed which enabled 
him to measure the force acting 
on the strip .1 (see Fig. J 7) as 
a function of the area between 
A and B, containing the oil film. 
B is kept in its position by 

100 0 DO Q o 0 I 
a 

FIG. J8. 

weights placed on the pan. The results of these measurements 
can be represented by curves of the type drawn in Fil(. HI. 

The forces exerted on A (equal to the weight plae.ed on the 
pan to keep the fioat B in position) are plotted as ordinates, while 

H 

FIG. 19. 

the corresponding areas are plotted 
as abscissae. Htarting from the 
ri~ht, viz., the rcp:ion of larJ!:c area~, 
we notice that no force is required 
to keep the Hoat in place. A t the 
point S we find that it suddenly 
becomes necessary to apply a rapidly 
increasing force (from S to 11) for a 
slight decrease in area. Beyond the 
point 11 no further increase in force 
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 S, is com­
parable with the situation of Fig. lSa. At the point S the 
moleeules practically touch each other. Between S and 11 the 
monomolecular film undergoes its ~um compression, and 
further decrease in area causes the appearance of a second layer 
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of molecules, as in the situation sketched in Fig. 18c. Numerous 
determinations by LANGMlTIR always gave the same results. 
More preeise measurclnent...,;; by ADAM,35 who worked with various 
Ofg:anic substances under different conditions, in the same type of 
apparatus a.':i used by LANGMrIH, led to results which were invari­
ably the same. The gradual curvature below S may be explained 
as follow", The fatty-acid molecules 011 th,' surfaec arc subjected 
to a movement of heat; henee, the film which is not yd completely 
compressed aets as a two-ciinlcIl!"jonal g-a~; in other words, 
the heat IIlotion exert.s a prcs:-;ure in two dimensions. The curved 
part, therefore, indicatc:-; the' fOf(~e whieh is ff'quired 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 
a.., expressed by BOYLE'S law, ,.,inee the produet of the force 
exerted and the surfare if! eOIntant. 

These measurements a~ain eonfirm the exi:.,i.encp of a mono­
molecular layer consistin!!: of u known number of molecules. The 
diameter of a 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. Furthennom, it would not be dear 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, doe~ 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 Tahle 
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, 
exp!'eSSe9 in miIlimi~a'Ons (1m" = 10-6 mm.). In spite of the dif-
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fe-rence in length, the (_'ro~ section of all mol('('ulp~ is the $am('t viz., 
0.5 mil. The IPn!(th, howP\·l'r. d"pend, on tll!' IIUlni",r of ('arbon 
atoms in the chain. Tht'sp J'esuIt~ han' IW('l1 confirmed by tht' 
recent invc~tigations of .:\lARCELl:'; ;If, and CmFFI::\,aj . 

T.\BLE III 
-.---~-.----

Acid used 
Carbon utOIl:~ 

i 
Palm-;;;-';-::;;--!---(',-, -
Rt('aric acid 
C~rot ic Hcid. 
Myric.vl alcohol. 

I C" 

I ~:: 

DIll,Il\('i!'l'of 

c'r(li'l~ i-'t'f'tllill 

ill l)!~ 

(). 4~; 
n,·li 
() i)() 

(),52 

LCllgl h III lUI-' 

~.4 

2 f) 

:ll 
4.1 

Following an entirely dij'fl'rellt train of th()u~hl. W. n. HAR­

KI~S 38 arrived at Rimilar conclusions: If a column of watl'T with 
I sq. em. of "TOSS seetion (Fig. 20) is pulled in two, there an' formed 
2 sq. c:n. of new surfac'c, Sin('c 
the surface tension of water is 
73 dynes, the work necessary to 
pull the liquid apart is 2 X 73 
ergs, Reunion of the two halves 
re,ults in the liberation of these 
145 ergs; hence the work of 
cohesion (TV,) for water amounts 
to 73 ergs per square centi­
meter. 

If we divide a column of 
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, 

EJ 
B 

B 
B 
~ EJ 

... 

B 
FIG. 20. 

and restoration of the original column sets free 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 (ILL = 35 dynes per square..eentimeter. In order to 
break the new column at the interface, there would be required 
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an amount of work equal to 73 + 28 - 35 = 65 ergs per square 
centimeter; hence the work of adhesion (W.) for water-benzene 
equais 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, -NH2, -SH, 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 connection 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: 
monochlorides: 
alcohols: 

for all around 45 
for all around 47 
for all around 55 

monocarbonic acids: for all around 57 

Wjth J'f'.8p£lct, to the ",jhesion of IhP"'" subslwel's In w.atp.r, we 
find that their W. toward water is: 

hydrocarbons: for all around 44 
monochlorides: for all around 81 
alcohols: 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-polar hydro­
carbon chains turned toward the.air and the polar ends pointing 
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in the direction of the liquid; hence we scpar .. te two non-polar 
parts, which exert little attraction on each other, .. nd c'Onsequently 
W, is raised comparatively little (cf. Fig. 21 a where the "mall 
circles represent the polar groups and the narrow hands stand for 
the hydrocarbon chains). 39 

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

~ 
.. U1II 

a 
FIG. 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 tum toward the water, and a rupture of 
the interface implies that the attraction of polar groups must he 
overcome. Inspection of the above figures shows that in those 
cases W. is about 70 per cent higher than W, (cj. Fig: 2Ib; the 
slight solubility of these higher alcohols in water is indicated by 
the small numher of molecules in the water phase). 

The polar character of double bonds is brought out by the fact 
that W. is higher for unsaturated hydrollRrbons than for the cor­
~pooding paraffins (W. = 43.8 for octane and 72.9 for octylene). 
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The benzene molecule, with its three conjugated double bonds, 
apparently lie, flat on the surfaer of the water. We can, further­
morc, antic-ipate the results of substitution of polar groups in the 
benzene nudeus, and the data obtained by HARKINS are in ex('el­
lent agreement with these expectations. A detailed account, 
however, falls outside the scope of this book. 

From the Ktandpoint of HAHKINS' orientation theory, w(' ran 
readily undPrstund several other facts. A polar group attached 
to a short hydrocarbon chain (for instance, in methanol, ethanol, 
acetic acid, ete.) attmcts the water so stronp;ly that the hydro­
carLon chain if.; draggro down into the water; hence th('~(' com­
pounds arc cornplptdy miscible with water. If the length of tllC 
hydrocarbon chain is considerable, the attraction is insufficient 
and, as a result, we find that the higher alcohols and fatty acids 
are partially miscible or practically insoluble in water. Only the 
polar groups of the' molp('ulcs in the intf'rfu('c "diesolve" in the 
water, i.e., are imnwl't-'ed, oriented toward the water. 

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

FurthennOTP, the reason why polar organi(~ cOlnpounds accu­
mulate, i.e., arc strongly ad::::orbed, in boundary layers, now 
becomes apparcnt. 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 benzene 
(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 carboxyl 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. REFEREKCES 49 

similibus 801vuTllur'' (like dissolve" like), ('aeh part of til{' mnl{'(·uh' 
dissolves in the medium that i, lik" it. 

These l'onrlusiollJ::; will lw y(lry hC'Ipful ill tht' ('hH'jdation of 
several eolloid-chemieal phcnolll('na ~for int:"tan('l', thO~l' di:-­
cussed on pp. 99 and 188). 
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CHAPTER III 

CAPILLARY ELECTRICAL PHENOMENA 

12. The Capillary Electrode.-The teml capillary electrical 
phenomena will be used here for those ca.'es in which electromotiv(' 
forces are influenced by processes that take pla('p in the boundary 
layer and are related to surface tension and adsorption phenomena. 
The best-known example in this field is the capillary electrometer, 
a convenient form of which is shown in Fig. 22. 
It is based on the following principle: 

Two mercury electrodes, a and b, are con­
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 mercury-sulphuric acid 
boundary. Tbe interfacial tension, u, will be 
lowered by applying electricity to the Furface a 
of the electrically uncharged mercury. This 
is readily understood when wc realize that sur-
face tension is the result of mutual attradion FlO. 22. 
of surface elements; addition of an electric 
charge causes a repulsion of surface elements; hence any electric 
charge (whether positive Or negative) will calli:e 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 sulpht!,ric acid, as is easily seen 
fj:Qm NERNST'S theory of solution pressure. Before the applica-

51 
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tion of an electrical tension the electrode iR already charged; 
hence th" addit.ion of a larger positive charge will bring about a low­
ering of the mercury level, while the addition of negative electrici ty 

}>oUmtml 

FlU. ~3. 

will act in the sense of lowering 
the electrical tension, and hence 
the mercury will ascend. If the 
added charge just balances the 
exi8ting char~e the Rurfaee tCIu.;ion 
will be a maximum. Further addi­
tion of negative electricity will cause 
lowering of the rncniseus. This is 
graphically expressed in Fig. 2:3. 
It follows that a maximum ill lhe 
elf>ctro-eapillary eurvc' is eharactt'I'­

i~1i(' of the uneharged rondition of an electrode, thus permitting 
the absolute measurement of another. 

It cannot be denied, how('ver, that the theory of this electro­
capillary ha., several defedo. The ma.ximum of the curve, and 
also its symmetry, are influenced by added wbstances. In spite 
of numerOUR 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 condit.ions 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 arc as follows: 
electro-endosmosis; pot.ential of flow (also called streaming 
potential); cataphoresis; and migration potential (potential of 
moving particles, or DOR" 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. 

ElectrlHJndosmosis 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). 

Potential of flm.v is, in a sense, the counterpart of electro­
endosmosis. If wgter is forced through the walls of a porous pot, 
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a potential difference is set ,up betwl'l'1l two ele('tmdes placed on 
either side of the porous wall, a.' a 
result of the flow of th" watt'r. 

Caw.phoresis denotes the movement 
of small partides suspended in II liquid 
when a potential difference is set up 
between two electrodes dipping in the 
liquid. 

The phenomenon known as migration 
potential is the converse of cataphoresis. 
Elcctrieal tcn8ions are Ret up 3...<0: a result 

. of thc movement of particles through a 
liquid. Since this motion is difficult 
to realizE') thi:4 Ho-culled DORs ('ffpd ha:-: 
LCl'1l little s(,udied. 

FlO. 24. 

A summary of tlwHP four phC'JlOIl1(,lUt il:' givclJ in tlw t.nblc oclow. 

TAllLE IV 

CAPILLARY EI.ECTRICAL PH}<:NO~H;" ". 

A~ It n:sult (If 

l\:Ioyt'tn('nt of tltt' liquid i Applied E. M. F. 
with respl:'ct to the solid' 
wall. 

MOYCDwnt I)f HU' , .... t.LlI (of I App!ic·cl E. .:\1. F. 
the particle) with rt·_' 

. (:ataphOr(·)";I . .." 

spect to the liquid. 

E. M. F. set up. Flow of a liquid with: Poll'utial of flow. 
I f('Sp('ct 1 (l rl. walL I 

---------, I 

I Movement of th(' wall! ~ligl'a1ion pot.t'ntial E. 1\1. F. set up. 

I 
(of the part.iclt,) with i (DOliN eff(·ct). 

! resp<"ct to the liquid. I 

The last two phenomena are not confined tc liquid dispersion 
media, nor is it necessary that the moving particles be solid. 
Emulsified dmps will likewise behave in this manner. Even 
when these drops occur in the atmosphere, we may expect these 
phenomena: By cascruie electricity 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 seetions 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 

=1 ~'%_'@X-
+ 

for performing the 
experiments. This 
was done by ELIS­

SAFOFF2 The meth­
od he used is sche-

FrG. 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 piaL 'Cd in air, close to the ends of 
the capillary. The large resistance offered by the air necessitated 
the use of a frictional eleetrieal machine to produce a sufficiently 
high potential. If 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 

FrG.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 
OR ions of the water are more strongly adsorbed than the R ions, 
and that consequently a double. layer is formed as shown in Fig. 
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26. While this idea will b<> 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 positiYcly charged and henee as mov­
ing in the double layer toward the negativf' elpetrodr. 

It goes without saying that, in ca.'" thc wall ha.' a stron!(ly 
polar charaeter, 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 char!l:ed 
positively. PERRIN 3 studied 
the sign of the ele"tr~ndos­
motic movement. for walls of 
variom~ materials, for instance, 
of Ah03, whirb evidently is 
charged positively with re­
spect to the liquid, with the 
result that the latter flows 
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 is like­
wise positively charged, while 
sulphur, silicates, and glass 

Al 

Fw. '2.7. 

+.oJr 
+.ou­
+.olr 
•• mr 
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acquire a negative charge. Comparatively neutral suhstanceB, 
like naphthalene, carborundum, and cotton, also b<>long to this 
group. 

In colloid chemistry, we are interested, first of all, in the effect 
of electrolytes on electric charges (sec p. 9). The investigations 
of PERRIN, and, more especially, those of ELISSAFOFF brought out 
the fact that the ion 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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Harne is true of the hydrogen ion and the hydroxyl ion. Further­
more, ELISSAFOFF found that the charge of the wall could be 
easily rpduced to practically zero by electrolytes but that a reversal 
of the char!!:" could seldom hp accomplished. In the table below 
arc given some of ELISSAFOFF'S results. 

TARLE V 

YI~LOClTT (IF THI': EL};(,TR()-I<;~j)OtiM()TIC MOYEMEXT 

Concentration in .u-1l1OIc8 per liter ., 
Eh'ctrnJyte 

I I 

10 I 20 : SO i 22.5 I 4000 o 
__ • ____ • __ , __ 1 ____ 

Nael. 50 
I 

4H 40 44 3~ 

lK,SO •. 50 4i 44 41 
HNO,. 50 : 48 29 23 
AgNO, .. ~)O 

, 
40 32 29 27 

Crystal violet 29 4 
BaCh. 29 
,A],(SO,),. 3 0 
Th(NO,),. 

i NaOHt .. 99 99 

* 1 ,t.&-mole (micromo]r) =10-6 mole. 
+ Means that thp liquid flows towards the + electrode. 
t \Yith quartz capillary. 

26 
26 8 

+ 

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 effect 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 hydroxyl ion furthers 
the procellS 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 arc 
dealing here with adsorption proe('ssps. \Ye 8:1\";, for exu.mpl(', on 
page 35 that all inorganic substances, with the ('wept ion of the 
heavy metals, the H ano the OIl ion, are slightly adsorbed, while, 
on the other hand, organic substances, e"!>!'dally poly<,yelir "om­
pounds, are quit.e strongly adsorbed. The sallie order evidently 
comes to li~ht when we study the disrharging effec'f, of ions. 

Furthermore, it is interesting to note that some of t hose ions 
are able to reverse the char!!:e of the double lllyer; it appears, for 
instance, that the Th++++ ion. ill roueentrations cXl'(·('ding 10 
!L-rnoles, turns the negative charge of t.he capillary int.o a posit.ive 
one. The organic ion of crystal "iolet. has t.he same cff,'"t.. IIellce 
a strong discharge may lead to a reversal of the initial charge. 

15. Flow Potential.-This phenomenon, too, is preferably 
studied with the aid of a capillary tube instead of a porous pot. 
When water is forced t.hrough the tulle an electromotive force is 
set up between two elect.rodes placed on either side of this capil· 
lary. The investigation is suitably carried out in an apparatus of 
the type shown in Fig. 28. Comparatively high potentials ran be 

FIG. 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. 

KRUYT 4 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 

E 
expressed in millivolts per centimeter n:ercury pressure: p' 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. 

Electrolyte 

I KCl. 

BaCh. 

AICI •.......... 

TABLE VI 

FLOW POTENTIALS 

"~I: Concentration I 
,u-moles per liter 

50 
100 
250 
500 

1000 

0 
10 
25 
50 

100 
200 

1000 

0 
0.5 

3 
4 

10 
100 
500 

Potential in 
millivolt,s 

Pressure in 
mercury 

350 
10'2 
57 
23 
13 
4 

350 
139 
79 
44 
25 
9 
1 

350 
52 

+ 42 
+122 
+129 
+100 
+ 52 
+ 6 
+ 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 eonsists. If this h .. , a neutral or an acid 
character, the particle is negatively charged, while metallic oxides 

FIG. 29. 

and other substances of a more or less b .. ,ic character are positively 
charged. 

FIG. 30. 

F"IgIlre 30 represents schematically If particle with its electric 
do':ble layer, in agreement with the data of the previous sectioOll. 
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The influence of added electrolytes on partides of an oil emul­
sion was studied extensively by ELLIS D and by POWIS.6 Their 
results are completely in line with the discussion on the preceding 
pages, and here ap:ain the effect of various ions can be related to 
the manner in whieh the"" subst.ances are adsorbed. 

The measuremmt of cataphoretic velocity can be carried out 
in two Wl1,Ys, whieh arc ba:-5cd on different prineiples.7 'Vhenevcr 

it is possible to see a distinct boundary 
between the colloidal solution and the 
(·ontae!. layer of the pure dispersion 
medium, the migration of the interfacp 
under the influence of an electric pot.en­
tial can be measured. This method, 
therdofP, depends on observation of the 
movement of the particles as a whole. 
]'il'. :11 shows the apparatus used for this 
purpo,c, as construeted by BeRToN" The 
two electrodes are placed in the pure 
solvent, whieh occupies the space above 
the co;loidal solution. The filling takes 
place through a connecting funnel. Vari-
0us investigators have modified this 
apparatus Inore or less. Ivleasurements 
by means of this method are subject to 
several difficulties, and its applicability 
is limited to sols tbat are sufficiently 
colored to enable one to discern the 
boundary layer. The latter often changes 
its appearanc.e during the experiment and 
thus prevents accurate lneasurements. 

FIG. 31. The second method consists in the 
observation of a single particle. The 

sample is watched under the microscope 9 or else under the 
ultramicroscope 10 (depending on the size of the particles) and 
arrangements are made to follow the cataphoretic m<1Vement 
microscopically. The object 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 
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particular, and to sonw ext"n! in thp onp previously d""crih<><l, , 
seriou~ complication ('omes to ttl(' fort" viz .. till' pl(,(·tro-(>ncio!'uHoti< 
flow of til(' liquid along til(' wall, of th,· ('ontainer in whidl til( 
cataphoretic movempnt of t11(' partid('f' is oh!o't'r\"ed. For intoltan('t' 
if negatively rhar!,pd pllrticl,·s fill til(' '1''''''' bptw, ... n till' !fln.s, 
walls, the particles move toward the anode) while the liquid ftow~ 

--- Ilr-~ro~ 
Cover glass Slide 

Fw.32. 

along the walls toward the cathode, as stated in SO('. 14. Thi, 
flowing liquid carries particles along; "$ a result. we !(et, startin, 
from the wall, first particles moving in one dir{,{·tion, then station· 
ary particles. and in the eenter particles flowing in the opposite 
dirretion (Fig. 33). Ohservations taken at various distan('es from 
the wall enahle us, however. to calc·lllat.e t.he t.rue eataphoreti, 
velocity.! J 

+ 

FIG. 33. 

17. Migration Potential (Dom effeet).-The movement 0 

particles may he brought about by the force of gravity. W, 
then measure the potential difference between an electrode place, 
at the top and another one placed at the bottom of the column 0 

liquid through which the falling panieles are moving. Thi 
method is diffieult to carry out and has as yet given purely quali 
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tative results. One of the most recent investigations is that of 
BURTON and CURRIE12 
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CHAPTER IV 

STABILITY OF SUSPENSOIDS 

18. Charge and Stability.-The fact that colloidal systems 
placed between two electrodes show the phenomenon of ("ata­
phoresis was first fimlly established in ISH2 bv LINJ>>:lt ,.uri 
PICTON.! . 

BURTOr-;} while invcsti~atinp; thiF- phpllomcnon ill 1 nOH, 
studied the influence of an added aluminium ,;alt on the ('ata­
phoretic velocity of the partirles of a !(old sol, and showf'd how, 
at the same time, the stability of the sol changes. In the tahle 
below, these results are reproduced. 

TABLI:: HI 

I 

Milligrams I Cataphoretic velocity in I 
I J Property of th(' sol 

Al per liter 11- per volt per em. per Bee.! 

o 1330 (towards anod{'). i Indefinitely stable. 
0.19 1171 (towards anode). I Flocculated after 4 hours. 

. . 0 ' Flocculatpu immediah·l\-. 
0.38 17 (towards cathodp). ! :Flocculated after 4 hou~s. 
0.63 1135 (towards. cathode). I Not yet completely flocculated aft<~r 

4 days. 

It is seen that the cataphoretic velocity at first decreases when 
aluminium chloride 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 it., 
stability. 

These experiments of BURTON confirm the resuJts obtained by 
HARDY 3 in 1900, which had been vigorously opposed in the inter­
mediate years.' HARDY found that the sol of denatnred egg 
albumin, i.e., the sol of well-dialyzed egg albumin which has been 

65 
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transformed by heating into denatured albumin, undergoes dif­
ferent changes, depending on whether acid or alkali is added to 
the 801. With acid the sol is positively charged and stable; with 
aIlutli it is negative but likewise stable. In the absence of either, 
the sol flocculates. 

On the basis of these experiments, HARDY 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 HARDY, takes place at the iso­
electric point. 

Later investigations of POWlS 5 have indicated, however, that 
it is not necessary 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 
POWlS 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 
a way that separation from the water resulted. In the case of 
the sol of As2Sa, POWlS 6 succeeded, at least in part, in confirming 
his previous results. 

The data obtained by HARDY, BURTON, POWlS, 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 
a 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 ca.'" the potential of 
the boundary layer po .... """"". a certain value, the (:allisio"" will, 
as a ruIe, be without results. Only particle" that. happen to have 
a high speed will be able to penetrate the n,pellinl( sphere and cause 
adhesion.' In that rase the probability of adht>sion will have a 
value between 0 and 1. 

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

The principle of HARDY and POWIS, eonsequently, applies 
only to those colloids for which the probability of adhesion is 
exclusively a function of tbe electric charge. 

Elsewhere in this hook we shaU see that the probability of 
adhesion in the case of emulsoill, depends on one more factor. 
The opposition which HARDY encountered had its origin in the 
study of colloidal systems in which the probability of adhcsion 
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
caUed limiting values (also known as flocculation or precipitation 
values). By limiting value is usually meant the number of milli­
moles of electrolyte per liter neeessary 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 floccuIation value, one may place 10 cc. of 
sol in each of a number of small beakers, and then add to each 
10 cc. 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 occurred. 

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 resuIts are easily reproduced. To this end it 
is not sufficient merely to make observations after a fixed period, 

• The a.verage velocity depends, of COUl"I!e, on the tempera.ture, but the 
numerical value of the velocity of a given Mcle is S<lcidental, in accordance 
with MAXWELL'. distribution law .. will be further discussed in Sec. 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 As2Sa sol 7 and 
for the gold sol. 8 

Electrolyte 

Monoyalent 
cations 

Liel. 
NaCI. . 
KCI.. 
KNO J .. 

tK,SO •. 

Ret. 
iH2S0~ 

Aniline chloride . . 
Strychnine chloride 
Morphine chloride. 
Crysta.l violet 
New fuchsin .. 

TABLE VIII 

FLOrCT'LATIOX VALUER 

I Flocculation [i 
I value in I 
I millimoles :: 

per liter ' 

Electrolyte 

:1 Divalent 
AS2S 3 Au ,I cations 

i 58 i[--:\ MgSO. 
! 51 24 .1 :\lgCb. 

'150 ;: CaC!, .. 
I 50 25 II' SrCI, .. 
, 63 23 I' BaCI, .. 

L 5.5 E~:i::::~'::tc 

: Flocculation 
value in 

millimoles 
per liter 

:AR'S'II~ 
081 
0.72 

, 0.65 I 0.41 

063
1 0.69 1 0.35 

0.68 
0.64 2.8 

0.24 

2 5 CUS04 0.015 
30 I Bt'lIz1dm( Jl)tratc 

o 5 I PdClt 0 007 
04 054 I Pb(~03)~ .1 0 . 002 
() Hi 

o 11 I 0 002 II i 
Trivalent i [ il--T~e-t-ra-v-a-le-n-t-- 11--

___ ca_ti_o_nS ___ I __ I __ ;i cation I __ ! __ 

AIC!,. 
Al(NO,),. 

!Al,(SO.h .. 
Ce(NO,),. 

• i ~:! .. 'II Th(NO,).... '11 0.090 

. ... 10.096 0.0091 . ... j 0.080 .0.003 
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Lookin!( over t.he fi!(ure,. in lar!(c t,p(', we finr! t.h,' followin!( 
faets. Both sol~ arC' nell:ativPiy ('har~t)·d: th{' adrl{'o anion, whidl 
also has a negati\'(' L'harJ(l', apparently play~ a subordirul'tc roi{' 
in t.he flocculation p1'''''''''. On t.he (llhpr hand, t.he vail'n,,,' of the 
cation governs, to a large {'xtent, tlip fioet'uiatiJlIl: power of the 
added electrulyt.e. In the ea.'" of the A'2"" HOI. WI' not.ice that all 
three alkali Illl'tuls giv(_' a fio('('ulatioB ,"aItH' around 50 millimoies, 
and the alkalino ('arth, a value approximatin!( 0.68 millimole, 
whilp aluminium and cerium ~in~ values in Hw neighborhood of 0.1 
millimole. A similar onl('r "onl(" to lil(ht ill the "'"'" of tIl<' lIold fOOl. 

The electrolyte, prin('d in ,lTlall tn){' do llot fit into t.hi. HimI'll' 
scheme. The hydrogen ion, organie ions, aml tho:-lc of tll(' heavy 
met.als have a gr{'akr flocculating power thall that which would 
correspond to tJ1(>ir valcIlc{'. 

FRI<~e~DLI(,H 9 has dpvelop('d a theory whic·h cnahl('_~ us to 
understand, not only why Hl(> fic)('('ulating power increaHcs with 
the valence of the opposit.ely charged ion, but. also why it increMes 
so disproportionately. Assuming the flocculation value, in the 
case of AS2S3, for aluminiuUl, 10 be I, we find that the value for 
barium is about. 7, and 
that for potassium over 
500. 

FREUNDLICH'S line of 
thought is baser! on the 
idea that all inorganic 
ions of light metals, and 
likewise the inorganic 
anions, are adsorbed to 
the same extent. The 
heavy adsorption iso­
therm in Fig. 34 rep­
resents, therefore, the 
common iso.therm for all 

I 
I 
I 
I 
I 

, --,- -- ~ -------- -- ------: 
I _J __________________ ~ 

FIG. :14. 

, 
I 
I , 
c, 

inorganic ions (with the exception of those of the heavy metals). 
In the graph, the concentrations are plotted in moles per liter M 
abscissae, while the ordinates express t.he 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. ~en an added electrolyte 
removes this charge depending on the valence of the oppositely 
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charged ion, it is reasonable to 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 t.o lower the charge to the critical potential, it 
is obvious that half that number of moles of a divalent ion (A2C2) 

and one-third that amount (Aaca = tA,c,) of a trivalent ion will 
be necessary. 

The equilibrium concentrations corresponding to these adsorbed 
quantities, c], C2, and Ca, do not merely decrease with increasing 
valence, but the peculiar shape of the adsorption isotherm brings 
about strongly disproportiona!" concentrations in the liquid when 
the amounts adsorbed are in simple ratios. 

When we arc dealing with strongly adsorbed ions, another 
adsorption isotherm, as drawn on t.he left in Fig. 34, represents 
the actual conditions. An amount A.c. is now adsorbed at a 
much smaller concentration, Co, 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 AS2S~ 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 l as 
FREUNDLICH 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 As,Sa 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 chlorine appears to be left in the super­
natant clear liquid (see p. 40) .• 
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Our knowledge of capillary "Iectrical phenomena (see Chapt.er 
III) leads us t.o believe, how~ver, that the ion of like charge is not 
entirely without influence on them, particularly when aulon and 
c.ation show a striking contrast in adsorbabilit.y, or when th('Y 
differ in valence. In detennining flocculation values, we find, for 
instance, that anions having a stron!(ly negative character raise 
the flocculation value of a ne!(atively ('harp;ed sol to a certain: 
extent. In Table IX, floeculation values arc wvcn for It number. 
of salts the anions of which differ p;reatly in character. The con­
nection is clear without further comment. 

TABLE IX 

EI('ctroiy1c 

Potaa..<:liUlD citrate - -

, 
Ii Flocculation 

value 
AszSa 

> 240 

formiah··- .. 
sulphatc-- I 

ehloride -. .: I 

110 
86 
66 
50 
m nitrate-, . 

I 

X at UTf' of anion 

Organic, ~trongl'y lllisorlmblt·, poly· 
valent 

Organic, stronJ!;Iy tldsorbablc 
Organic, strongly lldsorbable 
Inorganic, divalent 
Normal 
Xormal 

The same remark evidently applies to heavy metals. This 
was already brought out in Table VIn 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,'0 which on hydrolysis produces much less hydrogen 
sulphide. Here again, we notice the powerful flocculating action 
of the ions of the beavy metals. MORA WITZ 11 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 
obt.ained with various salts, for the sol of Fe"Og.12 The mono­
valent anions fonu one group, while the di"alent belong t.o another 
group. The influence of the cation is subordinate in this case. 
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It is immaterial. for instance, whether the chloride is present as 
sodium chloride or "" barium chloride. Thl' differences in 
floe('ulation value for t.heRe two salts are not in ('xee15S of those met 
in Tables VIII and IX. The OII ion occupies an exceptional 
position, corresponding to the abnormality presented by the 
II ion in Table VIII. 

TABLE X 
FW(,CPLATlOX YAL1'};" FOR THE HgS SOL 

EI('ctrulytp 
Flo('{'ulution 

El('cinlh.-tt' 
, ____ _:_ ___ ' Flo('.culation 

Monovalent cations I 
vulue' 

()jvuicnt catlOnf; 
value 

---------,-----: -
NaCI. . 13 !' HrCI 2 .• 0.88 
KCI. 10 il BaBr~ I 0.68 
NH.CI. ]() 1,ll·0,();00>, .. 

I 
0.79 

Ag"O, .. 0.44 HgCI,. 0.11 
TINO,. .. 

1 
0.14 Pb(NOah. 

I 
0.050 

llgNO, ... o 07 ('u504 •• 0.047 , 

TABLE XI 

I 

I 
Flocculation 

Electrolyt cs "alues 

Kl.. I 16 
KNO,. 

I 
12 

Monovalent 
KBr. 12 

anions 
KC!... .... 9 
NaCl .. 

I 
9.2 

IBaCh .. 9.6 
IIBa(OH),. .... 0.4 

I\:~R04 ... I 0.20 
Divalent TbS04 .. I 0.22 

anions "MgS0 4 • 

I 
0.22 

K2Cr1O, .. 0.19 
I 

The close connection that exists between valence and floccula­
tion value is well illustrated by an investigation of MCHlMATSU 
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MATSTTNO. 13 Pf{'f'ipitutin,z;'Uw A~2~;l ~ol by complex ('ohalt AAIt~~ 
havinp: ('ations with diffprent Yaicll('e:-1, hp found thut tht' follow .. 
ing concentrations were required: 

monovalent eomplcx Rail. 
divalent eompl,'x slilt 
trivalent {'omplex :-:alt 
t.etrnvalent complex Halt 
pentavalent ('omplpx salt 
hexavalent ('ompipx salt 

5000 ~-m(lles pCI' lit", 
1 no ,u-mol('~ per litt!f 
22 ~-molp:-: P<'I' litf'1' 

;) ,IJ-ntOl('~ per liter 
(mis:-;ing) 

0.7 ,u-molp P<'I' liter 

The faC't. that a va-hi(' of G millimol('~ 1:-- fmuu\, in~1(,fI,d of [,() 
(rf. Tahle YIII) fol' a tllonov'alenl sail is JU(' I" Ill(' .tiff,'renl. 
technique followed hy ~l.-\_T:·.;r~o. Instt'ad of d(_~t('rIIlining til{' 
concentration Ile(;('Bsary for ('ompletp il(J('('ulatioH, la' mewmn'd 
the so-called t.hrcshold valuc. viz., Ill{' amount r<'quir<xl for initial 
florculation. ThiR valu£' pla~.'t~ the Hamp part as thp ordinary 
limiting value; but it ('orresponds to anothpr (lower) equivalent 
adsorption and another (higher) critical potential, call"d first 
critical potential. as distinguished from t.he s('('omi which we have 
heretofore called the clitical potential and which will be so desig­
nated throughout the text .. 

19. Electrolytes Carried Down by the Flocculating Sol.--It 
was mentioned in Rce. IH that Wf' ('ould render Yi~ible the {j (!arryin~ 

down" of the ion of oppo:o;ite ('harge for lIew fuehsin. It iSJ 

however, alHo feasible to follow this ionic: prceipitation quantita­
tively. 

As early as HlOl, WHI'f""Y and O!lIm 14 olm'rved that when 
an As2S3 sol is preeipitltted with BaCh til(' preeipitat" ('ontain" 
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 FREU"DLICH accurately. Let us first fonn a mental picture of 
the mechanism of the flocculation process. 

The colloidal particle carries its electric c!large in the form of 
an electric double layer. In Fig. 35 is schematically reproduced 
the condition of an A",,83 particle as it occurs in the sol. We 
a.'lsume that the charge is primarily due to the hydrogen S)llphide 
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which has been (either completely or in part) ad80rbed in the 
preparation of the 801. As a result the hydrogen and the sulphur 

FIG. 35. 

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 flocculation, 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 ions. Moreover, it has 
already been explained, in connectiGn 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 OF CATION ADSORBED BY THE As2SS SOL AT THE FLoCCULATION 

VAI,UE 

I Adsorbed 
\ Flocculation milli-

Ion 
value in equivalents 

millimoles of cation 
per liter per 25 g. 

of k.s, 

K+. 50 2.05 
Aniline+, 2.5 1.85 
New fuchsin + . . 0.1 1.90 
Ca++ .... . 0.6 2.50 
Sr++, . . 0.6 2.05 
Ba++, ... 0.6 2.15 
U02 ++ ...... 0.6 2.20 
(k+++ ........ 0.09 1. 72 
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In Table XII are !(iven' the quantities of ion (expressed in 
milli-equivalentB) adsorbed by the precipitates formed when con­
centrations equal to the flocculation values are added to the sol. J5 

From these data it is seen that, in spite of their widely varying 
flocculation values, practically electro-equivalcn!' runounw of dif­
ferent cations are adsorbed. Thus, while the fio('rulatioll values of 
potassium and new fucl"in are in the ratio of SOO : 1, th" adsorbed 
amount. differ only by a few per ('<mL The slil!:ht discrepan<y 
in the values of the last column must be ascribed to the c,maider­
able experimental difficulties. 

An analogous investigation for tho H!(S sol did not furnish 
such good results as those presented in Tabl" XII; nevertheles.~, 
they do not conflict with the theory outlined on the preceding 
page ,6 which was undoubtedly well supported by the data given 
in Table XII. 

Experiments carried out on the positively charged AJ,O, sol 
led to satisfactory results as regards the equivalent'<l of the ions 
adsorbed at the flocculation valuesY 

20. Flocculation Value and Concentration of Sol.-The 
mechanism of the flocculation process 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 18 

When we prepare As2Sa sols by 
diluting a given sol with water, 
and then investigate the floccula­
tion values for these sols of different 
concentrations, we obtain the fol­
lowing results (Fig. 36). The com­
mon point indicates the flocculation 
value for K, Ba, and AI, each time 
taken as unity. The figure shows 
that dilution of the ROI raises the 

.,' 
.. 

flocculation value for K, and lowers Gralrul in 1 KG. of 801 

it for AI, while Ba occupies an in- FIG. 36. 

tennediate position. 
One might be inclined to reason a priori as follows: 

.. 

Let Fig. 37 a represent S\lhematicall1 a sol of a given con­
!JI'lltration, 
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In Fi!(. 37b the same sol is sket.ched, having twice that con­
centration. }-]ocrulation occurs when each particle has adsorbed 
a certain quantity. This quantity (a) is adsorbed at a roncP1I­

a a 

FIG. :0. 

tration x. Representing 
the flocculation value in 
the first case by 1'1 and 
the 1Iumber of partides by 
n, we have: 

1'1 = X + na; 

and in the casp of Fig. 3i, b: 

1'2 = X + 2na. 

Hf'n{'(', one mi~ht ('xppct 
that, in ~pn('ralJ a sol of 

hi!!:her concentration would correspond to a higher flocculation 
value; Of, inversely, that l' 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 2= is exceedingly small by comparison with"(. For a 
trivalent ion, on the other hand, where the flocculation 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 bet-ween flocculation value and concentration. 

In Fig. 36 we notice that for Ba and Al the results are in 
accordance with this liue of reasoning. For the monovalent K ion, 
however, the relationship is just the opposite of wbat 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 (cf. 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 seeond effert pJ'('dominnte,; for the Al ion. the first. efIed is 
v(>TY pronoun(.~rl and rOIlSf'quently predominat ('~. Th£' 130. ion 
takes an intennediaw po~itioll in whieh fioecuintioll \'o.hl(, and con ... 
(lcntration of the sol art' ju~t about indppPlldent of ('adl other, 
or rather, "y decrca. ... cf' slightly on dilut.ion. 

Tht' frlations are, how('v('r, lIot th(' :->unH' for all Roil"l. Rome­
tim('s the wnd(~n{'Y to rai:-;e tiw fioe(,lliatioJl vahIt:' on dilution of 
the HoI is not confined to monovalent ions but also {)l'('llJ'!:oi for 
polyvalent ions (for instance, in the ('ase of the gold sol. 111 With 
other sols, (' .g., t.h(~ Fe2()a RO], the tcndPlwy t,o decl'ca.'·;c }lJ'cvails 
even when monovalent ions arc present. IS 

21. Summary.-In the preceding pages it has been Atat"d that 
the stability of suspensoids depends on their (·leetric eharF:~ and 
that the action of electrolyt.es is based on a process of adsorption; 
heIH~e, it is obvious that no stoichi.omctric relation existki hetween 
the weight of precipitated colloid and thc amount of elect.rolyte 
which causes precipitation. We now clearly understand that. the 
absence of stoichiometric relations, already di.cuRsed on page 5, 
is characteristic of colloidal systems. Y AN BEMMEl,E", who car­
ried out colloid-chemical investigations between 1870 and 1910, 
was one of the first to emphasize pef8istently t.he absence of stoi­
chiometric relatiollR. 

In the foregoing sedions, the electric charge of colloids, the 
definite magnitude of that charge, and t.he part of the laU"r which 
must be removed have been discussed repeatedly. It now becomes 
necessary to form a quantitative idea about. the electric charges 
of the particles. Althou!':h we are familiar with phenomena which 
are related to these interfacial char!,:es (Ace Chapter III), our next. 
problem is to find out how, for insbnce, the cat"'phorctie vclocity 
depends quantitatively on the charge of t.he particle, what the con­
nection is between tbe charge of the glass wall and the flow poten­
tial, etc. In Chapter V these questions will be further discussed. 

REFEREXCER 

1. S. E. Linder and H. Picton, J. Chern. Soc. 61, 148 (1892), '11, 568 
(1897). 

2. E. F. Burton, loc. cit., see p. 62. 
3. W. D. Hardy, Z. physik. Chern. 33, 385 (1900) . 
•. J. Billitzer, Z. physik. Chern. 4li, 307 ('1903). 
l5. F. Powis, Z. physik. Chem. 89, 186 (1915). 



78 STABILITY OF SUSPENSOIDS 

6. F. PowiB, J. Chern. Soc. 109, 734 (1916). 
7. According to measurements of H. Freundlich, Z. physik. Chern. 44, 

129 (1903); '13,385 (1910). The derenninations have been made for different 
sols and the recalculations are not quite permissible (Cj. H. R. Kruyt and 
Jac. van der Spek, Kol!. Z. 26, 1 (1919)). Hence the agreement of the data 
is probably somewhat dubious. 

8. According to measurements of II. Freundlich and C. von Elissafoff, Z. 
physik. Chern. 79, 385 (1912); and H. Morawitz, Kol!. Bcih. 1, 301 (1910). 
See the remark in the previous footnote. 

9. H. Freundlich, Z. physik. Chern. 73, 385 (1910). 
10. H. Freundlich and H. Schucht, Z. physik. Chern. 85, 641 (1913). 
11. H. Morawitz, Koll. Beih. 1,301 (1910). 
12. H. Freundlich, Z. physik. Chern. 44, 129 (1903). 
13. K. MatsUDo, J. Col!. Sci. Imp. Univ. Tokyo 41, Art. II (1921). 
14. W. R. Whitney and J. E. Oher, J. Am. Chern. Soc. 23, 852 (1901). 
15. Data derived from' 'Whitney and Ober's article; H. Freundlich, Koll. 

Z. 1,321 (1907); and Z. physik. Chern. 73,385 (1910). 
16. H. Freundlich and H. Schucht, loco cil. 10). 
17. J. A. Gann, Koll. Beih. 8, 64 (1916). 
18. II. R. Kruyt and Jac. van der Spek, Kol!. Z. 25, 1 (1919). For an 

extensive list of references on this subject see H. R. Kruyt in J. Alexander's 
Handbook on Colloid Chemistry, vo!' 1, p. 306-322. 

19. H. R. Kruyt aud A. E. van Arkel, Rec. Trav. Chim. 39, 615 (1920). 



CHAPTER V 

CHARGE AND STABILITY 

22. Electro-endosmosis and Charge.-Figure 38 represent.. 
schematically the movement of a liquid ill a tube under the 
influence of the 
potential difference 

between the elCC--1 
trode.. Let us as-
sume that the wall is 
negatively charged 
and that, conse­
quently, the positive 
part of the double 
layer lies on the side 
of the liquid. Let 
E be the potential 

FIG. 38. 

difference between the electrodes, I the distance between them, 
cf> the diameter of the tube, 0 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: 

v = ¢u .. (1) 

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

and to the drop in velocity <!::!:, dx denoting the distance of a particle 
dx 

from the wall. Since the velocity of the liquid element.. of the 
liqnid 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 o. We may therefore 
assume that: 

du u 
ax = a' 

79 
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The force of friction then becomes equal to ~ ':, or, aeeording 
/j 

,. 
to equation (1) ~ 1,6' For a potential difference E and a distance I 

hetween e1eetrodcs, the potential p;radient II =~' If we call [. 

the quantity of eleetrieity per square ('entimot.cr of wall e, the 
cleetric force operatin~ per unit arca is He. When lridional force 
and electric force are equal we can write: 

~1' 
He =-;.; 

or, 

(2) 

The electric double layer may be likened to a condenser sinee 
in this case we have a negatively charged layer and a positively 
('harged layer at a distance 0 from each other. For sueh a eon­
denser the following relation holds: 

47rOf 
1'= j)' (3) 

where I' designates the potential gradient in the double layer and 
D the dielectric constant of the medium separating the layer". 
If i denotes the strength 01 the current, K the specific conductance 
of th~ liquid, and W the total resistance between the electrodes, 
we have, according to OHM'S law: 

k¢ 
(4) 

Snbstituting the values for H (equation 4) and e (equation 2) 
in equation (3), we get: 

·b-
1= iD'~'K"" 

The foregoing derivation thus furnishes a connection between 
the potential of the double layer, 1:, and the velocity of the electro­
endosmotic phenoIl!enon, I', the remaining terms of the equation 
being a:ccessibl~ to direct messllliment. 
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23. Cataphoresis and Charge.-If " d~not,e" th" entaphorcti,' 
vclo('ity. thC're must t)(", U~ in ttl(> prf't'pdiuf!; s(,(·tiOll, l'quilibrium 
between frictional and electrical fore('; hene(': 

where the lctterR have the saIn(' m('aIlin~s a..<.; in Rrc, 22, C'x('cpt 
that II stands for the velocity of th" partido. 

Replacing '- on the ri!(ht-hand side of the equation hy the value 
derived from the formula for cledric condenserb, wc obtain: 

tED 
u= -~-

41/'~1 
or (5) 

It WaR recently brought out by DEBYE and Hi'cKEI. I that for it 

spherical particle the factor 4 in these equations should be 6. The 
figure, 4 applies to a cylinder, as mcntioned in Sec. 22. 

This formula indicates that for a given potential difference, E, 
there is a direct proportion betwecn 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: 

411' E 
r = D~'Kp' . (6) 

where K 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 POISEUILLE is applicable to the flowing liquid. 

25. Measurements of Boundary Potentials.-MeasurementB 
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 pohmtial 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, 
E decreases, while K 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 It-moles (1 wmole = 10-6 mole), we find that for larger 

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 Cl +in Fig. 39. Then 
comes the divalent cation Ba, 
and finally the trivalent cation 
AI which lowers the charge to 
zero at the low concentration 

L..-----------,::c of 0.8 It-mole. Apart from this 

FIG. 39. decreasing effect of polyvalent 
cations, we may infer from 
these investigations that small 

concentrations 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 (ef. p. 60) from the measurements 
of the cataphoretic velocity of oil drops. The equation (5) used 
by POWlS should be corrected (DEBYE) as stated on page 81.* 

• In a l'ecent investigation (KRUl'T, RoonvoETS and VAN DEB WILLIGEN, 

Call. Symp. " (1926)) attention has been called to the uncertainty reg,mIing 
the into.pretation of. cataphoresis DNlaBUl'Oments resulting from onr ;noom­
~ knowledl" oonoemJng the cbaDge of the dielootric conetant with the 
wriation of ~yte concentration (Note added during the correcIion). 
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Figure 40 t'<lproduceR!)is data graphi,·alIy. Hert' ~n we find 
that the potential 1 is raised for small cODC'entrations, especially 
for a polyvalent anion; 
for instance, the tetra- _ , 
valent anion of KoFe 0.08 

(CN) 6 increases the p0-

tential strongly, as does 
the chlorine ion in K Cl. 
The fact that the eleva­
tion by BaCb is not vis­
ible is probably due to the 
absence of measurements 
at concentrations smaller 
than 200 fL-moles. 

Leaving aside for a mo­
ment the initial increase, 
and considering solely the 
subsequent lowering of the 
charge caused by the added 

.f. 

co ... 
m.J4olfL 

Fla. 40. 

cation, we are confronted here by a phenomenon which is equally 
well explained by Fig 34. In fact, 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 
diiIet'<lnce 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, I, 
with the concentration of electrolyte. The critical potential is 
indicated by the dot-dash line. 

The figure shows that a colloid, in order to be stable, usually 
t'<lquires 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 till electrolyte for stabilizing 
\ a sol bas been known for a long time. The phenomenon of stabiliz-
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I ing a colloid by th~ addition of a substance is called peplizalion. 
It will be clear in this connection that a stable colloid always con­

Concentration 

tains traces of electrolyte. 
\.: sually 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 
be done at the expense of 
the stability. GRAHAM,' and 
later A. W. THOMAS and A. 
FRIEDEX,5 found, for instance, 
that excessive dialysis of femc 
oxide causes the sol to floccu­
lat{) in the dialyzer. BEAKS 

FIG. 41. and EASTLACK 6 stated that in 
preparing gold sols electrically 

the presence of traces of electrolyte is necessary. 
ELLIS/ in his experiments, found that the OR ion raises the 

maximum in the potential curve to a considerable extent. Pmn. 8 

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

\ by strong adsorbability, increase the negative charge, the better 
\pcptizers they are. 

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

The researches of VARGA and W,NTGEN (see p. 97) furnish a 
beautiful illustration of the peptiziug action of electrolytes. A 
SU02 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 a consequent increase in the 
cataphoretic velocity, and hence in the charge. 

Soaps are excellent peptizers for organic substances. As the 
theory of LANGMUIR and fuRKINS (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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'1:1. Summary.-The content of the two previous chapters 
may be summed up graphieally in 1'il(. 42. In the upper p"rt of 
the figure is sketched the ehange in tlce boundary eharge with til<' 
concentration of the electrolyte (1. Fig. :)\1). TIl{' dot-dash line 
gives the value of the criti(,al potential. l'", for t.he sol (of. Fil(. 41). 
In the lower half of the picture is drawn the adsorption isotheml 
for the electrolytes RCI, BaCh, and Aiel,. Riner this part. of the 
ligure is drawn to the same 
;cale of abscissae, the ordi­
nate representing the amount 
adsorbed is plotted down­
ward. The lower pa~ is 
nothing but Fig. 34 upside 
down. In both illustrations 
~he same idea is expressed 
in two ways. In the upper 
naIf are found the concen­
trations at which the poten­
tial is lowered to thc critical 
value, while in the lower 
naif 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 FIG. 42. 

equilibrium concentrations. 

c 

Fig. 42 thus unites in a single illustration the whole ('ontcnt of 
the foregoing chapters. 

28. Irregular Series.-In Sec. 26 the line for AICh was c.on­
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 flocculated by means of 
an electrolyte such as AICh agree well with the changes in boundary 
potential. VI'hen increasing amounts of AlCb are added to a 
negatively charged sol of mastic,' we notice that small concentra­
Iion~ cause flocculation, somewhat higher concentrations produce 
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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 floccu­
lated is plotted as ordinate against the salt concentration as abscissa. 

FIG. 43. 

We have, therefore, first 
anon-flocculation zone, next 
a primary flocculation 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 insUmce, strychnine nitrate,'0 as well as new fuchsin, yields 
an irregular series with AS2S3 sol, and AgN03 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 irregn­
lar series will occur; hence, we readily understand why the posi­
tively charged sol of iron oxide forms an irregular series witb 
sodium phosphate (monovalent cation V8. trivalent anion), and 
with NaOH (monovalent ions, but anion strongly adsorbable).'2 

29. In1luence of Sols on Each Other.-(a) Mutual. fioccula­
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 
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expresses the facts as stated here. The coordinates are the same 
as in Fig. 43. The very first addition of the "01 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 tbe cross-hatched part of the 
figure. 

(b) Protective 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, 

FIG. 44. 

it appears that the gold sol is strongly prot.ected lJ4(ainRt the 
flocculating action of electrolytes. 

We shall find in Chapter XIII that emulsoid sols are, to a 
great extent, unaffected by the presence of electrolytes. Obviously 
the particles of the emulsoid sol are adsorbed by the gnld 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 ZSIGMO,,"""DY 13 a.~ 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 cc. 
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 xm 
GOLD-NUMBERS (PROTECTIVE ACTION) 

Colloid I Gold-number 
Reciprocal 

gold~number 

Gelatin. 0.005-0.010 200-100 
Casein. " . ,. 0.01 100 
Gum arabic. 0.15-0.25 7-4 
Tragacanth .... 2 0.5 
Dextrin ..... 15 0.07 
Starch .... 25 0.04 
Silicic acid sol. , .. '" 0 
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(c) U-number.-When an emulsoid sol is added to· .. n acid 
!,:old sol, no protective action takes place. On the contrary, the 
gold sol is flocculated by minute quantities of the emulsoid. These 
so-called U-numbers (" Umschlagszahlen," according to ZSIG­
MONDy)l. represent the number of millip;rams required to produce 
the color changes in 10 cc. of the gold sol. A few examples are 
given in Table XIV. 

TABLE XIV 

{;-NUMBERS 

Colloid 

Hystidin. 
Pepton. 
Gelatin. 
Albumose . . 
Casein. 

r-numbcr 

>RO 
0.1 -<1.2 
0.04 -<1.06 
0.002-<1.004 
0.002-<1.004 
0.002-<1.004 

____________ 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 
sol. The result is, thcrefore, mutual flocculation. 

(d) 8ensitizing.--Experiments by BROSSA and FREUNDLICH 15 

have indicated that a decrease in the stability of suspensoids is 
often noticed on the addition of an emulSQid of opposite charge. 
On adding to the positively charged sol of Fez03 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 flocculation 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 aJready 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. lJ-numbers also belong in this category. 

It is likewise possible that suspensoids sensitize each other. 
On mixing a negatively charged sulphur sol with an ASZS3 sol, also 
having a negative charge, we find that tht'y sensitize each other. 
The reason for this behavior is, however, a special one. The pep­
tizing electrolyte (see p. 84) for the sulphur sol appearn to be 
pentathionic acid, while hydrogen sulphide peptizes the ASZS3 sol 
(see p. 73). These two peptizing compounds react with each 
other, according to the following equation: 

H ZS50G + 5H2S = lOS + GHzO, 

and, as a result, the boundary layers of the particles are disturbed 
and the charge lowered16 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) Earlicr conception of irregular scrics.-Formerly the opinion 
prevailed that the irregular series required a different explanation 
from that given in Sec. 28. When AICla is added t,o a dilute 
solution of mastic, it might be supposed that a sol of Ab03 would 
be formed by hydrolysis, and that, first of all, a mutual floccula­
tion would take place, as discussed in Sec. 29a, with a reversal of 
the charge from negative to positive. In the long run, the chlo­
rine ion might finally bring about flocculation of this mastic 
complex, 

A serious drawback to this explanation is the fact, already 
mentioned, that sodium hydroxide gives an irregular series with 
Fez03 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 distinguiehed from the phenomenon of mutual 
flocculation. 

For instance, on treating a neutral gold sol with Th(NO')4, 
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(N03).P Table XV gives the values for both series. 

These data show strikingly the contrast between precipitation 
by the Th ion, which requires only it minute quantity, and floccula­
tion by the colloidal ThOz, which necessitates a much larger 
amount becauae the Th ion is active electrically only insofar as 
it is present in the double layer of the ThO. particles. In the 
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ca8e of the ion-dispersed solution, each individual Th ion is, of 
course, active. Furthermore, a great difference is noticeable, viz., 

TABLE XV 

GOLD SOl.,S+A SOLUTION OF ThC~03)~ 

Neutral 
sol 

1st flocculation value. 
End of 1st flocculation ZODP. 

2nd flocculation value .. 

I Alkaline 
sol 

\-0.-00090-1 0.03 
I 0.0030 ca. 0.10 

. : i 20 ca. 5 

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 flakes. 
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 
CASSIUS" 18 and an analogue of this is formed when gold and tho­
rium oxide interact. Table XVI shows that red flakes are obtained 
on mixing a gold sol and a sol of ThO •. 

TABLE XVI 

ALKALINE Au SOL + Th02 SoL 

Cone. Th02 in 
Condition 

millimoles 
after 5 min. 

per liter 

0.002-{).10 red sol 
0.25 -{).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 SMOLUCHOWSKI 1 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 HELMHOLTZ' 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 III, take place whenever there i3 
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. 450) 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. 450 is thus established. The net result, there­
fore, is that the whole particle plus its doublc layer has moved 
toward the positive 
electrode. Simultane­
ously, something else, 
to which we shall refer 
in the next sections, 
has migrated in the 
opposite direction. 

The conception of 
an electric double 
layer, introduced by 
HELMHOLTZ,2 is based 
on the supposition 

+++++T++++ 

++++++++++ 
----_-----

++++++++++ 
----------

FlU. 45. 

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 a.t a molecular 
distance from each other. Let the cross-hatched portion of 
Fig. 46a represent the walL If we plot as abscissa the distance 

1111111111111111111111 
a 

1III111111111111111111S 

Fm. 46. 

from that wall, and as ordinate the po­
tential t, the heavy black line will indi­
cate the course of the potential, the width 
of the line corresponding to the distance 
between two molecules, i.e., the thick­
ness of the HELMHOLTZ double layer. 

FREUNDLICH and RONA,3 and later 
GYEMANT,4 have argued that such a repre-
sentation is incompatible with the facts. 

In fact, GOUY 5 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 FREUNDLICH and RONA bd in mind wa., the 
following. The potential drop between glass and water (or 
between glass and an aqueous solution) had been measured by 
ILulER and KLEMENSIEWICZ," 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 this is placed an electrode, E. Both A 
and a calomel electrode, CE, dip into the liquid B. The latter 
thus contains a glass ekctrOtk and a normal electrode. The 
investi~ators na.med above measured the.potential of this cell as a 
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function of the composition of the liquid B and were thmi' enahled 
to calculate the potential gradient at the glass electrode. KRun'/ 
in his investigations on flow poten tials, also measured potentmls 

FIG. 47. 

for the glass-water houndary, or glass­
electrolyte solution. POWIS,8 too, cal-

eE 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 came to the 
fore, the measurements of HABER and 
KLEMENSIEWICZ showed that the po­
tential of the glass electrode is com­
pletely unaffected by this valence. 
The glass electrode behaves like a 
hydrogen electrode and consequently 
changes its potential according to 

the well-known formula of N ERNST, being dependent only 
on the hydrogen-ion concentration of the liquid B. Following 
FREUNDLICH 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 (HELM­
HOLTZ), but diffuse (OOLY). 

Figure 48, which represents the concepts of FREUNDLICH 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 
HABER and KLEMENSIEWICZ meas­
ured was the total potential differ­

Distance froID. wall 

FIG. 48. 

ence between the wall and the liquid (the value. in Fig. 48), 
called "trans,'erse potential difference" by FREUNDLICH and 
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RONA. KRUYT and POWIS measured the potential difference 
between the moving and the stationary part of the liquid, i.e., 
the value, indicated by t in Fig. 48, that is designated as the 
"tangential potential difference." 

The transverse difference, E, is in agreement with NERNST'S 

theory, not influenced by any kind of ions 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 
t 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 S. Conversely, the 
flatter the curve, the higher 
the value of t. 

The course of the po­
tential curve is prohably 
not always so simple as 
would appear from Fig. 48; 
in fact, we know (cf. p. 58) 
that the sign of the t poten­
tials is sometimes reversed 
by neutral electrolytes. Fig. 
49, which shows a !; poten­
tial with a sign opposite 
to that of <, takes this possi­
bility into account. 

The stability of colloids, 
then, is not governed by the 
transverse potential gradient, 

}'!G. 49. 

<, but depends on the tangential gradient, !; (cf. p. 85). 
In assuming a diffuse double layer, we really should consider 

an "atmosphere of ions" 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 convenience, we shall continue to speak of 
the" double layer." This expression is unobjectionable, provided 
we keep in mind that HELMHOLTZ' simple idea needs the amplifica­
tion fumished by GOUY, STERN,9 and others. 
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Meanwhile, it is very important to know which iohs 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 negatit"e 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 Ab03, which we know has a positive charge, 
was supposed to have a special affinity for the hydrogen ions of 
water; hence, Ab03 became positively charged. In case the 
material of the wall had a decidedly acid character, the specific 
preference for hydroxyl ions was explained in a similar manner. 

FREUNDLICH and ELISSAFOF.· 10 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 LANGMUIR and HARKINS (cf. 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, various 
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 f6le 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 
ions sent into solution by the silver. As a matter of fact, OH ions 
favor the formation of negative metallic sols, but anunonia 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, 
COEHN,ll for instance, noticed that non-conduct-ors of electricity, 
brought into contact with each other, produce a condition whereby 
the substance with the higher dielc('tric 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 docs not appear that an intimate 
relation exists betwcen flocculation phenomena and variations in 
the dielectric constant. In fact, traces of electrolytes that are 
quite active in capillary electrical processes do not change the 
dielectric constant to any extent. Then, too, COEHN'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 ohtained from certain 
investigations on the sol of tin oxide, carried out in the laboratory 
of ZSIGMONDT .12 

When SnCl, is poured into water, a gelatinous precipitate of 
Sn02 is formed and settles slowly. The HCI simultaneously 
formed is removed by decanting the supernatant liquid repeatedly, 
The Sn02, thus purified, is brought into colloidal solution by adding 
either an acid or a base to the precipitate of Sn02. Addition of 
KOH produces a negative Sn02 sol, while with HCI we obtain a 
positively charged sol. 

According to the old conception mentioned above (cf. 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 HEINZ 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 Sn02 
to KOH was different. At the top of Table XVII is indicated the 

TABLE XVII 

FLOCC'tLATIOX VALUE, SnO~ SOL, IN MILLI-EQUrVALENTS PER 10 ce. 

N=Hn02 I I I 
KOH I 10 25 I 50 100 

------------
NaCl. 1.8 1.7 0.34 0.26 0.14 
NaKO.,. 1.9 1.5 0.30 0.28 0.14 
Na2S04. 1.8 1.7 0.32 0.28 0.14 

2.3 2 0.40 0.52 0.50 

HC!.. 0.33 0.07 0.025 0.0135 0.007 
CaCI,. '0.33 0.075 0.022 0.0135 0007 
BaC!'. 0.35 0.065 0.022 0.0130 0.007 
AICI,. 0.33 0.07 0.025 0.0135 0.007 
Al(NO,k 033 0.075 0.024 0.0140 0.007 
AgNO,. .. 0.025 0.0180 0.009 

___ 1 ______ ---,---

··1 0.333 I 0.065 I 0.026 I 0.013 I 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 smaller 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 all 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 
Sn02 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, a.s repre­
sented in Fig. 45. ZSIGMONDY'S assumption is, therefore, that 
the stannates formed at the boundary of the particle produce the 
ions 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 insoluble 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, starullC 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 Sn03 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 mechamsm or the other may produce the effect. In fact, even 
for the Sn02, 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 
disemsed, 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 LANGMUIR and HARKINS, 
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 tin oxide. When pepti­
zation by Hel takes place, the double layer is probably made up 
of molecules of SnC4 pointing their cation toward the (thus 
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negatively charged) tin oxide particle. ZSIGMONDY 15 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 rectangle 
and adds the ion that forms the lining of the double layer. We thus 
obtain, for the ne~ive 8n02 sol, ~n021 8n03--; and for the pos­
itive Sn02 sol, [n02J Sn++++. 

This special location of molecules that are related to the mate­
rial of which the particle consists, is quite frequently met in colloid 
chemistry. MAReK]6 has found that the Mn02 sol can be pre­
cipitated by potassium regardless of the anion with which it is 
combined. An exception must be made for KMnO., which is 
unablc, even in the highest concentrations, to precipitate Mn02. 
Obviously, the permanganate ion, which is related to the material 
of the Mn02 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 
CI ion completcly. 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 practically the same small floc­
culation value, as is seen from Table XVIII. Monovalent anions, 
on the other hand, have a much larger flocculation value (see also 
Table XI, 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 (cf. p. 84). 
It is reasonable to assume that the double layer consists of a com­
bination of basic iron chloride and chlorine. ZSIGMONDY 18 sug­
gest" the following representation, which is quite acceptable: 
IFe2031 Fe202++. Hence, he considers that Fe2o.Cb 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, AszS.. One might ask: Does not the peptizer, H.S, 
furnish the material for the double layer? This in itself is Dot 
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 o.ther cases. Very likely we meet here 
again with the tendency of the boundary layer to make a !!;radual 
transition from the particle to the dispersion medium. Possibly 
the constituent of the double layer is sulpho-arsenious acid, 
HAsS2, so that the particle has the following constitution: 

IAs2S,1 AsSz-. 

TABLE XVIII 

FLOCCULATION VALUE, Fe20~ SOL IN MILLI·EQUIVALENTS PER LITER 

I Elf'ctrolyte ~ 

I KNO, 188 

I OIl 1.61 

I 
Cit.rat(' .. 

I 
1.{;.5 

cr0 4 •• 1..52 

i CO,. 1.7 
I S04. 1.7 

I PO. 
1.9 

F€(CN.) 1.3 
------

I Chlorme contents 
I of the sol. 1.66 
i 

In the same way, the sulphur sol obtained by the reaction: 

2HzS + S02 = 3S + 2H20 

is peptized by a special sulphur-containing acid which 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: ~ S.06--. 

Experiments by FREUNDLICH and SCHOLZ 19 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 
miccll is the particle plus the entire double layer. For the alkaline 
tin oxide, it means therefore; H'lnOz/ Sn03--+ 2K+J. DUCLAUX 
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 materials which are already present in 
the partiele 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 LAUE and BRAGG we have obtained an idea 
of the structure of the space lattice of a crystal. If we apply this 
concept to crystalline 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 AgN03 and KBr are brought together in stoichiometric 
properties, no sol is formed, but AgBr is precipitated. If, how­
ever, silver nitrate is present in excef:lS, 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; 

IAgBrl Ag+ and 
positive sol 

~IBr-
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 O. 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 arOlmd 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 behiud. 
Hence, the crystal lattice lacks one bromine atom to saturatl' 
completely the affinity of the silver atom on the surface. Now, 
it is obvious that a particle of AgBr placed in a liquid containing 
KBr, and hence free bromine ions, will tend to add a hromine 
atom to the silver atom in the surface (Fig. 51). But this bromine 
atom is already balanced by a corresponding potassium ion. 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 

0--0--

€7-0--

i i 
FIG. 50. FIG. 51. 

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 <1/) represents the potassium ions. 

In case silver nitrate is present in excess, thereby making 
silver ions available, a similar line of reasoning can he 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 W8.'l first developed by MUKHERJEE 23 and 
was worked out independently by F AJANS"' It has led to the 
making of various other investigations concerning the c~ndition 
at the surface of the particles, especially as regards the density 
and the distribution of the ions adsorbed on the surface"5 

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 VARGA and YVINTGEN and their co­
workers in ZSIGMONDY'S laboratory. 26 These experimentS' form 
a valuable extension of earlier researches by DVCLAUX. 

First of all, the specific conductance of the sol, K.., and that of 
the intermicellar liquid, K" were determined. The intermicellar 
liquid was separated by the method of ultrafiltration, which will 
be fully discussed in chapter IX. The difference between 
K, and K, represents the specific conductance of the colloidal par­
ticles, Km. Hence: 

(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 KOHLRAuscn's law of the independ­
ent migration of the ions applies, the equivalent conductance, A, 
for the colloidal system will be: 

A = u +,., (2) 

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

Furthermore: 
Km = nX) (3) 

where n is the equivalent concentration of the colloidal particles, 
in other words, the total weight or 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. 

WINTGEN computes what he calls the "equivalent aggregation 
A," i.e., the number of molecules of Sn02 that move along with 
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one electric unit charge (in other words, the number of gram­
molecules of SnO. transporting 1l6,500 coulombs of electricity). 
From equations (2) and (3) it follows that: 

X 
A" = csnot X -, 

"'" 
where csno, is the molecular concentration, i.e., the number of 
grams of tin oxide dissolved in one liter, divided by the molecular 

. . SnO. 
weight of SnO.. RepresentlUg the ratIo 2KOH hy N, we have: 

A I I f 0 . I 2A mo ecu es 0 Sn • aecompamcc by ""if molecules of KOH 

(called B). 
From measurements of the electrical conductivity and the 

cataphoretic movement, WINTGE" determines, for sals with dif­
ferent values of N, the factor A as shown in the second column of 
Table XIX. 

N~ SnO, \ A from eI. 
KOH ! conductiVIty __ I . 
I! I 

25 65 

50 160 

100 600 

200 

TABLE XIX 

I 

transport Structure of the micell Afrom '\ 

numbers 

-----------------
1 I True solution: SnOa--+2K+ 

64 l[r5snO'+2K'~ SnO,H-]",+n,K+ 

ISO 1[/170 SnO,+3 K'~ SnO,H-]",+n,K+ 

592 ,[!500Sn02+5.5K2qSnOaH-]na +n31{+ 

1865 I [IISOOSnO, +9K,q SnO,H -J n. +n,K + 

I 

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 colloidal particles. In Fig. 45 (p. 93) this was 
represented schematically. Applying the result obtained (see 
Fig. 52) to the sol of SnOz, we find that the micell charged by the 
SnO. -- 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 SnOs ~- ion, 
while 20H - ions neutralize the K + ions displaced to the right. 

++ ++ ++ ++ ++ 
KK KX KK KK KK 

FIG. ,1')2. 

Hence, there.bas been 
transported to the 
anode an amount of 
KOH which is the 
electro-equivalent of 
the micells migrating 
to the anode. 

VARGA, "\\TINTGEK, 

and their co-workers 
performed their ex­
periments with appa­
ratus similar to those 
used for determining 

transport numbers according to HITTORFF. If C ooulombs pass 
through the sol, this amount of electricity is transported partly 
by the ions of the dispersion medium (spec. condo K,), partly by 
the micells (spec. condo Km = K, - K, as discussed in eq. (1». For 

transporting the latter, C~ coulombs are used. If then it is 
K, 

found that (3 gram-molecules of Sn02 have been transported, the 
equivalent aggregation A is found from the equation: 

A = (3!l_6,500 

C~ 
K, 

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; hence, the difference 
is the amount of K which is present in the micell without participat­
ing in the formation of the double layer. This number 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 Sn02 particles, n could be computed, but 80 far there is 
no means of determining tbeir size. 

Nevertheless, these investigations have greatly advanc!'d 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 all K2Sn03 molecules 
take part in the formation of the double layer. The reRcarches 
of VARGA and WINTGEN show that, for the sol with N = 50, 
about 15 per cent occur in the double layer and 85 per cent arc 
outside. Such It state of affairs may safely be assumed to bl' a 
phenomenon of general occurrence (WINTtlEN found it to be the 
C[lSe also for Fe"OJ and Cr20s sols); and this in turn giveR UR II 

better understanding of what really takes place in the dOUble 
layer when a sol coagulates. Only a part of the adsorbed eledro· 
lyte occupies a "polar" position; and, obviously, the orientatior 
of this part iR not maintained when an exchanl(e of ions take; 
place on the addition of an electrolyte, as discussed on pal(e 67 
After the flocculation, some electrolyte is, of course, held adsorbee 
by the particles (or the flakes) but this is practically unoriellted 
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CHAPTEH VII· 

KINETICS OF FLOCCULATION 

35. Theory of Flocculation.-On page 6i it was explained 
that the mechanism of the flocculation process is governed by two 
quantities, viz., the probability of rollisioll and the probability 
of adhesion. It has, furthermore, been shown that for suspensoid. 
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 SMOLUCHOWSKI 1 has put forward an interesting theory 
which has since been confirmed by various experimental investi­
gations. VON SMOLUCHOWSKI'S argument may be indicated 113 

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 nnion is brought about eithcr by the 
general attraction of matter or by the surface tension (these two 
quantities being, of course, not at all independent of each other). 
VON SMOI,UCHOWSKI 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, Le., in thc 
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 account of the contents of Ch. VII is found in 
J. ALExANDER'S Colloid Chemistry, Vol. I, pp. 3~322. 
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will enter the sphere of attraction of another particle is equal to 
4 ... DR, where D is the velocity of a particle due to its Brownian 
movement. The quantity D has the following value: 

D = HH_l_ 
N 6 ... qr' 

where H is the gas constant,' N the Avogadro constant, e the 
absolute temperature, and ~ the viscosity of the sol. 

Let no be the number of single particles al the start and 71, the 
same, after a time t: 

Hence the change in the number of particles is given by: 

_ dn, = 4 ... DRnodt. 
n, 

If we consider a change in n, which is not too great, integra­
tion of this equation gives: 

no no 

1 + 4 ... DRnot 

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

It is equal to __ 1 __ or, abbreviated, _1_, and has a definite 
4rrDRno "'·710 

meaning which will be better understood shortly. 
So far, we have assumed that the particle into whose sphere 

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: 

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 p&.rtieles. 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 assurop-

*- Hand e are used here to avoid confusion as Rand 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 SMOLUCHOWSKI has overcome this 
difficulty by making the following assumptions: When a particle 
consisting of i single particles unites with another particle con­
sisting of k single particles, ,the values D and R for the new par­
ticle, consisting of i + k particles, will be: 

D", = D, + Dk ; and R .. = HR, + NkJ. 

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

On the basis of these equations, VON SMOLUCHOWSKI arrives 
at the following conclusions for the complex particle~ after a 
time t, where nI, n2, na, ... nk are, respectively, the number of 
single, double, triple, and k-fold particles: 

no no 

n, = (1 + iY or (1 + anot)' 

n.= 
anat 

(arlOt)' - 1 

no (1 + anot) k+-' 
VON SMOLUCHOWSKI has further computed the change of the 

total number of particles, viz., the sum of the single, double, triple, 
etc., particle~, with the time. This number, ~n, after a time tis: 

no 
};n =--­

t 
l+ T 

We now see that the quantity T is the time after which the 
number of single particles, which at the start was no, has been 
reduced to half its original value (for t = T, };n = tnoJ. The 
coagulation time '1 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 
number of particles, the number of single particles, the number of 
double particles, etc., with the time. In this figure the eoagula-
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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 ~hich (n,l 
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
plets, etc. The curve for n2 
shows, therefore, a maximum. 

~~~~§~~~~~4 t The same reasoning holds for 
triplets, the maximum occur­
ring, however, at a later time, FIG. 53. 

and the number of triplets at 
the maximum being smaller than the maximum number of 
doublets. During the coagulation, the total number, l:n, 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 whcn the probability of adhesion 
becomes less, and the time, T, simultaneously increases. VON 

SMOLUCHOWSKI thinks that when the probability of adhesion is 
less than unity, the numerical course of the flocculation remains 
the same hut the value of T for each probability of adhesion should 
be multiplied by some factor, E. The curves for different values of 
the probability 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 calculating the value of T from observations 
of the number 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. 
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36. Experiments on Rapid CoaguJation.-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 pbysical 
properties of the sol, such as the change in viscosity or the change 
in light adsorption,3 which were thought to be a direct measure of 
the coagulation process. It has been showu, however, that all 
these investigations are much more difficult to interpret than those 
in which the number of particles is measured directly. Experi­
ments of the latter kind have heen performed hy ZSlGMONDY 4 

and his pupils on the gold sol, and by KRFYT and VAN ARKEL 5 on 
the sol of selenium. 

According to the ahove 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 
color, when viewed in the ultramicroscope) Or the change in the 
total number. The second method is the easier 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 counted in the manner described later (see p. 130). The 
coagulation can be successfully arrested in many CllSes by the 
addition of a protective colloid, such as gelatin. The following 
table gives the measurements of WESTGRElII and REITSTOTTER 

TABLE XX 

GOLD Sot.. PARTICLES OF 96 mp' DIAMETER. COAGULATED BY NaCI, 
86 MILLIMOLES PER LITEH.. SOL CONCENTRATION 5.22XlO& PARTICLES 

PER ce. 

TIm. ill i "-'..,..~ 1_ m 
Calculated 
number of 

minutes of partIcles minutes particlesXIO-s 
per ec. 

for T = 5.3 min. 

0 5.22 5.22 
1 4.35 5.0 4.39 
2 3.63 4.6 3.78 
3 3.38 5.5 3.33 
5 2.75 5.6 2.68 
7 2.31 I 5.5 2.25 

I 1 
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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 calculatedJ is satis­
factory. The same agreement was obtained for the sol of selenium 
hy KRUYT and VAN ARKEL. 

37. Experiments on Slow Coagu1ation.-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 SMOLUCHOWS1U. The 
experiments of KRUYT and VAN ARKEL, however, have decidedly 
demonstrated that the simple assumption of VON SMOLUCHOWSKI, 
as regards the multiplication of the coagulation time, T by a 
constant factor, E, is incorrect. In Table XXI is given the com­
putation of the coagulation time, T, for the selenium sol when 

TABLE XXI 

SELENIUM SOL. PARTICLES OF 52 m,u. COAGULATED I1Y KCl, 50 MILLI­

MOLES PER LITER. SOL OF 29.7XI08 PARTICLES PER ce. 

Time in 10-8 number of Time in 
hours particles per ce. 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 T is not at all ronstant, 
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 a 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 rew 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 
appe!lrs. 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 which the probability of adhesion closely 
appro!lches unit value. It is evident that the statements made on 
page 75, regarding the relation between concentration of the col 
and flocculation value, are based on the idea that the value 1 for 
the prob"bility of adhesion b never actually attained. Since we 
mean by critical potential (cf. 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 here,6 however, viz., the change in the 
probability of adhesion, K, due to different values of the poten­
tial, I. The curve drawn in Fig. 54 is a schematic representation of 
the probable relation for a sulphide sol. The value of K varies from 
o to 1; it is 0 for high values of the potential and is 1 when the 
potential iA O. 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
ciable change in the soL Starting from a certain concentration, 

c 
I 
I 
I 

I I 
-j --------------, 

I I , , 
--------------1 

I 

FIG. 54. 

flocculation is more 
or less noticeable; 
hence, the curve 
representing K as a 
function of !; starts 
to risc at a certain 
value and contin­
ues to rise there­
after. Looking at 
the curve from the 
value K = 1, we 
have to eonsiderthe 
fact that the veloci­
ty of flocculation 
changes little or not 
at all at values of 
potential lying be­
tween 0 and the 
critical potential. 

Hence in this part of the curve, too, there is little change of K 
when r 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 7 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 FIG. 55. 

shown separately in Fig. 5.5, 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 hetween prohahility 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 pall:e 77. 

Flocculation value and 'critical potential are, therefore, ideas 
which, while not directly applicable to definite types of dispersoids, 
have, nevertheless, 11 striking significance for those concentrations 
at which rapid changes in the probability of adhesion occur. 
Although the theory of VOK SMOLl:CHOWSKI 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 conclusion::; eOllcerning flocculation values. 

Another question that might ('orne 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. 
FREUNDLICH 8 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-
siblyenterintothat 
sphere, provided it 
were shot into the 
double layer at right 
angles by the 
Brownian move- C 

i ment. We know, ~ 
however, that all z 
particles have not 
the same velocity. 
The temperature V,'od,y 

determines only FIG. 56. 
the aVCT<I{/e speed 
of the particles. The distribution of the velocities is in agree­
ment with the well-known theory of MAXWELL. In Fig. 56 
the number of particles, for a given temperature, are plotted 
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as ordinates against the velocities as abscissae. V m 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 repelli'ng sphere 
under the stated conditions, this assumption would, a fortiori, 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. 

FREUNDLICH, 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, 

y, shifts to the right. FREUND-
FIG, S7. LICH'S result is reproduced in 

Fig. 57. It is readily under­
stood that this figure resembles the !: - K portion of Figs. 54 
and 55, since the number of particles fit for coagulation corre­
sponds to the probability of adhe8ion, K, while the critical 
velocity, V" corresponds to the charge, I, of the particles. 

REFERE::-;CES 

1. M. von Smoluchowski, Physik. Z. 17, 557 and 583 (1916); Z. phy,ik. 
Chern. 92, 129 (1918): Roll. Z. 21,98 (1917). 

2. Cf. F. Powis, Z. physik. Chem. 89, 186 (1915). 
3. H. Freundlich and H. Ishizaka, Trans. Faraday Soc., 1913; Z. phYl'!ik. 

Chem. 83, 79; 86, 398 (1913). J. Gann, Roll Beih. 8, 64 (1916): A Lotter­
moser, Koll. Z. 16, 145 (1914). 

4. R. Zsigrnondy, Z. physik. Chern. 92, 600 (1918); A. 'Westgren nnd 
J. Reitstiitter, ibid., p. 750; J. Phys. Chern. 26, 537 (1922): A. Westgren, 
Arkiv Remie 7, No.6, 1 (1918). 

5. H. R. Kruyt and A. E. van Arkel, Rec. Trav. Chim. 39, 656 (1920); 
40, 169 (1921): Koll. Z. 32, 29 (1923). 

6. H. R. Kruyt, Vers!. Ron. Akad. Amsterdam 27, 669 (1918); Ree. 
Trav. Chim. 89, 618 (1920). 

7. A. von Galecki, Z. anorg. Chern. 74, 174 (1912). 
8. H. Freundlich, Roll. Z. Ill, 163 (1918). 



CH APTER YIII 

OPTICAL PROPERTmS OF SUSPENSOIDS 

Following a brief introduction (Chapter I) our attention ha.. 
hitherto been principally focussed on the dynamic phenomena 
of suspensoids, which have enabled us t,o understand how colloidal 
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 TYNDALL 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 alI,l colloidal-solu­
tions, show characteristic polarization. 

It is, however, not an easy task to make solutions that do not 
exhibit the TYNDALL phenomenon ill any degree. So-called 
optically void water requires a very special preparation. Dis­
tilled water, however carefully prepared, is never completely 
optically empty. SPRING 2 has shown that optically empty liquids 
may be obtained by allowing a voluminous precipitate to pa.~s 
through a solution. Into a solution of ZnSO. he introduced so 
much alkali that the zinc hydroxide settled as a voluminous pre­
cipitate. The supernatant liquid was then practically optically 
void. 

STRING obtained the same result wit.h other salt solutions, but 
not with those which on hydrolysis produce colloidal constituents. 
Alum solutions, for instance, invariahly showed the TYNDALL 
effect due to the presence of colloidal AbOa. 

It was for a long time believed, as a result of experiments 
performed by LOBRY DE BRuYN,a that sugar solutions also showed 
a permanent TYNDALL effect. Recent investigations by WOLSKI! 

119 
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however, have shown that the phenomenon can be eliminated in 
sugar solutions. 

RAYLEIGH 5 has derived the following relation between the 
intensity, I, of the light scattered sidewise, the volume, v, of the 
obstructing particle, the distance, d, between observer and partiele, 
and the wave length, }., of the scattered light: 

( 
,,2 ) 

I = f d2 ).' . 

The fommla. 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 likc sulphur, 
mastic, gamboge, etc., show a peculiar bluish TYNDALL light. 
From the above equation, with }.4 in the denominator, it follows 
that when non-conductors are dispersed, ,mall wave lengths are 
favored, and hence the blue color predominates in the TY"DALL 
light. 

RAYLEIGH also explained the blue color of the sky from the 
same point of view. The blue sky light is simply the TYNDALL 
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 TYN­
DALL 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 TYl'iDALL light. The non-recognition of this 
distinction leads to misunderstanding and no doubt played a 
part in GOETHE'S theory of colors. 

It should be noted that RAYLEIGH'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, MIE 6 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 
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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 Fig. 58, drawn for a so-called 
"infinitely" small particle, it is seen that the li!(ht which is scat­
tered in a direction at right. an!!:les to the path of the incident ray 
is completely polarized, and that in all other directions the li!(ht 
is only partially polarized. Fig. 59 gives the radiation diagram 

FIG. 58. FIG. 59. 

for a much lar!(er particle. In this case the light is never com­
pletely polarized; moreover, the maximum polarizat.ion is not 
located in a direction perpendicular to the path of the ray but at 
an angle of about 120. MIE's theory thus conne('t. the size of 
the particle with the polarization of the TYNDALL light. The 
latter is completely polarized only in the limitin!( case of an infi­
nitely small particle for an angle of diffraction of 90c

• 

40. Color of Suspensoids.-In the previous section we con­
sidered the nature of the diffracted (TYKDALL) light. We shall 
now discuss the light that is transmitted, or adsorhed, 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 Fe20:. 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 
corresponding molecularly 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 absorption 
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and "ize 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 (e/. 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. 

ZSIGMONDY 8 found that, in gen~ral, 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 

FIG. 60. 

length as abscissa, for 
fi ve differen t gold sols 
with varying degrees 
of dispersion, No. 1 
being the coarsest sol 
and No.5 the most 
highly dispersed. It 
will be seen that an in­
crease in the degree of 
dispersion displaces 
the maximum in the 
direction of the smaller 

wave lengths, and that, at the same time, the maximum value first 
rises and then decreases.9 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 dispersed systems. He 
considers this an argument for the real existence of molecules, 
i.e., for the discontinuity of 
matter. The results which 
he has obtained with the sols 
of sulphur and selenium arc 
favorable to this idea. 

It might be assumed that ~ 
the color of colloidal solu- ~ 
tions is greatly influenced by "il 
the fact that light of a cer- ;:; 
tain wave length is scattered 
as TYNDALL light, thus show­
ing a certain analogy to flu­
orescence. Experiments hy 
STEUBINC,lO however, have 
shown that the intensity of 

,.J 
FIG. 61. 

the TYNDALL 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 coincide at all. 

41. Behavior toward X-rays.-The investigations of VON 
LAUE and of SIR ·WM. BRAGG and W. L. BRAGG 11 have indicated 
that the face of a crystal acts as a grating toward a pencil of X-rays. 

FIG. 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 magnitnde 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 difference between the paths ABC and A'B'C' 
is given by: 

B'B - B'E = B'D - B'E = ED. 
Furthermore: 

ED = 2dsin e, 
where d is the distanee between the planes and e the angle of inci­
dence. 

There will be interference when the following equations hold: 

I. = 2d sin e (first. order) 

21. = 2d sin e (second order) 

nt. = ·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 12 have modified this method for the 
recognition of crystals in such a way that it is no longer necessary 
to use a crystal 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. 

~ )i)) (( (( (( ( 0 ) )) )) (( (( ((-f: 
FIG. 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. 
DEBYE 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 "oagulation of the colloids haR led 
to the conclusion that the particles in nearly all suspensoid sols 
are crystalline. For instance, with respcet to the gold sol, DEBYE 
and SCHERRER found that the particles consist of tiny crystals 
having the same elementary cube as gold powder and bclon!!;in~ 
to the same crystal eystem. The size of the partieles a!!;rccd (·om­
pletely with determinations made along different lines, which 
will be diseussed flllly in the following section. The highest dis­
persed !,old sol studied by the above authors app('arcd to consist 
of particles having a parameter of 1.8 miL .• while a ("omputation of 
the number of atoms in such a partidc showed that there were 
not more than 5 atoms to the side of the cube. 

Characteristic crystal spectra were also found for a silver and 
for an AszS3 sol. 

It has thus been proved that in many cases ,,,,lloidal particles 
arc crystalline and that, consequently, it is superfluous to dis­
criminate between crystalline and colloidal substances (cf. 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. One of these 
particles, when viewed in transmitted light, no doubt disturbs the 
beam of light to sOllle 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 partielo, 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 SIEDE>CTOPF 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 interference 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 S'EDENTOPF 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 microscope. If, however, a 
particle is present in the field of 
the microscope and in the path -

FIG. 64. 

of the light ray, a diffraction 
phenomenon becomes visible in 
the form of a colored ring. Such 
a diffraction ring is an indicatioG 
of the presence of a small par­

ticle but should not be considered as an image of the particle. 
In other words, the ultramicroscope is a refined method of 

FIG. 65. 

ob8()rving the TYNDALL effect, since we observe, so to speak, the 
TYNDALL phenomenon for each particle separately. Figure 65 
shows the ultramicroscope in its original 
form. The light from the arc lamp, d, 
reaches the microscope through the len8()s, f 
and h, and the movable eyepiece, I. The 
sample is thus lighted from the side and is 
examined through the nlicroscope, i. The 
colloidal solution is placed in a cuvette, 
which in modern instruments has the form 
devised by BILTZ (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 FIG. 66. 
light. The great advantage of this cuvette 
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 to rinse the 
cuvette three times in order to obtain a clear imagl\ of the sample. 

By means of a cuvette holder, the cuvette is firmly attached 
to the tube of the microscope. A sharp focus i, made possible 
by another device, which has1 moreover, a seeond advantage. 
This is the slit, g, which is shown separatcly and enlar,,;pd in .Fi!!:. 
67. Two sets of movable screens enclo,"" It slit, the height and 
width of which can be varied. By means of the screw, n, the 
width can be changed, while 
the micrometer screw, c, regu­
lates the height of the slit; 
hence, only an exceedin!(ly 
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 
microscope, we slice off me­
chanically a thin section to 
avoid being disturbed by FIG. 67. 

blurred images of object, 
higher or lower than the one under examination. The same 
result is obtained here by illuminating only !1 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-ultramicroscopic 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 cCHlXial 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 I 8..<:; 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 
cond~nser at an obtuse an!Z:le, 
lights the sample through the 
immersed drop. After passing 

Flli. (is. 

k through the sample, the light is 
totally reflected against the cover 
glass, and no dired light reaches 

the observer. Only light disturbances caused by particles that 
may be prescnt arC" notieed, so that here again we hav(' ('on­
ditions favorable for ultramicroscopic observation. A great 
disadvantage of this ~ystem 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 uItramicroscopic 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 
tho light cone is again located in the 
specimen and direct observation of 
the light beam can be prevented by 
using an objective having an apprture 
smaller than that of the light cone. 
D nder those conditions it is, there-
fore, impossible to observe the light 
directly, and only diffraction images 
appear on a dark background. 

The principle of this condenser is 
repeated in several other types, repre­
sented in Figs. 70 and 71 and known as 

FIG. 69. 

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 gla.,s slide, the cover glass, and the depth 
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of the speeimen meet ri!(id speeifications. For thiB rellson, these 
instruments, although otherwise cxeell<mt. arc, 8..0;; a Tul1?, not well 

"\ ," ._- ' .. ..,. 

FIG. 70. FIG. 71. 

adapted for use in colloid-chemical laboratories, where the clas­
sical slit-ultramicroscope still remains the most practical instru· 
ment at least, insofar as liquid 
systems are concerned. 

The slit-ultramicroscope ha, ~~ 
recently been modified in such a 
way that the cuvette is omitted 
entirely (Fig. 72). Theobjective 
of the horizontal illuminating 
system is so close to theobjective 
of the microscope that a drop of 
the sol can simply be suspended 
between the two objectives. The 
sol thus actsas immersion liquid 
and as specimen at the same 
time. The new instrument, 
caUed the immersion ultrami­
croscope, enables one to obtain 
a greater resolving power (par-
ticles of 4 mil are visible); but, FIG. 72. 
on the other hand, the freelysus-
pended drop is the cause of rapidly changing microscopic images. 
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The ultramicroscope of COTTON and MOUTON 14 should also 
be men tioned. A block of glass, as sketched in Fig. 73, is used as 

FIG. 7a. 

condenser. The ligll.t of the 
incident beam strikes the 
sample at an angle and is 
totally reflected against the 
cover glass. This system, 
therefore, stands between 
those using orthogonal and 
those employing co-axial illu­
mination. 

43. Determination of the 
Particle Size.-It was stated 
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 particles is.. All that remains to be determined 
is the number of particles into whieh 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 EHRI,ICH 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 size 
of the blocked field, one pours the sol into the cm·ette. The 
dilution is so chosen that there are only two or three partides, 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 compute the 
number present in 1 liter of the original sol. If we imagine the 
particles to be spherical, the volume of a single particle can be 
calculated. 

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 13 applied an ingenious method of measuring the 
size of an a1llicroscopic gold sol. He observed that reduction of 
AuCIa, in the presence of colloidal gold particles, results in the 
precipitation of the gold on the preexisting 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 AVOGADRO constant: N = 60.6 X 1022 , 

we also know the size of the molecnles. While the dimensions of 
colloidal particles usually lie between 2 and 200 m,u, those of mole­
cules lie as a rule below 1 mit. 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 scale. 

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. 

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

Re02 + K2IL = Se + 2H2() + K2 

The method used is that of particle growth, applied to gold 
sols by ZSIGMONDY (p. 131), viz.: to the first-formed Se sol 
more Se02 and hydrazine are added. In this way comparatively 
coarse particles arc obtained. If this sol is allowed to stand in 
a graduated tube, it will be seen that the orange-colored selenium 

FIG. 74. 

particles settle after a while. The velocity of settling is measured 
and the size of the partides determined by means of STOKES' law. 
This law is mathematically expressed by the formula: 

where ~ 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 f,rr8(dpartlc1e - dmedlum)g. In this latter ex­
pression d is the density and g the acceleration due to gravity. 
Using this method, VAN ARKEL 15 found for the radius of "the 
particles in a selenium sol a value of 63 ml', while the value obtained 
by counting was 59 m,u. 

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 ways16 

A number of other physical properties have been tried for the 
determination of the size of particles in sols,17 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 Fe20a SOI,18 but the first system­
atic investigation was made with the aid of the sol of V205. 
FREUNDLICH and DIESSELHORST J9 had already observed that this 
sol, prepared by the method of BILTZ,20 appeared to be double­
refracting, at least after some time, when allowed to run through 
a tube. The same phenomenon could be seen between crossed 
niaols on placing the sol in an electric or magnetic field. The 
reddish-brown sol exhibits this peculiar propert.y of becoming 
double-refracting by the dark streaks which appear on shaking 
and vanish when the liquid is left alone. "Cltramicroseopically, 
it was found that the sol contained elongated particles, Although 
the interference picture in the ultramicro~cope cannot !live direct 
evidence of the shape of the particles, it is nevertheless a fact that 
a very pronounced one-sided development of the particle. produces 
a correspondingly shaped diffraction image. Hence, we notice, 
in the case of the V205 sol, I011{/ needles instead of rings as in the 
case of other sols. 

A further ultramicroscopic study 21 has confirmed the con­
jecture of FREUNDLICH and DIESELHORST; 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 stream 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 cooperation of parallel particles in st;eam 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 partides of the \'205 sol are studied in the slit­
ultramicroscope, it appears that particles oriented in the direction 
of the incident ray arc invisible; on the other hand, partides 
placed at right angles to the direction of the incident ray, and those 
that do not deviate from that position by mOre than 250

, can be 
observed. Years ago, SIEDENTOPF 22 found that particles which 
vary considerably in length and breadth can be noticed only 
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 V205 

"01 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. -

REINDERS 2. found later that the peculiarities of the V20s 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 call 
be no doubt that all these sols are crystalline. Henee, the 
phenomenon of double refraction of sols, due to the orientation 
of the particles, must be ascribed to the crystal eharaeter of the 
particles. It occurs whenever at least one dimension is consider­
Jlbly smaller than tilP other dimensions. 

Recent investigations of FREUNDLICH and his pupils 25 have 
led to a confirmation and extension of these ideas concerning the 
double refra(,tion of sols. Interesting data. have been revealed 
sinee 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 
V 205 sols there are always present aggregat.es of parallel partidos, 
a fact which bears a remarkable resemblance to the liquid crystals 
of BOSE'S "swann" theory.27 
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CHAPTER IX 

PROPERTms OF SUSPENSOIDS FROM THE KmETIC 
POINT OF VIEW 

45. Brownian Movement.~When ZSIGMONDY, in ](l04, made 
the first observation with the ultramieroseope, he was struck by 
a phenomenon whieh he describes in th" following sent'mees: 1 

The small gold partieles 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 hydrusol of gold! They hop, 
dance, jump, dash together, and flyaway from each 
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, 
ROBERT BROWN,' aroused more general interest through ZSIG­

MONDyTS observations than ever before. NeverthelesRJ BROWN'S 

observations were worthy of Rcrious 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 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 herharium, a.~ 
well as the coal which they gave on combustion, finely ground 
amber, and powdered minerals, all showed this peculiar irregular 
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 
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He then made sure that no outside influences affected the 
phenomenon. This negative proof hIlS been confirmed by widely 
varying methods in the course of the nineteenth century} The 
movement is not affected by mechanical vibrations, unequal dis­
tribution of heat, the influence of surface tension, or electrical 
factors; and numerous investigators after BROWN have rightly 
stated that the Brownian movement is a general property of finely 
divided matter. 

However, the motion of the particle", when viewed through 
the ordinary micros('ope, never amounts to more than a slow vibra­
tion, and hence the phenomenon did not attrad much attention 
on the part of BROWN'S contemporaries, even after the remarkable 
development of the kinetic theory of gases in the course of the 
nineteenth century. What ZSIGMO"DY 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 theoretically and from the 
experimental point of view. In terms of the kinetic theory of 
gases, the temperature is determined by the kinetic energy of the 
molecules, i.e., by their lim,,2, where rn is the mass and v the 
velocity of the partide 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 eonclusion that a gamboge particle of, say, 400 mIL 
diameter, at 17°, changes its direction by an angle of 90° thirty 
million times per second.5 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 velocity of the particle 
appears to be excluded, an entirely different line of attack is 
necessary to solve the problem. What we can determine is the 
rectilinear displacement of a partidc in unit time. EINSTEIN, 6 

and, almost simultaneously, VON SMOLtrCIfOWSKI 7 have calculated, 
on the basis of probability considerations, what, the average dis­
placement of Ii particle must be. They obtain the following value 
for the mean displacement, Ii., in the direction of a horizontal 
axis, x: 

_ - fRTl 
Az = vt'V1i'S;;:;;;' 

where R is the gas constant, T the absolute temperature, N the 
constant of AVOGADRO, ~ the viscosity of the medium, and r the 
radius of the particle. In this expression we recognize the quantity 

~, which is connected with the kinetic energy of the particle, 

and the expression 6 .. ~r, which in STOKES' 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." 

PERRIN 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 hetween 0.212 and 
11.5 ffiIL. 

These particles are visible in the ordinary microscope. Their 
size was determined by direct measurement either from the rate 
of fall, according to STOKES' law, or else by counting. The path 
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 
jp e(!ti!llatin!), the ave~e displacement durin!! the stated perio<l 
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of time. By calculating by means of E,NSTE,N'S formula the 
constant N, he obtained the results given in Table XXII. 

TABLE XXII 

Material 
Radius of 

N 
the partich' 

Gamboge. 0.50 " 66 X 1022 

0.212 73 X 1022 

Mastic ... . 5.50 

I 

78 XlOll2 

0.,12 72.5XlO" 
0.367 69 XI022 

I 

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 p. 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 1022• 

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

de 
dm = Dq d;:ft, 

where dm is the quantity of matter which in the time t moves 
through the cross section q 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 differen"e in concentra­
tion equal to unity. EINSTEIN 10 noticed that this diffusion 
constant is closely related to the displacement, 3:., discussed in 
Sec. 45, in such a way that": 

D = -fL hence, D = !c._7'_._!__. 
21' N ti".~r 

SVEDBERG 11 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. PERRIN 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 occur 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 beexprcseed numerically by the 
" osmotic pressure," as derived from the theory of dilute solutions. 

The latter is equal to n ~. Let us next consider two levels in 

the column of liquid at heights hand h + dh from the base. When 
these layers have reached equilibrium the number of particles in 
each is nand n + dn, respectively. The diffusion tendency in 

. RT RT 
these layers is nIi and (n + dn)Ii' so that a difference of 

d RT. diff' d . - nN' ill US10n ten ency musts. 

The influence of the gravitational force is governed by the 
quantity ct>(d. - dR,o) , where ct> is the volume of the particle, a. 
its density, and dR", the density of water. Equating these two 
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forces which balance each other, we obtain: 

RT 
- dnN = rup(d. - dH,o)g dh, 

which may be written in the form: 

: 
.... ':'" 

' ... 
..... : ... 

"~:' :' :~\.~.~:.: 

FIG. 75. 

dnRT 
- -; -:;;- = </>(d. - dH,o)g dh. 

We can inte!!:rate this expression between n, and no 
at the respective heights Il, and h2 and obtain: 

(1) 

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 h = 5 I/o 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 XXIII 

Height in ~ I Number Number 
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.: 

In'Pl = k(hr - h2 ). 
p~ . 
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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 HEDGES," has pointed out., 
however, that PERRIN'S formula cannot possibly apply to colloid 
systems in general. Writing formula (1) in the form; 

ln~ = K(h, - ho), 
n, 

RT . . 
where K = /i' </>(d. - dJl,o)g, we find, on substttutmg the values 

for a silver sol, K = 5000. This would mean that the concentra­
tion of silver in a silver sol at a given layer is 5000 times that of a 
layer 1 em. higher than the first! This result conflicts flap;rantly 
with the experience of any chemist who has ever worked with gold 
or silver sols. Strange to say, WESTGREN'S results were in com­
plete accord with the equation of PERRIN over a depth of 1.1 rom. 

PORTER and HEDGES state 
that the formula of PERRIN 

assumes the validity of the 
law of BOYLE, while the com- ~ 
putations show that the volume 'i 
of the particles plays a large '0 

part. Taking this factor into ~ 
account, one finds an expression i­
of different form. This is well 
shown in the accompanying 
diagram, Fig. 76, where both D,pth 

PORTER'S and PERRIN'S curves FlO. 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 
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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 number of water 
molecules equal to that which, by diffusion, WOUld enter the sugar 
solution. 

The magnitude of this osmotic pressure is determined by the 
number of kinetically active partides present in one liter of the 
solution, according to the jaw of VAN'T HOFF: 

n ,,= RTf" 

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 HOFF'S law indicates that 
when one gram-molecule, i.e., 60.6 X 1022 particles, is present in 
one liter at 0° thc' 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 mIl. 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. mIl. One liter of the 
sol contains, therefore, 1018 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 ! 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 (cf. 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 



Sec. 48. DIALYSIS 145 

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 cbaracteristic of parchment papcr, fish bladder, and 
collodion, the so-called dialysis membranes. It io 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 (cf. Sec. 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, DONNAN'S theory, which will be dis­
cussed on page 203, shows that even under these circumstances a 
direct measurement of the osmotic pressure does not peIDlit 
conclusions, based on the law of VAN'T HOFF, regarding the num­
ber of colloidal particles that might cause the osmotic 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 agreement with the reasoning gi.'en 
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 osmotic phenom­
enon; but it is not an equilibrium phenomenon, as required by 
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the law of VAN'T HOFF. It is caused by the fact that substances 
in true solution, although capable of passing through the mem­
brane, nevertheles6 encounter a considerable resistance as com­
pared with water. Hence the inflow of water exceeds the total 
outflow of water and electrolytes. Owing to the resulting excess 

FIG. i7. 

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

Parchment paper is the classic material, e,,-tensively used by 
GRAHAM in vadous 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 
SCHULL, Fig. 78); and long tubes which 
are sealed 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 

FIG. 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. IS 
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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 larg~ sheets of parchment paper 
free from small holes. Fish bladder 
and various amnion membranes are 
to be preferred. Collodion membranes 
are most widely employed since they 
are easy to make and permit an exceed­
ingly rapid dialysis. 

A 6 per cent collodion solution, as 
used in photography for wet plate", 
can be poured into any desired shape. 
When this is immersed in water, both 
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 

F,G. 79. 

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 

FIG. 80. 

highest possible con­
centration gradient. 
ZSIGMONDY and 
HEYER'6 have con­
structed a dialyzer 
which satisfies the 
severest require­
ments (Fig. 80). A 
collodion membrane 
is attached to an 
ebonite ring. ilia 

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 
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shape of the dialyzing chamber, the instrument is called a "star­
dialyzer. n 

A method has been devised to increase the dialY!ling effect so 
that the time is shortened. This is the process of electro-dialysis, 
a combination of dialysis and electric transport. The principle is 
illustrated in Fig. 81. The instrument consists of three compart­

FIG. 81. 

ments, the second of which 
contains the colloidal solu­
tion. The two outer cells 
are separated from the 
middle one by two dialysis 
membranes, Ml and M 2 ; 

two electrodes, E, and 1.2 
are inserted in these 
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 menlbranes. 17 

49. Ultrafiltration.-Dialysis is still at best a comparatively 
slow process. In order t{) deprive a sol quickly of its intermicellar 
liquid, we can accelerate the dialysis phenomenon by forcing the 
intermicellar liquid Lhrough 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 purpnse. It has been wrongly assumed, 
however, that ultrafiltration in itself affords a means of determin­
ing the size of the particles. By choosing different concentrations 
of collodion solution, membranes of different degrees of permeabil­
ity are obtained, and this has been considered to be due to different 
degrees of pnrosity of the membranes, the latter acting as sieves. 

This assumption, however, appears to be largely inCQrrect. 
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 pnsitively 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. BEcHHoLD ,. 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 possible that the adsorb­
ability runs parallel with the partide size. If we G'Ould consider 
substances that arc comparable as regards thdr adsorbabilitr and 
their c1cctro-adsorbability, a direct connection between the size 
of the particles and the nature of the ultrafilter. might add Rome­
thing to our knowledge of the size of the particles; but II com­
parison of completely dissimilar substances, 010 the basis of their 
behavior toward ultrafilters, docs not permit any conclusion regard­
ing the size of the particles. 

Ultrafiltration, therefore, is exchlAively a useful experimental 
process. It cannot 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. B,LTZ l& on the perme­
ability of collodion membranes 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 decrease"", rapidly; 
while it is practically nil for dyes containing between 55 and 70 
atoms per molecule. For molecules with more than 70 atoms, 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 B,LTZ do not confirm this inference. The 
limits just mentioned are raised when sulpha-groups occur 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 
physieo-chemical properties which run more or less parallel with 
the size of the molecule but depend also on its constitutive 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. WOo OSTWALD 20 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. ZSlGMONDY 21 

places the eollodion film on a suitable porcelain sieve bottom. 
BEcHHOLD,22 using unglazed porcelain as a support, has con­
structed a number of very convenient devices for the same purpose. 

REFERENCES 

1. R. Zsigmondy, Zur Erkenntnis der Kolloide, p. 107 (Jena, 1905)j 
Culloids and the illtramicroscope, translated by J. Alexander, p. 134 (New 
York, 1909). 

2. R. Brown, Phil. Mag. 4, 101 (1828). 
3. Chr. Wiener, Ann. Physik. (2) 118, 79 (1863); S. Exner, Wien. Akad. 

Sitz. Ber. (2) 56, 116 (1867), G. Gouy, Journ. Phys. 7, 561 (1888). Liter­
ature references are given by The Svedberg, Nova Acta Upsaliens. (4) 2, 
No.1, p. 125, and E. F. Burton, The physical Properties of colloidal Solutions, 
2d ed. p. 94. 

4. F. Exner, Ann. Physik. (4) 2, 843 (1900). 
5. G. L. de Haas-Lorentz, Diss. Leiden 1912, p. 74. 
6. A. Einstein, Ann. Physik. (4) 19, 371 (1906). 
7. M. von Srnoluchowski, Ann. Physik. (4) 21, 756 (1906). 
8. Cj. The Svedberg, Nova Acta Upsaliens. (4) 2 No.1, p. 134. 
9. J. Perrin, Les Atomes (10th Ed.) p. 156; Koll. Beih. 1, 221 (1910). 

10. A. Einstein, Ann. Physik. (4) 17,549 (1905); 19,371 (1906). 
11. The Svedberg, Z. physik. Chern. 67, 105 (1909); Die Existenz der 

MoIeciile, p. 78 (Leipzig, 1912). 
12. J. Perrin, KoII. Beih. 1, 221 (1910). 
13. E. F. Burton and Miss E. Bishop, Proc. Roy. Soc. A 100,414 (1922); 

E. F. Burton and J. E. Currie, Phil. Mag. 47, 721 (1924). 
14. A. W. Porter and J. J. Hedges, Tcans. Faraday Soc. 18, 91 (1922). 
15. Marks NeidIe, J. Am. Chern. Soc. 38, 1270 (1916). 
16. R. Zsigmondy and R. Heyer, Z. anorg. Chern. 68, 169 (1910). 
17. Cf. Wo, P,!uIi, Bioeh. Z. 162, 355, 360; 163, 253 (1924); 166, 482 

(1925); H. Freundlich and F. Loeb, ibid. 150, 522 (1924). 
18. H. BechhoId, Z. physik. Chern. 50, 257 (1907). For the preparation 

of uItrs.fiIters, see, further, H. ReinboIdt, Koll. Z. 37, 387 (1925), 
19. W. Biltz, Gedenkboek van BemmeIen (Helder, 1910), p. 108. 
20. Woo Ostwald, Koll. Z. 22, 72, 143 (1918). 
21. R. Zsigmondyand W. BachmAnn, Z. anorg. Chern. 103, 119 (1918). 
22. H. BechhoId, Z. angew. Chern. 3'1, 494 (1924). 



CHAPTER X 

FORMATION OF SUSPENSOID SOLS 

50. General Classmcation.-Lp to the present we have paid 
little attention to the formation of suspensoid". SVEDBERG in 
his handbook "Herstellung kolloidcr Losungen anorganischer 
Stoffe" (of. "Formation of Colloids," by the same author), has 
indicated a general principle by stating that a system containing 
colloidal particles can, as a ru]e, 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 gold, 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 SVEDBERG has been well chosen 
and is very usefU], 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 becanse the coarse material of 
the electrode is dispersed into a fine colloidal sol. It .hou]d J:,e 
kept in mind, however, that the metal is vaporized in the electric 
arc and then undergoes condensation, which means that a con­
densation method is in reality involved. 

Other transitional caaes will be referred to later. 
151 
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51. Condensation Methods.-Before taking up SVEDBERG'S 

systematic classification of condensation methods, we shall first 
of all consider what may happen and then see 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 insoluble or dif­
ficultly soluble in water, it is to be assumed that at one particular 
stage the material is present in a molecularly dispersed statc. 
For instance, when molecules of AuCh are being reduced to gold 
atoms, at a certain moment there iR present a ., supersaturated" 
solution of gold in water. From this supersaturated solution the 
!(old particles crystallize, formin!( the so!. 

The formation of such a new solid phase from a liquid system 
has in late years been a frequent subject of investigation. TA..¥.­
MAXN 1 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 nuclei and the velocity 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 tl::e 
melting point of the substance under investigation. Fig. 82 

gives an idea of the nucleus 
formation in molten beto!. 
It is seen that below the 

T, undercooling in degrees 

FIG. 82. 

mcltin!( point, To, the number 
of nuclei first increases, then 
attains a maximum, and 
finally decreases. The shape 
of the curve suggests irr.­
mediately the idea that the 
phenomenon is governed by 
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 
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configuration resembling somewhat a crystal lattice, a crystal 
nucleus is produced. 

Experiments by T AMMANN have, furtbermore, proved that 
additional material, either heterogeneous or homogeneous, that 
may be present, furthers 'the fomlation of nuclei ill some cases 
and hampers it in others. 

Figure 83 shows how the rate of cryst.allization of II given crystal 
changes with the temperature. At tlw melting point, To, it is, of 
course, zero; but below 
that point it first in-
('reases rapidly, then 
remains constant over .~ 
a certain range of tem~ ~ 
pcratures, and at a ¥. 

t 
still lower temperature 
falls off rapidly. 

The course of the 
crystallization of a sub­
stance from its melt T, undercoolinf: in 0 

is, therefore, governed Fw. s:t 
(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 reselLrchcs of MARC and his co-workers2 

The speed of crystallization 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 suspensoid. the problem of 
nucleus formation and rate of crystallization dominates the whole 
process. When only a small number of nuclei arc formed and 
these grow rapidly, no colloidal systems can be produced, because 
these few nuclei rapidly become large particles. If, on the other 
hand, a large number of nuclei arc 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 
suitable. For, as we have seen in preceding chapters, the electric 
charge complewly 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 
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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 nuclei 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 can reduce, for instance, silver oxide 
according to the equation: 

AgzO + H2 = 2Ag + H20. 

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 pnly­
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: 

AuCIa + 3R20 + P = Au + P(OH)3 + 3RC!. 

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 H2O. is used, with the addition of 
a little alkali, often in the form of K2COa. 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: 

Se02 + 2S02 = Se + 2803• 
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(b) Oxidation methods.-Colloidal sulphur is prepared by t.he 
oxidation of HoS by means of S02, as expressed in the following 
reaction: 

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

(c) Hydrolysis methods.-Numerous metallic oxides arc insol­
Uble in water and form colloidal oxides when their salts are hydro­
lyzed. 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 leaves 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: 

2FeCla + 3(N~)zC03 = 6N~CI + Fe2(CO,h 

The formation of sulphide sole likewise belongs to this group; 
for instance: 

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 inadmissible, 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, 
H20 being formed. Hydrogen sulphide is 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 Aso03 in the solution at the start, a solution of ASz03 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 Wrmation 
of these sols. The fact that the conditions arc 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. 

62. Dispersion Methods.-Four different methods may be 
grouped under this headinp;: 

(a) Mechanical 81tbdi'~8ion.-Vi'hcn the substance has been so 
finely ground in a mill that the diameter of the particle is reduced 
to less than 1 p., the conditions are suitable for sol formation. In 
the past few years, sm'oral "colloid mills" have been put on the 
market. I-Iowever, an extremely fine subdivision is not sufficient 
to produce a stable sol. For this reason a peptizer (often wrongly 
called a "disperser" ~r "diRpergator") is always introduced into 
these mills. Y cry often this peptizer is purely a protective colloid. 
(Cf, Sec, 29 b.) 

In case no mechanical subdivision takes place and yet 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: 

(0) Washing-out metkod.-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 tum can 
be brought back to the state of colloidal solution by washing out 
the excess of eleetrolyte. This occurs frequently in ana.!ytical 
chemistry with those precipitates which, on washing, "run through 
the filter." For instance, when vanadium pentoxide is precipi­
tated in the reaction: 

2 NH. VO. + 2HCl = V20s + 2NH.Cl + HoO, 

there is obtained a 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 acolloidal solution of V20s is obtained. 

(c) 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 mearu; of a peptizing eleetrolyte in order 
to go into colloidal solution (ef. Ch. VI). When hydrogen sulphide 
is passed into a solution of corrosive sublimate, HgB precipitate. •. 
If the hydrochloric acid which has been formed is then removed 
by rinsing repeatedly with water, a colloidal blaek solut.ion of HgS 
can be ohtained by peptizing the preeipitate with H,S. 

Precipitated FC203 can be peptized by the addition of FcC]a, 
a method which is easily understood from the discussion OIl page 
100. 

From the cases mentioned under band c, 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 p"ptizing 
electrolyte could possibly give rise to the formation of a sol; hence, 
only a limited numher of cases are adapted to these two methods. 

(d) Electrical disintegrat?:on.- BREDIG 3 has prepared colloidal 
systems of gold, silver, and platinum Joy establishing, in water, a 
direct current arc between electrodes composed of these metals. 
SVEDBERG 4 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, byemploy­
ing organic liquids (preferably isohutyl alcohol or ether). He 
even obtained colloidal solutions of such metals as potassium and 
sodium. 
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CHAPTER Xl 

mSTORICAL OUTLINE OF THE DEVELOPMENT OF THE 
THEORY OF SUSPENSOIDS 

63. Introduction.-The preceding chapters presented a sketch 
of the theory of suspenso ids 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 heen 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 brief 
historical sketch of previous experiences and theories which have 
led to modern conceptions regarding suspensoids. 

54. The Nineteenth Century.-GllAHAM is often regarded as 
the first systematic investigator of colloidal systems, although it 
is undouhtedly more correct to give first mention to FRANCESCO 

SELMI, of Modena, whose pUblications, written in Italian, have 
recently become accessible in an English translation.' SELMI 

realized, as early as 1845, that a colloidal solution of Agel 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 
pseud!H!Olutions. 

158 
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GRAHAM2 deserves "perial credit. for his exhauRt.ivc 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 distinp;uish between true 
solutions and colloidal solutions. GRAHAM was wronp:, however, 
in eonsiderinp; the pO\wr to form colloidal solutions It specific 
property of certain compounds instead of a general property of 
matter. 

NAG ELl 3 vigorously advocated the theory of the polymolecular­
ity of colloidal partir-les, for which he used the term 7IIicelis. A 
peculiar position in the development of colloid chemistry and the 
theory of adsorption is that assumed by J. M. VAN HlDMMELEN,. 
who studied a number of agricultural problems, especially the 
interaction of precipitated colloids with water and salt solutions. 
This experience enabled him to collp,{'t, a wealth of most valuable 
data (see Chapter XVI) and to prepare 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 "toichiometric. 

Around 1880, the first systematic investi~ations concerning 
flocculation were published. The flocculation of AS2R. and 8b,,8. 
by countless electrolytes was studied first by RcmTLzE,n and later, 
in much greater detail by LINDER and PICTON.6 The predominat­
ing role of the ion carrying a charge of opposite sign, and of the 
valence of that ion, was dearly brought to the fore, particularly by 
the last-mentioned workers, who introduced cataphoresis as a new 
method of attack.7 

The problems arising in connection with the mechanism of 
flocculation 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 9 thought that the particlei' 
became heavier by accumulating the salt in their surface. Both 
workers assumed, therefore, that flocculation was simply an 
accelerated sedimentation. But the results of SCHULZE and those 
of LINDER and PICTON, together with the work of BARUS and 
SCHNEIDER,10 clearly demonstrated, in the light of the ionic theory 
evolved by ARRHENIUS, that certain properties of electrolytes 
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(more particularly the valence) play an important part in th, 
flocculation. 

W. B. HARDY 11 however, was the first to recognize·the rela­
tion between charge and stability (ej. 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 bubblcs adhering to the particles, thE 
adhesion being destroyed by added electrolytes. This theory 
was proved to be untenable by the work of BREDIG and COEHN." 
The former of these two investigators 14 Gought to estahlish 9 

close connection het.ween what. takes place in a capillary electro­
met.er and the coagulation of a colloid. As pointed out on page 51, 
this instrument shows that the surface tension is high in the ahsencE 
of an electric charge and decreases when a charge is introduceu. 
The fundamental problem of colloid chemistry is just this (rj. 
p. 11): Why is the surface tension unable to unite the particle;" 
BREDIG interpreted HARDY'S conclusions by assuming that the 
surface tension of the eharged particles is small and consequently 
leaves them in a relatively stable condition. The electrolytes, 
according to EmlDIG, remove the charge, thereby increasing the 
boundary tension and thus bringing about coalescence of thE 
particles, followed by floeculation. This concept was undoubtedly 
a step forward, although it was found later (ELLIS 15) that, even 
in the case of liquid particles (oil emulsions), the cause of the 
coagulation docs not lie in increased surface tension. The fact 
remains, nevertheless, that BREDlG 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 eO!iguiating power of electrolytes. WHETHAM" 
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 flocculating concentra­
tions of monovalent, divalent and trivalent ions, C" C2 and C3:· 

.! : _!_ : _!_ = 1 : x : x". 
Cl C2 Ca 

For x = 32, these ratios are as 1 : 32 : 1024, a result which 
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corresponds to the data obtained by SCHULZE and by LINDER and 
PICTON for the AsoS:. sol. 

In those years, around the turn of the century, scientists were 
fairly well convinced that colloidal solutions were micro-hetero­
geneous systelllS consisting of suspended polymolecular particles. 
FARADAY 17 had already proclaimed that gold sols contain gold 
particles, and yet SCH"ULZE was not convinced of t.he inhomogeneity 
of his sols. On the basis of experiments performed by SrlUNG IS 

and LOBRY DE BRUYN 19 around the year 1900, the TYNDALL 
effect seemed to furnish a rather doubtful indication in that direc­
tion. The proof of the heterogeneity supplied hy the ultra­
microscope put colloid chemistry on a solid foundation which had 
hitherto been absent. 

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

BURTON 20 removed all doubt 21 concerning the correctness of 
HARDY'S principle. FREUNDLICH 22 confirmed the real significance 
of the valence and commenced his studies on adsorption 2,. in 
order to understand the mechanism of floeculation. A critical 
study of the available literature on adsorption had just then been 
compiled by WI. OSTWALD," and FREUNDLICH was thus a.ble to 
show the close connection between adsorption phenomena and col­
loid stability. A few years earlier, PERRIN 25 puhlished 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 electrolyte adsorption (see the discussion of Fig. 34 on p. 
69) which enabled him to account for the exceptions to the val­
ence roles of SCHULZE, HARDy, WHETHAM, and others. 

The numerous investigations on colloid-chemical suhjects 
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 Erkenntniss der Kolloide" 
(translated by ALEXANDER under the title, "Colloids and the 
Ultramicroscope," New York, 19(9), in which his pioneer re­
searches with the new.instrument, mainly on colloidal gold,27 are 
described. 
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Some years later, in 1909, two more comprehensive works 
appeared, viz.: Woo OSTWALD'S "Grundri •• 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 English translation by HATFIELD under the 
title "Colloid and Capillary Chemistry" was published in 1926). 

In 1912 the first edition of ZSIGMONDY'S "J{olloidchernic" 
(English translation by SPEAR, "The Chemistry of Colloids," 
New York, 191i) was published. This was rather systematic in 
charactor, 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 SVEDBERG and those 
of PERnIN, mentioned in detail in Chapter IX, have paved the 
way for the recognition of a far-reaching morphological similarity 
between colloidal and true solutions and have emphasized the 
significance of the idea of degree of dispersion for a clear under­
standing of various systems. 

56. 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 J ORDIS '8 

and DUCLAUX 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 ELISSAFOF>" KRUY'I', 
POWIS and ELLIS, and numerous investigations made in the labor­
atories of ].'l\EUNDLICH, DONNAN, BANCROFT and KnuY'I', and 
quite recently also those performed in the laboratories of British 
India (among which that of MUKHERJEE 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 colloid chemistry; and 
Gom's extension of HELMHOLTZ'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 FREUNDLIClf is losinl': 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 wa..' pointed out very distinctly 
by VON SMOLUCHOWSKI in the valuable article which he ('ontributed 
to GRAETZ'S "llalldbuch dcr El.ectrizitiil und Magnetism",,"; 30 

and the latest discussions (see, for instance, an article by STERN 31) 

concede the necessity of introducin~ an ad,orption potential. It 
cannot be denied that the idea of "ionic ad,orption" 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. BANCROFT'S 
"Applied Colloid Chemistry; General Theory," Second Edition, 
New York, 1926; PAUL BARY'S "Les Colloides," Paris, 1921; 
E. F. BURTON'S "The Physical Properties of Colloidal Solutions," 
Second Edition, London, 1921; Tm; SVEDBERG'S" Colloid Chemis­
try," New York, 1924; and the extensive compilations of R. H. 
BOGUE, "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 

57. Introduction.-The characteristic differences between sus­
pensoids and emulsoids were discussed on p,,!!:e 10. As "tatpd 
there, the essential difference evidentJy lies in the fact that emul­
soids exhibit a close relationship between the dispt)fsed particle 
and the dispersion medium, while suspensoids lack this prop,'rty. 
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, docs not hold for all physical properties; 
density and light refradion are additive properties for aU sob; 
i.e., these quant.ities chan!!:e in proportion to the concentration of 
the colloidal constituent. 1 Hegarding the surface tension, the 
available data are not sufficiently accurate to warrant" conclusion. 
The statement is often made that ernulsoids lower the surface 
tension appreciably, while the surface tension of suspensoid" is 
practically identical with that of the dispersion medium. Insofar 
as emulsoids are concerned, this assertion is due to a misconcep­
tion. It is said, for instance, that gelatin lowers the surface ten­
sion of water considerably, whereas, as a matter of fact, the best 
grades of gelacin, which contain few decomposition products, 
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 viscosit.y. One would expt,ct, a priori, 
that this quantity would change additively with the amount of 
dispersed substance, in accordance with EINSTEIN'S formula 2 for 
the relation between the viscosity of a disperse system, '1., that of 
the dispersion medium, '1" and the volume of the dispersed 
particles, </>: 

~. = '1,(1 + ir/». 
167 
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It should be noted that this increase in visco .• ity depends on 
the total 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 tbe dispersion medium. If these require­
ments are met, the results obtained agree well with the formula. 

BANCELIN 3 has tested the equatio~ 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 EINS1'EIN may be written in the form: 

(1) 

in which the qUQ"'IJil-'nt ~ expresses the relative Vi8cosity of the sol; 

i.e., the value of the ~iscosity if the dispersion medium is selected 
as the standard of reference for which the viscosity is unity. 

Hene'c, _'2.~ - 1, or !!:_-=--!!_~ is the inc'rease in the relative viscosity 
1'/0 'TJQ 

due to the dispersed substance; this quantity is, therefore, pro­
portional to the dispersed ,·olume. 

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 t per eent agar-agar should have a relative vis­
cosity, according to EINSTEil','S formula, of: 

1 +.~ X t X 0.01 = 1.007, 

if we assume the specific volume of agar-agar to be equal to unity. 
The experimental value for the relative ,~scosity 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 mnch 
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 faet 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 hav~ a volume 200 
times that of the particles of the dry substance. The quantitatiVI' 
correctness of this figure is subject to eertain reservations. In thl' 
first place, a.s we shall sec presently, t.he formula of EI""Tl<:IN needs 
a certain correction, and) E'.epondly" it is not 8trietly 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 iR a considerahle discTt'panry h(~twepn 
calculate:l and observed viscosity; hence, the partides in the 
agar-agar 801 must take up a considerable amount of wate-r. 

At first sight, some may be opposed to the idea of ""cribin~ 
to a sol particle such an unusually great power of absorbing water. 
It should be realized, however, that a sol containiug 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 'Ve arc so familiar with 
these phenomena of gelatinization that we almost take them for 
granted, and we are not impressed until we meet ca.ges, similar to 
that just mentioned, where a particle is supposed to imhibe 
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 sol in the sense of POISl<:U1LLl<:'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 he measured. We can, of course, use the well­
known OSTWALD viscometer (F;g. 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 tD think that this is not possible, and for that reason use 
viscometers which operate on Dther principles. Among"these are 
the viscometer of COVETTE," which measures the friction of a 
cylinder rotatin~ in a liquid, and the viscometer of HESS,7 in which 

FIG. 84. 

the liquid under investigation and a standard 
liquid are separately forced through a capillary 
tube hy moans 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 
POISEl~ILLI~; i.e., different vi..-.;cosities 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.5 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 
POISEVILLE. Moreover, there is a complete ab­
sence of elastic phenomena. Only when we are 
dealing with particles that deviate sharply from the 

spherical shape, as for instance, those of the V205 sol (cf. p. 133), 
benzopurpurin, and possibly partially gelatinized sols, do the 
results fail to conform to the formula of POISEUILLE. 

In applying EINSTEIN'S expression to sols of different con­
centration, 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 I", said thal 
E,NSTE,N'S formula reproduces the observations with sufficient 
accuracy for sols of agar-agar, ~ gum arabic," starch," etc. 

69. Electro-viSl:ous Effect.-When the viscosity of a sol is 
studied in relation to the concentration of an added eledrolvtc, 
for instance, that of barium chlo- ' 
ride,'o the results obtained lead, 1.7 

for a sol of '4(ar-a!(ar, tu the 
folluwing graphical mpr('sentntion jOt. 

(Fi!,:. 85). On the addition of the ]c., 
first milli-equivalent.s a dceidcd ~ 

drop in the viscosit.y is observed, ~ I.' while on further addition of the 
electrolyte the viscosity remains 
practically unchanged. The pro­
nounced effect of very small 

A~Q.. 

l·S'---,o"' •• "-""o."'. --:Q"'.6"-"'~"',-7l,Q 

FIG. 85. 

amounts is strikin~ly reminiscent 
of the hehavior of capillary elcctrieal process,', pmviously dis­
cussed (Chapter III). The agar-agar sol is negatively charged; 

100 

,0 

FIG. 86. 

hence, we are dealing, presumably, with the effect of an ion of 
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 i~ greater 
the higher the valence of the cation. Fig. 86 shows the changes in 
viscosity for a starch solon the addition of various ions. The 
salts used are indicated for each type of curve.! I By luteo is 
meant the luteo cobalt chloride with its trivalent cation. The 
curve mark"d Hexol will be referred to later. 

In Fig. 87 the same phenomenon is illustrated for the agar-agar 
sol. Here too,1O the effect of the valence of the cation is quite 

100 ~ 
", 

60 

XCI NaC1 LIe) 
»HtCI KeNS 

~K,F.(CN). 
2 • 

BaCl2 SrCl i 
-2---2-
MgSO, CdSQI 

----- -2- -2-
La(NOa)a Co(NH3)6ClS --.---,--

FIG. 87. 

Pt(Aein)s(NO.)4 

• 

notiee<1ble, while that 
of the anion is very 
small. The experi­
mentally determined 
curves for the monova­
lent cations fall wit.hin 
the upper black band; 
those for the divalent 
cations, within the sec­
ond band; and so on. 

The similarity of 
these results to those 
obtained in capillary 
electrical phenomena 
immediately suggests 
the possibility of a 
relation between the 
electrical charge of the 
particles and its effect 
on the viscosity of a 

sol. In 1916, VON SMOLUCHOWSKI showed that the expression 
of EINSTEIN holds in reality only for uncharged particles. 12 In 
case the particles are electrically charged, they are surrounded 
by a repelling sphere (cJ. 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 lIARvy and by Wo. 
OSTWALD,!3 
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VON SMOLUCHOWSKI deduced the following 
EINSTEU.'S expression: 

~, - ~o 5 [ 1 (rn)2] 
--~,- = 2~ 1 + ~~f2 .211" ). 

modification of 

(2) 

where K is the specific conductance, r t.he radiuH of th(' part,ide, D 
the dielectric constant, and t the electro-kinetic potential of the 
electric double layer. referred to previously. 

In complpte accord with the ,,'mIt, 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 hcxol salt 

[Co{ (OH)2Co en2},,]\;\O;,)ti 

where en2 represents ethylene diamine. It will be seen that this 
hexavalent cation produces, first, a lowering and then, by a reversal 
of the charge, a rise in the viscosity (ef. p. 85). The boundary 
potential ;- appears squared in equation (2); hence its sign is 
without effect on the electro-viscous effect. 

60. Cataphoretic Phenomena.-The fact that we can in­
vestigate electrical phenomena by mean" of viscosity experi­
ments simplifies the study of emulsoid. considerably. Direct 
observation of cataphoresis in emulROids is made difficult by the 
fact that these sols are colorless. The use of BURTON'S apparatus 
(cf. 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 TVNDALL effect, while the emulsoid sol does. Thus, the 
migration of the boundary under the influence of the electric 
current becomes visible." SVEDBERG 14 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, olle may follow the movement of the albumin 
by allowing the cataphoresis to take place in separate vessels or 
else in an apparatus with different compartments separated by 
stopcocks (Fig. 88). Albumin migrates from C into A or B, which 
were filled originally with water. From a K.rELDAHL determination 
of the contents of A Or B we can get an idea of the lUllount of 
emulsoid transported by the current. 
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I n 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: 

(3) 

whereby it was assumed that the potential !(radient throughout 
the cataphoretic space changes gradually. This condition is not 

fulfilled, however, when constrictions 
due to stopcocks or siphons occur, 
and the resulting error affects the 
computation. 

FIG. 88. 

Unlike suspensoids, proteins have 
an electric sign which depends strongly 

.Jl.._ 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 ions, such 
as polyvalent ions and those that 
are strongly adsorbed, can bring 
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.S• 9•1O 

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 which permit an estimate of the size of emulsoid particles. 
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61. Size of Emulsoid Particles.-It is possible to draw con­
clusions regarding the size of emulsoid particles from determina­
tions of electro-viscous effect and catsphoresis. ls For instance, if 
the viscosity of a sol is determined at two concentrations of an 
added electrolyte, each of the two values obtained must satisfy 
the above-mentioned equat.ion (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 r in the first two equations (2), 
we get two expressions in which all quantities are known except ¢ 
and r. 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 11 m~. 

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 active 
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 
between unity and this value being accounted for by the water. 
In the case of starch, tbe amount of dry substance corresponds to 
a particle having a diameter of 6 m},. 

In the above calculation it was assumed, however, that r 
varies on the addition of an electrolyte, but that ¢ and r do not. 
Cnfortunately, we cannot, a priori, predict that this will be so. 
The result depends on the relation which e"iete between hydration 
and electric potential at the boundary of the particle. From the 
fact that varying concentrations of electrolyte give the same results 
for r, 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 dimensioils; 
hence, it is highly improbable that we are dealing with a simple 
dispersion of large molecules. Rontgenographic 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 DEBYE and 
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SCHERRER for the determination of the crystal properties of sus­
pensoid particles. Emulsoid partieies do not give, generally 
speaking, X-ray patterns with well-defined interference rings. 
Various threads occurring in nat.ure give, however, distinct photo­
grams. Ramie and cotton threads in particular have bpen studied 
by HERZOG and JA'IKK JO 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 element­
ary cube can be determined. Assuming that in such an ciementary 
cube only olle mob,ule occurs (probably there are morc, 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 exceeding 0.68 m!,3. The starch molecule is surely not larger 
than that of cellulose; consequently, we arrive at the {'ollclusion 
that a particle in the emulsoid s01 consists of several thousand 
molecules. 

In recent times, 'ehemical arguments have been advancpd 
which seem to indicate that the cellulose molecule is not exceed­
ingly large. It has been erroneously assmned in organic chemistry 
that n, in the formula (C6HlOO"),, is large; in reality, this quantity 
is completely unknown since we lack the means of determinin!( the 
molecular size of a non-vobtilc and insoluble (i.e., non-molecularly 
dispersible) substance. }'rom the researches of BERGMAN]'; 17 

and those of PUINGSHEIM,18 one gains the impression that there is a 
possibility of obtaining cellulose temporarily-although only 
under unctable conditions-as a monomolecularly dispersed 
substance, in which case n = 1 according to the ebullioscopic 
method. These chemical investigations are thus a confirmation 
of the concept developed here, viz., that sols are polymolecularly 
dispersed particles. Other experiments of BERGMANN 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 thoy were 
solutions of electrolytes with large molecular weight l In the 
prcvious 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 
molecule3 cf various substances entering into emulsoid solution 
arc particularly large. It is obvious that a colloidal particle can 
he built up from small molecules: a gold sol consists of gold 
particlcs fonned from atomic gold; the As2Sa molecule is small, 
although tbe arsenic trisulphide exists in tbe 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, more 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 he 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. 'Ve do not know any electrolyte 
solutions that scatter the light in a corresponding manner (TYN­
DALL effect), show no Towering 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 
(cf. p. 149), but the other properties mentioned here cannot be 
connected with large chemical molecular weight without leaving 
the domain of general chemical experience. 

17S 
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The main criticism that can be raised 8.f1;ainst the ronr~pt of 
the electrolyte nature of protein solutions lies in the faet that the 
division of colloids into suspensoids and emulsoid. would thus be 
without ("ontinuity. In other words, we should hav!' to ll..'crib<' 
to colloid chemistry a dualistic line of reasonin!': which is highly 
unsatisfactory. Whereas, for instance, the electrical properties 
of suspensoids arc to be explained by means of the electro-adsorp­
tive phenomena of the peptizing ions which divide themselves 
between the partides and the medium in aceordan("c with th,' 
adsorption iRothcm)., we should have toO eonsider for protein solu­
tions an ionie equilihriunl of one single kind of lnolecules ditol.­
sociated into ions, the degree of dissociation being gowrncd by 
OSTWALD'S dilution law. 

This dualistic theory of colloid chemistry has found eonsider­
able support, as stated before, in the specific properties of protein 
solutions. For 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 eleetrolytic 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 dearly that typical emulsoid sols, 
such as those of agar-agar and starch, possess an electric charge 
which is in no way different from that of suspensoids. Hence it is 
irrational to place the electro-chemistry of suspensoids on any other 
basis than that of emulsoid,. Although some investigators have 
made an attempt to transform the electro-chemistry of suspensoids 
by considering, for instance, an Fe20a 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 colloids (including suspensoid.!) 
must be considered as a transgression of the solubility product. 
This line of reasoning, however, destroys all continuity between 
capillary electrical phenomena and flocculation, wherea"" as a 
matter of fact, the close relation between these two properties 
has led to a satisfactory explanation of the flocculation of sus­
pensoids (cf. Chapters IV and Vi. In fact, nobody has ever 
faced the consequences of bringing these phenomena within the 
domain of the theory of the solubility product. 

Our experiences concerning the eleetrO'-viscous effect compel us 
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to discuss emulsoid, 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 
:fact that the latter, when deprived of their electric charge, do not 
flocculate. This i, exactly the point which has led to a separation 
of the stati,,, of emulsoid. 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, emulsoid, have a .w'rond 81ability factor which preyents the 
flocculation of til(' unehar~cd particles. Rcmemhcrin!( that the 
condition of non-floceulation signifies a probability of adhesion not 
Iar!(ely dcviatll!( from zero (p. J 09), we realize that this second 
factor, which keeps the colliding partides from permanently unit­
ing, must be of a different nature. Since, as shown on page 169, 
the characteristie diffcrenee betwP(m suspensoids and emulsoids 
is due to the hydration of th" 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 flocrulation 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 debydrating 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 tbis direction2 Tbis hydration of alcohol, therefore, is a pbf'­
nomenon which is governed by the law of ma.~s action, since the 
latter determines the equilibrium between the alcohol hydrate(s) 
and the decomposition products. 

On adding alcohol to an emnlsoid 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 
hydration 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 
(TYNDALL light) of a mastic so). In the ultramicroscope the 
indistinct 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 beell trallsformed by the alcohol 
into a suspen80id sol as a result of the dehydration of the agar­
agar particle8. 

This fact, remarkable in· itself, is supplemented by another 
which completes the argument. B,\' dehydrating til(' :;01 we have 
removed the se('oIld stability faelDr but left tilt' first: viz., the 
eleetri" charge, intad. The small amount of ('I(,(·trolyte required 
for the removal of t.he capillary Plpetri" effe(·t will h" sufficient to 
tlocculat.c the sol. As a matter of fact, th(' a{l:ar-agar sol dehy­
drated hy akohol is just as sensitive to eleetrolytes as any of the 
suspensoid sols discusSNI iIl Part II of this hook. 

In the followin{l: table art' reproduced some of tIl(' floeeulaton 
values obtamed with such a dehydrat.ed sol. The "haracteristi(' 
discharging propertie~, in {)onnc{'tion with the valence of the 
oppositely charged ion, will be immediately re('oguizrd. 

TABLE XXIV 
ONE VOLUME OF AGAR-AGAR HOL+5 YOLFMES OF ALCOHOL 

Electrolyte 

KCI 
HaC!, 

[ ICo(XH.,l,ICb 

Flocculation vahw 
in millimole~ 

l)('r liter 

1.25 
o 05 
0.03 

We have already seen that the addition of minute quantities 
of an electrolyte to a starch or an agar-agar sol removes the charp;e 
but not the stability. On addin~ alcohol to such a discharged 
sol, one observes an immediate flocculation. This proves, there­
fore, that we are dealing, in every casc, with two stability factors 
but that it is immaterial in which order they are removed. The 
removal of one can be accomplished without evident ciTed, hut 
the removal of ooth inevitably causes flocculation. 

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 caIl be made with regard to hydration. Since 
these two factors ooth determine the probability of adhesion, and 
since, fDr 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 potentiar (in the 
absence of hydration) we might consider a critical hydration (in 
the absence of charge). Between these two values will be found 
a series of conditions for which flocculation becomes possible by a 
simultaneous lowering of charge and hydration, both to values 
above their critical limiting values. 

This explains wl,y we find widely uiffering "alcohol numbers" 
for variously charged cmulsoids. The alcohol number may be 
defined as tlw number of cubi" centimeters of aleohol which must 
be addod to [, (·c. 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 (see p, 197). 

A suitable plan for forming an idea of the dehydration of the 
particles by means of alcohol is to study the relative viscosity of 
the solon the addition of increasing quantities of alcohoL A 
decrease in the relative viscosity means a lowering of </>, and hence 
a shrinkage of the film 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 
Fig, 89, therefore, gives the change for both systems: water + 
alcohol and agar-agar sol + alcohoL By dividing the correspond­
ing viscosities we obtain the changes in relative viscosity, viz" 

'Y/ 801 as represented by the curve shown in Fig, 90. 
fJ disl)6l'3e medfUIIl 

We notice that the dehydration becomes very marked for a weight 
concentration of about 45 per cent alcohoI.4 

Acetone is likewise a suitable dehydrating agent and gives 
similar results. Other dehydrating substances, such as sulphuric 
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, 

6(, 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, vi~., (NRo).SO., MgSO., and Na.80.. 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. MgSO. is less soluble than MgCb, and yet it can be employed 
to salt out agar-agar whereas the chloride is unsuitable even at 
the highest concentrations. 

It has been shown that the power of saltin~ out depends on 
both the nature of the cation and that of the anion. The dif-

'" Concentration 

FIG. 89. 

Alcohol Water '" Concentration 

FIG. 00. 

Atcohf: 

ferent cations ('an be arranged in a serim; of deaeasing 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: 

I.i-Na-K-Rb-Cs and: Mg-Ca-Sr-Ba. 

Anion series: 

SO,-CI-Br-No,,-J-CNS 

These lyotropic series are not only met when ernulBoids are 
salted out but are also characteristic of a number of other physico­
chemical phenomena. The effect 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 water, 
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(at 4°); in the change in solubility of non-electrolytes, for instance, 
that of urea in water; and in the lowering of the surface ten~ion of 
water. In the sub~equent chapters we shall consider still other 
properties that arc related to these lyotropic series. 

The si!(nificance of the lyotropic order of ions is hest understood 
from its conne('tion with another phenomenon in which the series 
alfoio COInes to the forc, 'viz., the hydratio1l of ions. From investiga­
tions cOIlrerning- the rrlOLilitr of different ions,5 the conclusion has 
heen rcaehed that these lODf', g-cnt·ral1y sp('akin~, carry water 
molc('ulcs along with them. It appears that the degree to which 
ions arc hydrated is determined by the lyotropic series; hence, it 
is obviolls that this series must lJl~ regarded as an indication of 
the order in which the respective ions are hydrated. This hydra­
tion, of courRC, is a rea(·tion which is subject to the law of mass 
action. The fa(·t just mentioned readily explains the effect of 
salt.~ on the solubility of other substances: the more water the 
iom~ rpquire for themselves, the If's~ renlains available as a solvent 
for the added substance. This practically corresponds to a 
removal of the solvent. The effect on the reaction velocity 
(inerctlRc of udive mass) is likewise easily understood; but the 
change in surface tension and the displacement of the maximulll 
density (of wat.er) cannot bp pxplaincd by ionic hydration. It is 
now !,:cnemlly conceded that the latter is closely connected with 
t.he association of the water molecules to di- or polyhydrols: 
nH20 ~ (H20)n. The influence exerted by the ions in the order 
of the lyotropic scries 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 series. 

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 he due 
to capillacy 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 one-sided. We now realize that lb(· 
small initial amount of added electrolyte fully p(,ffomls its capil-
111lJ; electrical task and that the removal of water i" brought 
about subsequently in the order of th(· lyotropic scries. This 
argument can be readily verified hy studying the chunge in rdati,'c 
viscosity a._~ a. function of the salt concentration. 

Figure \ll shows how the rciatiye viscosity of an agar-agar sol 
varies when MgCh or Mg:,<O, is added. The ('urw '" drawn 
shows that the first few mil-
limoles added eliminate the 
electroviscous effect. The l,G 

valence of the Mg ion is 
the determining quantity; 
hence, both curves coincide. 
At higher concentrations the 
effect of the dehydration is 
felt. and this effect is greater 
for the sulphate than for 
the chloride in accordance 1,OL-.--~--;;---;;---

with the position of t.hese t.wo 
ions in the lyotropic serict-l. 
We notice that the curve for 

Con('Plltration in molllll 

FIG, 01. 

the sulphate lies low!'r and soon descentls rapidly, thus resem­
bling closely the alcohol-dehydration curve represented in Fi~. 90, 
the difference being that in the latter case the dehydration is not 

preceded by 9. removal of the ehar~e, so that the dehydrated 
emulsoid remains stable. The ma~nesiUln sulphate, however, 
dehydrates a discharl<ed emulsoid and consequently causes a 
simultaneous flocculation. The sulphate curve, for this rea80n, 
cannot be continued velJ' 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, In other 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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mutual 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 those of agar-agar and starch, can like­
wise be precipitat.ed by tannin." Careful investigation has shown 
that the addition of tanrun to emulsoid sols free from electro­
lytes does not necessarily produce flocculation; but if, on the other 
hand, tannin is added to a sol such as that of agar-agar, the latter 
is chan~ed from the emulsoid into the suspensoid condition. The 
801 containing tanrun has a milky appearance (TYNDALL light), 
shows a well-differentiated ultramicroscopic picture, and possesses 
a viscosity which differs only slightly from that of water. The 
Hal becomes very sensitive to e1ectrolyt.es, and the effect due to the 
electrolytes present d~pends 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 alcohol. 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 
(cf. 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 hy tanllin 
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 equilibrium between alcohol and water 
(see p. 180). Tanrun, on the other hand, is a 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 cxerting a 
displacing action (rf. p. 40) is added to an agar-a!!:ar ""I treated 
with tannin, the colloidal partj('les are freed, at least. partly, from 
the adsorbed tannin; and, consequently, the cmul""id properties 
must return. Curiously enough, we can u..,c, for iustan('e, aleohol 
for this purposc. Investigation has shown that, alcohol addcd 
in small amounts to an agar-agar 801, that has been {Il'hydrated 
by tannin, increases the relative viseosity and brings baek the 
property of gelatinizing, whereas thc 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 ""ls. Tannin is a 
dehydrating agent, but the principle on which it ads is different 
from that which governs the actioll of alcohol. In interpreting 
this dehydrating action, we might point out the following: Tannin 
is pellta-digalloyl-glucose: 

C6H706[COCGH,( OHhOCOC6H2(OHh]s, 

and has the structure: 
()=C-H 

H2 H II H I 
t----6----L---b----c 
I I I I I o 0 0 () 0 
I I I I I 
C=() C=O C=() C=() C=O 

".Do" ".DOH H,Q,n Ho(ron H/\H 
I I , Y Y ° ° 000 I I I I I 
C=() c=o c=o C=() C=O 

I A I A A Ii I I (f I I I I 
HO~))H HotJ0H HOVOH HO",)OH ROVOR 

OR OR OH OR OH 
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When this substance is adsorbed, it will probably turn the 
p;lucose end of the chain toward the particle and the phenol groups 
toward the water, according to the theory of LANGMUIR and HAR­
KINti (see p. 41). The outside of the particle will no longer be 
covered hy its own hydrophyle molecules but by phenol groups. 
Since the simplest phenol is only partially miscible with water, 
and sitH'p, mOf('over, the miscibility for complicated phenols 
dccrPfLses, it is obvious that the hydrophile character of the agar­
ap;ar partidps will be greatly diminished by the modification of 
their boundary layer. In an alkaline medium, however, the 
phenol p;roups arc changed int.o !!;roups -OKa which arc ionized 
and remain to a large extent hydrophile. Hence tannin does not 
dchydrat.e in an alkaline medinm. 

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. BL'NGENBERG DE JONG 6. 7 have developed a new 
method of dehydration, viz., by adsorption of substances having 
certain definite molecular configurations. The important modi­
fications thus introdneed in the system, particularly with regard 
to the sensitiveness towards electrolytes, may offer a basis for the 
explanation of various precipitation reactions in nature . 

... 

~
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+ -®"- + 
+ - + .. 
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precipitating 
particle 

66. Summary.-Our concept of the stability of an emulsoid 
sol of the simplest type, such as one of agar-agar or starch, may be 
embodied in· the following sketch (Fig. 92) which will be readily 
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understood. The dehydration of the electrically charp:cd partidl' 
is represented as rever8ible, whereas the removal of the electric 
charge is not reversible (at least not in It simple way). Further­
more, the dehydration of the uncharged emulsoid is an irreversible 
flocculation, for, as we have seen, this flocculation is vpry similar 
to that of suspensoids; i.e., once the primary particles have unit"d 
to form flakes of secondary or more complex partieles, these 
flakes cannot by a simple proee"s 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 conditions 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 usuB;lly 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, as 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 das8icai e:rampks of colloids; 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 rOle, 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 
liquid. 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, as is the case, for instance, with amino!)enzoic aci<i. ll;I 

~99 
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a strongly acid solution (for instance, Hel) it break. up chiefly 
into the following ions: 

CI- + (mm2C'oH ... COOH)+; 

and in a strongly alkaline solution eKaOH, for instanee) into the 
ions: 

Hence, the amino-acid may be in equilibrium with both H ions 
and OH ions; but these two ions themselves at<' in equilibrium 
only when they obey the well-known equation for the dissociation 
of water: 

CW'COH- = Kw (Kw = 0.64 X lO-14 at 18°). 

If we designate the affinity constant of the aminobenzoic acid, 
when it acts as an acid, by K., and indicat~ its dis.'IOciation 
constant when it acts as an amine by K b, then the following 
three equations hold simultaneously for the amino-acid: 

l'H+'('OH- = Kw 

CH+ ·cH.~ = Ku 'Cn 

(I) 

(2) 

(3) 

where CR is the concentration of the undissociated molecules of 
amino-acid and en" and CR- the concentrations of its cation and 
anion. 

Since amino-acids are generally more a<:id than alkaline, we 
find as a rule that K. > K •. 

If conditions are so arranged that Cn' = Cn-, 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-electric point 
of the amino-acid. 

For Cn' = CR-, we can derive, from equations (2) and (3): 

Cw Ko 
COH- = K; (4) 

Since KG> K" the concentration of the H ions must also be greater 
than that of the OH ions at the iso-electric point; hence the latter 
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lies in a "lightly acidified solution. Furthermore, we can readily 
infer that at the iso-eiectric point the dissociation of the amino­
acid is a minimum. It is self-evident that this condition is reached 
in weakly acid tmlution, since thf' dis~ociation of thp weak amino­
acid must he forced back by hydrog:cn ions introduced from the 
outside. This eon<-lusion is also obtained by soh;ng equation (l) 

K 
for Con-, COll- = --~ and sulJRtituting this value in equation (4): 

cU' 

(;ow;;;equently, the hydrogen-ion rOD('entration of the i-:o­
electric point is df'tcl'minf'd hy the three equilihriullt {'oIlKtants, and 
this value is independent of the concentration of tll.(' arnino-a('id; 
in other words, the i:o:o-ele(:tric' point. liE'S at the sam(l hydrog;cn-ioll 
('oneentration, no matter whether we' have a hundredth-normal or 
a tenth-normal Rolution of the amino·a(·id. 

Amino-acids react with alkalip~, forminp; salts of thp type: 

llCN~OHONa; whPfeas with acids thpy form aeid salts of the general 
.1 2 

COOH 
type: n~IbHCT With neutral SJllts they reaet sJip:htly 01' not 

at all, for the simple reason that they arc weak aeid" and hence 
art' not aff('cted by neutral salts of strong; acids and bases, ex('('pt 
for the possible forcing back of ionization by a common ion. 

68. Colloid Character of Protein 801s.-0ne may ask: Are 
protein sols systems like those discussed in the previous section? 
No doubt, they contain molecules of amino-acids, and certain 
eleetrical 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 displaced 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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seeond con{'eption~ In Sf'e. iO, other ronsidf'rationR pointing in 
the samp direction will be mentioned. }<'urthcrmore, rertain 
inferences drawn from Sec. 67 do not hold for protein RystelUs. 
}'or instaneD, in discussing equation 14) we S8W that thc il'O-Clcctrie 
point of amino-ueids in true solutjon lipt< at. a ('ert.ain hydrogen-ion 
concentration \I·hi('h is ind"p<'ndcnt of the ('onomtra!ion of the. 
sol. From thl~ Te~{'[trdlf'i" of PX{'LI and 8Al\.f};{' 1 it appNtTS that J 
thi!" if: not the c:ts{' for protein RO):- :-3in('(' the hydrogf'n-ion concentra­
tion of the iso-ele<>tric point variei-i with the (·OIl('cntrn.ti(Jn of the 
protein. Henef', thf' ('ondusion is reached. that a coHoidal protein 
particle ('onsil"tf' of a larf!'<' number of molccuJef.1, some of whieh are 
found on the outside of the particle while othen; are inside. The 
molecules of the periphrr;' are in a position to interact with their 
Rurrounding;s and detcnnine the elc('trieal condition of th(' partid(', 
Th(' statf'lllPIlts made in Sec. 67 about amino-acids arc more or 
Ie", valid for the moleeules on the outside of the particle. Depend­
ing on the stat,e of aridity or alkalinity of the medium, the ioniza­
tion of the mol,','ules in the boundary will be determined hy the 
group RKH3+ i -('lor by th" group HCOO-i Na +. Furthermore 
remembering that at the interface the clet'lrieally polar groups 
orient themselves at right angles to the boundary whenever pos­
sible (sec p. 41) we realize that the charge of the partide iJ,; 

goyerned by the hydrogen-ion concentration of the medium. In 
Fig. 93 is sketched the condition of a partirl(', fiCHt, for a hydrol!;en­
ion concentration greatly in excess of that belonging to the im­
electrical point (Fig. 93 a), and second, for a slight hydrogen-ion 
coneentration (Fig. 93 c). These sketches express the idea that 
the colloidal particle is either positive or negative, depending on the 
hydrogen-ion ('oncentration, and also that there is one hydrogen­
ion concentration at which the particle is neither positive nor 
negative (Fig. 93 b). 

The investigations of PAULI, LOEB, 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 PH = 4.7. For pure water PH = 7. According 
to the statements of Sec. 67 we have minimum dissociation for a 
value of PH = 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 - NHaCl groups. In other words, 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 subjected 
to dialysis against pure water for a considerable time changes into 
a colloid with an intermicellar liquid of hydrogen-ion concentra-

a 

FIG. 93. 

tion PH = 7. Years ago, PAULI 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. PAULI himself stated that prolonged dialysis 
produces a protein sol that is slighUy negative. This is only 
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natuml since we are here on the negative side of the iso-electric 
point. Strictly neutral protein is obtained by dialyzing against 
water ~ontaining so much acid that tbe concentration of the iso­
electric. point is just reached. LOEB found that one can best 
remove all ash constituents by the use of such a liquid. It should 
be remarked, however, that pven if adsorbM constituents are 
removed, others are always introduced hy the process of displace­
ment adsorption. Hence. we cannot confirm LOEB'S stat<Jment 
that gelatin treated with an acid solution of r..t.. normal hydro­
chloric acid or rh normal acetic acid is complctdy free from sub­
stances that are not gelatin. If one has used hydrochloric acid, 
the presence of chlorine, which has entered into the gelatin by 
displacement, can readily be det<lcted. 

This idea 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. LOEB made an 
unusually extensive "tudy of this relationship. It is to his credit 
that he paid partirular attention to the hydrogen-ion coneentra­
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 long 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 times 
in the period from 1918 to 1923. 

The general charact.<lr of the change in the viscosity with the 
variation in the hydrogen-ion exponent is indicated in Fig. 94. 
At the iso-<llectric 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 CQncern­
ing capillary electrical processes 
(see p. 82), i.e., that all charging 

3 4 S 6 

effects are maintained up to cer­
tain maximum values, to be fol­
lowed by a subsequent decrease. 
Similar behavior is exhibited by 
the viscosity curve drawn in 

'l'u Fig. 94. 
FlO. 94. It will be shown presently 

that hydration is also dependent 
on the electric charge and that there arc consequently two factors 
which affect the viscosity. 

In this t.rend of thought, the hydrogen ion, as such, does not 
playa unique part. In LOEB'S opinion, this ion was all-import.ant; 
he thought that. only an ion which determines the chemical behavior 
of protein could produce ail effect. However, boundary charges 
are modified not only by chemic·a) reactions in the interface but 
also by adsorption of oppositely charged ions, particularly of 
polyvalent. ions. H. R. KRl:YT and H. J. C. TENDELOO 2 have 

'recently found that the course of t.he viscosity curve drawn in 
Fig. 94 is not. exclusively !,;overned by hydrogen ions. For 
inst.ance, if we choose a gelat.in 801 with PH = 4.4, which is posi­
tively charged and represented by a point. to the left. of the iso­
electric; point, we shan find that addition of KaFe(C~)& causes a 
lowering of the viscosity due t.o the trivalent anion. At a con­
centrat.ion of I} mi1li-equivalents per liter a minimum value is 
reached. At. higher concent.ration the viscosity again increases; 
yet under all these circumstances the PH remains unchanged. 
Hem'e, we can reach the iso-electric point either by establishing 
a PH of 4.7 in the medium or clse by bringing it up to a PH of 4.4 
by' the addition of II milli-equivalents of Fe(C~)6---. In 
f~ct, the same effect is obtained when the PH is made equa) to 4.9 
and 0.2 milli-equivalent of lCo(NIL)6]+++, i.e., the cation of 
luteo-cobalt chloride, i8 introduced. This investigation demon­
strates convincingly that neither the H ion nor the OH ion occupies 
a uniqne position, but that simply the general action of cations and 
anions is involved. This action merely becomes somewhat more 
pronounced whenever there is a special chemical relation between 
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the ion and the material of which the digperned particle" consist 
(H ion and protein for instance). 

C',oncerning the effect of alcohol On the stability of lI:elatin solg. 
LoEB found that the sol is extremely sensitive to alcohol at tht' 
hydrogen-ion concentration of the iso-electrir point, a result whirh 
agrees with statements made in the forel(oinl( pal(Cs. On page 180 
attention was called to the dehydratin!!; chararter of alcohol and 
the r6le it plays in removinl( one of the stu bility factors. When 
a sufficient amount of akohol is added, the sol ('an only ('xist 
insofar as is consistent with it~ clectri(' ehar~e. ~ 
The latter being at its minimum for the i80-
electric point, it is evident that wry littk 
dehydration is required to depriV<' t]", ,,)1 
entirely of its stability. Filnlre \l5 shows 11:" 
so-called alcohol numbers plotted as ordinal" 
against the hydrogen-ion exponent as ab-
8ci8sa. By aleohol number, LOEB Inean~ the 
number of cubic centimeters of alcohol which 
must be added to 5 cc. of sol in order to produce ilo'Tulation. 

The iso-electric point is also a minimum for the electrical con­
ductance of the sol. 1t is obvious that the condu<,tance is greater 
the higher the· potential of the double lay"r, i.e., the more polar 
groups constitute the double layer. It goes without saying, 
therefore, that the iso-clectric point. represents a minimum in the 
electrical conductance. 

The minimum osmotic pressure at the iso-electric point will be 
taken up in the next chapter (sec p. 2(9). 

LOEB laid particular emphasis on the fact that the effect of 
different acids on protein solutions is perfectly stoichiometric; he 
used this as a strong arlnlment 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 polyrnoleeular 
particles, in which only the molecules of the boundary layer react. 
It 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 LOEB called spedal 
attention. 

Furthermore, there is another fact, totally incomprehensible in 
LoEB'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 eCl;gli­
tion, and hence their properties, would be completely defined. 
But, precisely because of the poly-<ii"persity 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, f{ueh as pre\'iou:'\ imbibition, temperature of dissolving, speed 
of, warrninp;, Htirl'ing. ('te, In LOEB'S cxperimcntR, only one 

FIG. 96. 

~e1atin solution ,va..;; us(>d for each series, 
and consequently we do not notice thcse 
differences. One would err, however, in 
as~mming that two 1 per cent solutions 
of gelatin, for illstanrc, ,vere stoichio­
metrically on a par. Experimental evi­
dence will immediately nullify his idea. 
LOEB'S work CQuld, at best, only prove 
that for a given gelatin solution one 
and the same number of molecules 
(,~z., those in the boundary layer of 
the particles) is active in various reac­
tions; it could by no means verify the 
st.atement that all gelatin molecules 
present in solution react. Moreover, 
HOFFMAN and GORTNER 3 have shown 
that even the former simple relation 
docs not exist. 

To complete this discussion, a sketch 
of the stability conditions in a protein 
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 indicatea the 
uncharged particle at the iso-electric point, 2 represents the con­
dition in a more acid medium, and 4 the condition iii a more basic 
one. Excess of acid causes a lowering of the charge, as shown in 
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1; while ex",ss of alkali produces the same effect, as indicated in 5. 
These five sketches agree with the viscosity curve of Vip:. 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 a'!' readily understood. In cases 7 
and 9 a stable suspensoid is formed. In cases 6, 8, and 10 floc­
culation takes place, since neither of the two stabilizing factors, 
i.e., neither charge nor h)'dration, is left. 

Figure 96 illustrates, therefof(>, all possibilities of stability and 
flocculation in a system of the gelatin type, hased on the g"n~ral 
considerations developed in the preceding chapter. It shows that 
this theory thoroughl!' elucidates the dY1ll1mics 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 hy virtue of its electric charge. However, there 
are undoubtedly some proteins that are not sufficiently hydrated 
to he stable by their hydration alone; in such cases a certain 
ionization of boundary molecules is required to furnish a suffieient 
c,harge and make up for the deficiency in stability caused by the 
defective hydration. An example is casein, which can exist either 
in an acid or in an alkaline solution, but doe. not dissolve in water, 
with the consequence that the sol ordinarily flocculates when 
neutralized. 

AJechcd 

SOL 

----------;.. 
llydration 

FIG. 97. 
-­Hydration 

FIG. 98. 

Waw 

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, even a 
zero charge. When, however, an uncharged sol is dehydrateg, 
flocculation OCCUeR at the point b, and we enter into the cross­
hatched precipitation zone. For a hi!!:her charge stronger dehydra­
tion is required to bring about floceulation, as is also 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 boundary 
layer exceeds that of the point. Q. Dehydrat.ion by alcohol 
increases the possibilit.y of floc('ulation, as is indieated schematic­
ally in the figure. 

A comprehensive study' has shown that casein does behave as 
an emulsoid sol, but that. as sueh 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 typieal lyophile sol. It is similar in behavior to tin oxide 
Ccf. p. 97) which can likewise be peptizcd 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 prot.eins, tin oxide also shows amphoteric properties to a 

. certain degree. 
70. Conclusions.-Briefly summarizing our ideas regarding 

the stability of suspensoids and emulsoid" we arrive at. the follow­
ing conclusion, which is best. illustrat.ed 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 hydrat.ion: they are suspensoid., 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 soil 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 whieh is furnished by the sol itself. Since this inn!'r rootinl': 
may be positively or ne!(atively char!(ecl, depending on the stabiliz­
ing electrolyte, two kinds of sols are possible. 

About the same difference exists between the two emulsoid sols 
mentioned above. The carbohydral(' al'(ar-al(ar is in itself little 
suit.ed t.o the formation of a double layer. Tra(',," of an electrolyte 
(possibly derived from th(' ash rontenll huild up the doulll" layer, 
and the phenomena of diseharl!" an' !(overncd e"elusively hy the 
theory of FREl'''DL1CH. Th,' gelatin sol. on til(' otlwr hand, possess­
ing iono~en molecules, can form a double luy<"r either in an fL<'id 
or in an alkaline medium. thus greatly rcsemhlinl( l.h,' tin oxid(' sol. 

Henef', then' is thif' difieff'nCC bf't.w[,l'n ;-\0]:-; 1 and 2. and likf'wi!"if' 
bet.ween sols 3 and 4; viz., that sols 1 and 3 deriv,' their doubh' 
layers from absolutely extraneous constituents whereas in the 
second and the fourth cases one constituent of the double layer 
originates in the particle it.self. 

We thus see that our considerations have led to a gencraliz<,d 
conception of the stability of colloids, which is applicable to 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 hroad domain of colloid chemistry 
to a comparatively small number of fundamental con('cpts. We 
have been enabled to carry through this idea by means of a detailed 
discussion of four extreme ca.'es. In Section 85. some space 
will be devoted to a few other colloids which lie between these 
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. 

71. Special Properties of the Gelatin Sol.-The gelatin 801 has 
frequently been used a." the most typical lyophile sol, although, 
as frequently st.ated 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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Rtituents of collagen in successive steps. Any sample of gelatin 
will be found to be a mixture of these various decomposition 
produets. 

There is, however, one very striking property of gelatin that 
i, not. possessed by any other prot.ein 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 SMITH.S The polarization of a 
freshly prepared solution changes slowly with time, reaching an 
pnd value which depends on the temperature. Another method 
of studying this phenomenon was followed by VON SCHRODER 6 

for hydrosols of gelatin, and by ARIaz 7 for glycerosols of gelatin. 
They found that the viscosity is a function of tbe 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
chemical nature but bel on!!;, to a reaction occurring inside the 
molecules of the dispersed particles. The phenomena of mutarota­
tion have heen fully investigated for molecularly dispersed sys­
tems,8 for instance, for cane sugar, while systems with dynamical 
isomers 9 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 
lyophile sols in general. 
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CHAPTER XV 

OSMOTIC PHENOMENA 

72. Osmotic Phenomena of Colloids.-A, a physico-chemical 
quantity, osmotic prCSBur~ oceupj(·s a unique historical position: 
VAN'T HOF .. '. theory of dilute solutions took as its startinp: point 
the osmotic preSRure. This quantity itself appears to play a 
large part in biolop:ical processes, and, although direct mcasure­
ments of osmotic pressure have been comparatively fC'w in number .. 
it has acquired-rightly or wrongly-a certair] 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 moleeular concentration. When hrought 
in relation to the lowering of the freezing poiut and the elevation 
of the boiling point, it furnishes thrcc 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 N a ion and the 
Congo red ion, the first of which pas.'leS freely through a collodion 
membrane while the second cannot pass. DONNAN, in 1911,' 
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 
~ed in the presence of sodium chloride. 

29? 
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Let us cmploy the subscript ,: for concentrations inside the 
osmometer and 0 for those outside. It is obvious that free ion". 
eannot pa..'i.."3 the membrane; each Na-f- ion mUHt move as one of a 
pair of which the other member is a Cl ~ ion; since otherwise these 
ions would set up powerful electrostatic forces which would prevent 
diffusion. The frequency with which a sodium and a chlorine ion, 
inside the osmometer) simultaneously strike a unit area of the 
membrane depends on the product of the ionic concentrations, 
viz., [Na+]. X [Cl~l.. Likewise, the ch".lee of a sodium and a 
chlorine ion st.rikin!( a unit area of the membrane from the other 
sid,., is proportional to the product /XIl+], X fC'1-],. 

Equilibrium will be established only when the transfer of 
pairrtl ionH per unit time is the same in both directions, whence: 

[Na f ], X [CI~], ~ [Na+], X [CI~],. (1) 

It follows, therefore, that the product of the concentrations of 
the N a + and Cl ~ ions has the same value on the inside and on the 
outside. The N a + 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 
menlbrane. 

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
ealline designate the liquid inside the osmometer, and those to the 
right tlw outside liquid. Congo red is represented by the symbol 
N aR. The initial concentrations are assumed to be all the same, 
viz., c. 

At the outset: 
Na+ R~ 

Na+ CI~ 

K,,+ Cl~ 

At equilibrium: 
Na+ R~ 

Na+ el­
c-x c-x 

Ka+ Cl~ 
c+xc+x 

From equation (I) it will be evident that, at the start, there 
are too many sodium ions inside the osmometer1 hence some salt 
moves out, the loss in concentration being represented by x. The 
final state of affairs, as shown on the right, leads then to the follow-
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in!!: relation, obtained by sUbstituting the right values in equation 
(I) : 

(2c - xl X (c - :rl = (c + :)"1', 
or: 

2c' - 3ex + :r2 = ,2 + 2rx + ",', 
whence: 

x = te. 

There will be equilibrium when the concentration of th~ sodium 
chloride is !e on the inside and !c on the outside, 

Furthennore, we count the numt",r of osmotically active 
particles present, and find that there are 3~ c.V particles inside the 
osmometer and 2f;eN particles outside (N = AVOGADRO'S constant), 

If we did Dot 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 

11' = 2eRT, 

whereas DONNAN'S theory plainly shows that the osmotic pres­
sure, 11', is equal to (3t-2i)cRT, or licr,7'. 

Calculations hased 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 IbFF. 

With other concentrations of Con!(o red and sodium chloride, 
usin!!; the same osmometer system, we obtain the results reproduced 
in the table below: 

TABLE XXV 

IXITIAL CONCENTltATIOX8 FINAL CONCENTRATIONS 

NaRi ~aClo Ratio 
Per cent Ratio 

NaClj i~aCl,; NaCJj 

0.01 0.01 49,7 1.01 
0.1 1 0.1 47.6 1.1 

2 0.5 40 1.5 
1 33 2 
0.1 10 8.3 11 
0,01 100 99 
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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 t.o say that the membrane is irnpeniou.., to the salt. 

If we calculate the ratio between the osmotic pressure accord­
ing to VAN'T HOFF'S well-known law and the osmotic pressure as 
computed hy DONNAN, we find the values !dven in Table XXVI 
at the correspondin!( ratios of concentrat.ions used. The concen­
tration of Congo red is represented by Cl, while C2 stands for the 

total concentration of the salt, and ":£ for the ratio of the osmotic 
1(JI 

pressures as calculated by DON"AN'B and VA,,'T HOFF'S methods. 

TABLE XXVI 

p
------~ 

I ;;; I 

I 
10 0.92 
1 0.67 

I 
0.5 0.60 
0.1 0.52 

~_. ____ f _____ 1 

It might be thought. that these complications occur 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: 

K+ CI- CI-Z Cl 

-+ K+ CI-
x x-z 

('z-x 

Na+ 

equation (1) may be written in the following form: 

CI­
C2-X+Z 

A computation of equilibrium concentrations gives the figures 
re!lroduced in Tab!.e XXVII, .. 
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TABLE XXVII 

74. Application to Colloids.-In the preceding discussions we 
were dealing with an electrolyte one ion of whirh could pass the 
membrane freely while the other was unable to do HO. 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 adgorbed 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 colloidal micelle) is hy no mean" an electro­
lyte of the Congo red type. 

LOEB 2 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 DO"NAN's theory. The agreement 
was obviously very good since his case was the one just mentione.d. 
LOEB inferred, quite erroneously, 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 eonclu­
siveness of the arguments in the field of osmotic 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 
type4 . 

76. Measurements.-From the preceding discussion it will be 
rlear that little importance can be attached to mes.'urements of 
osmotic pressure for the determination of the particle size. The 
unavoidable, ever-present quantities of peptizing electrolytes and 
t.he resulting d!'viations from the law of VAK'T HOFF render any 
computation illusory, while, on the oth,'r hand, our knowledge of 
th(> concentration of the eleetrolytes prpscnt in solution is not 
always sufficiently exael, to make possible a proper use of DOK­
NAN'S theory. The measurements of DVCLAUX,5 BILTZ/; LILLIE,! 

and many others leave us completely in th!' dark with respeet to 
the size of the partieies in the sols. The methods discussed on 
pu!':e 175 will bring us to a knowlcd!(e of the size of the particles 
much sooner than will osmotic measurements, however important 
the latter may be for studying molecularly and ionically dispersed 
~ystcms. 

Meanwhile, it may be wPlI 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. LILLIE derived a 
molecular weight. of 16,000 from osmotic measurements. The 
empirical formula of hremoglobin is, supposedly, 

C758H12030218N 19553Fe. 

Assuminl( that only Olle atom of iron occurs in the molecule, we 
find a value of 16,666 for the molecular weight. From the amount 
of CO which is taken up by hremoglobin, we find, on the basis of 
one mole of CO to one mole of t.he substance, a molecular weight 
equal t.o 16,721. Measurements of the constant of diffusion give 
the value of 20,000. Osmotic measurements by ROAF 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. 
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Various investigators (PATeL!, LoED, et m.) have found that 
proteins, gelatin, etc., possess a minimum oSlnotic pressure at 
their iso-electric points. This is readily understood from the 
precedinl!: paragraphs. Let us assume that the system gelatin + 
Hel has a PH of 4, for instance. Particles and doubl" 'laver arc 
then of the type represented by Fig. 93a, with a diffuse 'double 
layer of el ions; some of these move freely and take part in the 
osmotic equilibrium, for instance, a fradion, at of their total con· 
centration Co. When equilibrium is reached the condition is as 
follows: 

I nside the osmometer 

[@~t~~JH++ Cl- H+ Cl-

Outside the osmomeier 
H+ Ci-

According to the equation of the DON""N equilibrium, we have: 

[H], X {[GI], + ac,} = [H], X [el],. 

For ac, = 0, the free Hel must be present in equal concentra­
tion inside and outside, and hence the osmotic pressure must be 
that of the micelle alone, viz., practically zero, which is the case at 
the iso-electric point (cf. Fig. 93b). The osmotic pressure falls 
from the low PH toward the iso-electric point. The same reason­
ing applies when we start from higher NaOIl concentrations 
toward the iso-electric point (cf. Fig. 93c); the osmotic pressure 
is again at its minimum value, or practically zero, when there is no 
double layer. The equation: [H1 X [Cll, = [Ill, X [ell, then 
indicates that [Hel]. is equal to [HCll" and hence that the osmotic 
pressure due to the electrolytes present is zero. 

76, Membrane Potentials,-In See. 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: 

E = llT 10 ".'. 
nF g C2' 

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. It is evident that added electrolytes affect these membrane 
potentials insofar as they change the concentrations of the iOD" 
involved. 

WILSON,LoEB, 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 K ERNST'S formula. 
This idea differs radically from the one expressed in Chapter 
XIII, in which the role of capillary electrical processes was empha­
sized. We are confronted here by the confusion between trans­
verse potential differences, ., and tangential potential differences, 
t, 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 LOEB 8 himself. 

77. 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 eases of "abnormal osmosis" 
there is a movement of liquid from the hypertonic toward the 
hypotonic 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 liqnids, A 
and B. In this membrane are capillary openings, one of which is 
sketched in the figure. When dilute solutions of electrolytes are 
involved, a r potential may be set up at the capillary wall, provided 
a 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, tbe electromotive 
force of a concentration cell 
will be set up, as explained in 
the preceding sectioD. If tb;' 
E.M,F, is of such a nature 
tbat tbe bypertonic solution, 
A, is positive with resp!'et t{) 
tbe hypotonic wlution, B, and 
if, furthermore, the wall is 
negatively charg,'d witb re­
spect to the liquid in the 
capillary, there will Occur an 

B 

FIG. 99. 

electro-endosmotic movement of liquid from tbe hypertonic 
toward the hypotonic solution. This pbenomenon is called 
abnormal osmosis. 

In Chapter V wc saw that capillary electrical pbenomena in 
general, including clectro-('ndoSIllotic movements, disappear when­
<,ver the electrolyte concentration is sufficiently increased. For 
minute quantities, however, the t potential is raised. LOEB· 
observed the same bebavior in the case of abnormal osmosis; and, 
what is more, tbe concentration of maximum electro-endosmosis 
often coincides with that of maximum abnormal osmosis. On the 
other hand, mere traces of ions like the Al+++ ion, which in very 
small concentrations removes the t charge, likewise eliminate the 
phenomenon of abnormal osn10sis. 
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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 instanee, 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, i.e., of both dispersion 
medium and dispersed substance, into one apparently homo­
geneous, solid mass. Macroscopically, gelatinizing differs from 
flocculation by the fact that dispersior. 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 wm­
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 parallelism 
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 (ceOo). Two different kinds of sols can be prepared.' By 
dialyzing ceriammonium nitrate (Ce(NO.).· 2NILNOa ·4H:.O), 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 about unity, and the lyophile 
char!\Cter of the sol is apparently destroyed. The addition of 
electrolytes no longer causes gelatinizing, but results in ordinary 
flocculation. 

TABLE XXVIII 

AI,O" • Ceo, , I Ri()~ J 

npgat ively (,}U1rw~d 
__ ._J.>O&_·_t_i_V_"_I_Y,C_ha_r_g_Od__ PO"itivPI;~'IUlrg:_ I 

I 
Cone. in I! Cone. in i Cone. in 

millimoles millimoit's I millimoles 
Electrolyte per lit,er Elf'('trolytp I per liter Electrolyte per liter 

Irequired for required for jreqUiredfOr 
_____ I_ge_.la_t_in_a_ti_on_: _____ [gelatmatlon gclatination 

XaCI. . 77 I XaBr. . 5 I NaCI I 100 

KCI. . . 80 ;\;aClo'···1 J INa'SO •.... "1 100
15 K,sO,. 0.28 NaC!.. . 3.5 BaC!, .. 

KllCl!04. 0.36 Na2S04.. I 0.15 
K,Fe(CN).. 0.10 Na,HPO"'1 0.16· I 
K,Fe(CN),. 0.08 I I I 

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 BACHMANN,' 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 
visible. 

(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
ferontiated from that exhib­
ited by coagulated particles 
(see Fig. 100). 

It was thus demonstrated 
that the visible elements con­
sist of su bmicrons 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-

FIG. 100. cles which have joined to-
gether to form larger aggre­

gates. These in turn might be distinguishable microscopically 
(BUTSCHLI). 

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 (~.) but also 

the relative viscosity (';;;); hence, hydration increases when the 

temperature decreases. Furthermore, an investigation by DE 
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JONG 6 shows that gelatinizing iR independent of any previous 
removal or non-removaJ of the electro-vis('owol effect. ,-iz., of the 
electric charge. 

The process of gelatinizing has heen investigated, for the most 
part, by studying 
the change in vis- I." (:"!) 
cosit.y while the 'lw T 

tranf'fnr mation 
from sol to gel takes 1,80 

place. As soon as 
gelatinizing hegins, 

::~.~ .. : at. a definite tem­
perature, we notice 
a change in viseosi ty 
which increases with 
the time. Fig. 101 
shows, for an agar- 1.65 

agar sol, the vis­
eosity-time cunTes 
at. different tem-

50 100 150 ... 
Minutes 

FIG. 101. 

peratures. Above 40°, these eurves run praetically parallel to 
the time axis; at lower temperatures, we clearly notice an in-

1.7 

crease in viscosity with the 
time. We must, however, keep 
in mind that it is only 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 
of POlSEUILLE (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°, 

1.6i-L-.. ,---.. ,-----.. ,----, .. - it appears that the viscosity 
has increased. The dotted line 

FIG. 102. il)Fig.102 indicates the proper-
ties of such a modified sol as 

they vary with temperatures above 40°. It is seen in these cases that 
gelatinizing has permanently increased ~. Thisisreadilyunderstood 
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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 docs 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 
a!(ar-agar sol at 1000

, 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 (of. p. 11). 
The fact that a sol p:radually increases in viscosity as gelatinizing 
takes place has led to the idea that the transformation from sol 
into !(el is a completely continuous process. Such a concept, 
however, is a naive interpretation of the results of superficial 

examination. In the first 
place, elastic properties 
gradually enter into play 
ill addition to the pheno­
mena of pure viscosity. 
A gel, therefore, not only 

FIG. 103. has a high viscosity but 
also possesses elasticity, 

a property lacking in a sol. Furthermore, the researches of 
BACHMANN have shown that p:els are formed by the agglomeration 
of primary particles into complex parHdes, 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 concepHon were correct, a t per cent sol of 
agar-agar at 350 would contain all or" its water as hydrated water, 
and at 41 0 we should have reached the limit of existence of such a 
sol. A f per cent sol of agar-agar, containing double the previous 
amount, could not possibly exist at 410. 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 repreSf!ntation of It"latinizinp; is; there­
fore, the one sketched previously: Gelatinizing i. 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; whereas 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 
9.gar-agar these 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, docs not gelatinize 
at room temperature. l.Tltramicroscopically, BACHMANN found 
that these sols also passed through the three 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 nc('.essarily out 
of the question. For 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 
diseussed in detail in Sec. 82. When, for example, a gelatin gel is 
suspended in water it takes up water and increases quite notice­
ably 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 loss of water is not a property of all sol •. 
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The gel of silicic acid, for instance, under certain conditions does 
not alter it:-; voluIIle 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 ca.,e and consider the clas­
sical examp:e of the silica gel. 

SO. The Silica Gel.-The gel of silicic acid has been for many 
yean:: an obj('('t of investigation on account of the peculiar changes, 
both opti"al and tensimetric, which take place when it i, hydrated 
or dehydrated. J. M. VAS BEMMELEN has carried out elaborate 
experiments on this J!;cl,7 while in recent years the investigations 
performed in ZSIGMONDY'S laboratory have led to a good under­
standing of VAN BEMMELE~l'\'S results. 

Whm a silicic acid sol is 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 desiccator over sulphuri(, acid, 
we find a gradual decrea,e in the water-silica ratio. Table XXIX 
gives an idea of the change in the outward appearance of the gel 
during dehydration. 

TABLE XXIX 

moles 
of \vntf'l' to Prol)('rty of the Hydrogel 

r of ,<..;j02 
: OIlt' mole /' 

1
~~~{~-·-I-(-;'-·I-"-S-U-C-'O-IlS-J.-st-p,-,t-t-h-at-,-t may be cut, 

20 I Faulv stItT 

L 
12 :;\ia.\ Iw pulverized 

8 I' "';onw\\ hat dasiIc 
_6 __ .\PP!1r('nt Iv 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 schematicaIly 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
cuIes to silica molecuIes, 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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mm., as indicated by the horizontal line in Fig. 104. A gp} rieh 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 WO. At 
the point 0, which is called the first transition POilU, another 
peculiar phenomenon occurs. Whereas hitherto the removal of 
water has resulted in a slil!:ht diminution of volutllf\ there is no 
further change in volume once the first tmnsition point is reached. 
In the second place, when the rlch~'dration is eontinucd I",yond (), 
the decrease in vapor prc~sur(' i~ mu('h less than l)('{or(': and 
finally, the gel gradually b{'comcs opaque, whereas pf<'viously it 
has been transparent. This clouding increases continually until 

Mole<:! of water pPf 1 moll' of Si()~ 

FIG. 104. 

the j(el is as white as chalk. After that it beeomes less and less 
turhid, so that when the point 0" the so-called scr:ond transition 
l}oint, is reached, the gel is again perfeetly dear. On continuing 
the dehydration by placing the j(ci successively over more and 
more concentrated acid, we follow the curve 0,02 • The small 
amount of water which is retained at O2 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 dilute 
sulphuric acid, we retrace, at first, the curve 0 201, which is thus 
seen to be reversible. From the point 0" on, however, the vapor 
pressures follow another curve, viz., 0,03 , which lies entirely above 
the curve 0,0. Further hydration, from 0 3 on, causes a rapid 
increase in vapor pressure until the maximum pressure is reached 
(at 0.). If we then dehydrate again, we pa..s along the path 
0,03001, while the return route is indicated by O,OsO.. 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 10. 
is reversible. 

The credit for having explained these phenomena and thus 
having considerably extended our knowledge of gels belongs to 
ZSIGMONDY 8 and his pupils. They repeated VAN BEMMELEN'S 
classic experiments in an improved apparatus,' confirmed most of 
his work and, furthermore, explained the facts in the following 
manner. 

BACHMANN'S investigation, discussed in Sec. 78, indicated that 
a gel eonsists 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 

BEMMELlON (and previolL,ly of BUTSCHLI) of a microscopically visible 
honeycomb structure had already been proved to be erroneous 
by the fact that gels are <1iscontinuous 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 0, 
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 
ouwr 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. 105.10 These vacuoles soon reach such dimensions as to be 
microscopically visible; hence, discontinuities greater than the 
Wll.ve 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 immersed 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 syst",m with only ultra 
microscopic discontinuities. The resulting gel is again perfectly 
clear. The differenc~ between 
the state of the gel at 0 and at 
0, is that in the former ca.'e the 
capillaries are filled with water 
and in the latter they are filled 
with air. 

Dehyci?atioD beyond the point 
0, removes the water adsorbed 
by the gel walls. This is a re­
versible process and gives to the 
curve 0,02 the character of an 
adsorption isotherm. 

Let US now discuss the process 
of rehydration. Starting from 
02, we move reversibly along the 
adsorption isotherm. Beyond 02 

FlO. 105. 

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 ZSIGMONDY by following out one 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: 

in whieh Ap represents the difference in vapor tension between the 
curved and the flat surface, dL and dD are the densities of liquid 
and vapor, IT 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 a liquid is placed in a 
capillary, as represented schematically in Fig. 100a. 
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We saw previously that the gel has a sponge-like structure 
with ultramicroscopie 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 aceounts 
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 0 the condition is reached where the gel attains its 
definitive form. Between Wand 0 the gel is still subjected to 

I
'~ 

. 

. 

% 

a 

FIG. 106. 

pressurE>: eapiIlary forces exert 
an outward pull on the water in 
the capillary (see Fig. l06a) and 
a conesponding: pressure in the 
opposite direction on the walls; 
hence, t.he contraction of the 
gel goes OIl from W to 0, until 
at 0 the gel is in its final 
form. The capillaries are then 
filled and the vapor pressure 
has the value indicated by the 
above equation. At the start this 

pressure rcmainR fairly constant, for the reason, previously dis­
cussed, that the capillaries on the periphery remain filled and 
vacuoles arc formed only in.,,:dc 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 d{>hydration. 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. l06b. A meniscus with 
greater radius of curvature raises the value of R and hence causes 
a smaller lou'ering of the vapor pressure; in other words, the 
vapor pressure is higher than before. Once the point 0 3 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 0.). 

From the lowering of the vapor pressure, ZSIGMOl\'J)Y and his 
pupils calculated the ,numerical value of the radius, R. On the 
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3Ssumption that the ""lations are tho"" expressed in Fig. 105, th .. 
<omputation immediately gives the diametm of the capillaries, 
which is equal to 2R. It was found that. the capillary diameter 
for the silica gel is approximately 5 mIL. 

From the observed vapor pressures ANDERSON 11 calculated 
the diameter of tllP pores for liquids other than water. Hi. 
results are given below: 

2R for water. 
for a]!'ohol 
for bcnzC'ne. 

. . . 5.20m", 
.5.08m" 

. .5.aS In", 

This excellent agreement is a strong support for ZSIGMONDY'S 

theoryl2 
Knowing that the capillaries in the silica gel have a diamet.er 

of about 5 m", we can compute the capillary rise from the formula: 

2. 
h ~ --. 

ddl 

For water, this amounts to ""vcral kilometers, which confirms 
our supposition as to the enormous fort'e 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. 

Moles of water pel' 1 mol~' of Si02 

FIG. 107. 

Figure 107 indicates the sense in which these changes take 
place. The extreme limit is 8ho,,'1l by the curve for hydrophane, 
which i8 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 surfa"e. The reason for this is, no 
doubt, th" instability of the colloidal structure. Rontgenographic 
research has shown thet freshly prepared silica gel is hardly 
crystalline, b'lt that as time goes on, there is gradually developed 
a regular orientation which is obviously due to the progressive 
arrangemcnt of 8i02 molecules into crystal lattices; hence, the 
capillaries and the concomitant phenomena disappear. 

Nowadays tllP silica !(el plays an important part as an 
adsorhent (PATRICK). From the preceding discussion it is obvi­
ous that the dried silica gel hail a lar!(e surface development, 
which is a prerequisite for an adsorbent. As a decoloring agent 
dried silica gel has lately found numerous applications. 

81. The Gelatin Gel.-A gelatin gel differs from the silica gel 
discussed in the preceding section, by thc absence of a final state 
correspondin!( to the point 0 in Fi!(. 104. This is due to the con­
tinued shrinkap;<' of the walls of the gelatin gel while the water is 
being more and more completely removed. The silica gel at the 
point 0 has ri~id 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, therefore, 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 
lowerin!( of the vapor pressure, one does not find constant values 
but figures that decrease continually. Furthermore, different 
values are obtained, dependin!( 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 sweUing. 

82. SweUing.-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 tillIe-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 fonner we. must, however, qualify our 
statement. By an increase in volume ·is meant, generally speak­
ing, the difference in total volume of all the partidpants 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 thin!,:s to be compared 
are the swollen gel and the dry gel plWl 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. 

Concerning the influence of pressure on the process of swelling, 
a clear distinction must be made: If gel and liquid are compressed 
together, an increase in pressure, according to the theorem of 
"AN'T HOFF--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-umform 
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 14 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 lmtil 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. 

lt 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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iug. POBNJAK 15 studied this relationship with the aid of an 
apparatus which is schematically represented in Fig. 108. 

A porous pot, A, is attached to the glass tube, C, by means of 
the cement, B. The t.ube is closed by the cap, D, and connected 
to a graduated capillary, E, through which pressure can be exerted 
on the system in C by means of ('om pressed gas in the cylinder, F. 
The gas pressure is read on the manomet"r, M. 

POSNJAK investigated, first of all, the swelling of raw Para 
rubber in different organic' liquids. For this purp""'! he introduced 
a small disk of rubber through t.h" tube, C, where it fell on the 
porous bottom, Mercury 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 containing an 
organic liquid, The swelling of the rubber disk, caused hy the 
liquid entering through the porous pot, was read by observing the 
displacement of the mercury in the capillary, E, Moreover, the 
gaseous pressure necessary to 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. 

POSNJAK'S results are reproduced graphically in Fig, 109, 
The abscissae indicate the amOlmts 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 millim~te", of mereury. "rhe different 
curves relate to the liquids mentioned in tht· le~end. 

A careful examination of any of these curves confirms 
POSNJAK'S statement regarding the relation between the amount of 
absorbed liquid and the pressure of swelling. For ethylene rhloride 
for instance, the preSSUTr rea{'hpR o\'C'r 7 atmo~phere~ when the 
rubber ('ontain" OIl(> and a half times its own weight of absorbed 

6000 . 

1. Ether 

Grams of liquid pe-t gram of rubber 

Fw. 109, 

7. Thiophene 

10 11 

2. Etbyl('ne ehloride 8. Ac('tyi('oe dichloride 
3. CUlliene 
4. Crillf'ne 
5. Bf'nzent' 
{i, Toluene 

9 Acetylf'ne tetrachloride 
10. Chloro:orm 
11. Carbon t('crachlodd('. 

liquid. POSNJAK could not extend hiB pxperiments 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 Fi~. 109 is the 
fact that the curves run practically parallel; hen('e, there is nothing 
specific about the behavior of these various organic liquids in the 
process of swelling. FREUNDLICH points out that the following 
empirical equation applies: 

p = P,C: or log P = log PI + k log c, 

where P is the pressure of swelling, c the concentration of the ruh­
her in the swollen gel, P, the value of P for c = 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. 
I t appears also that k does not differ to any great extent for various 
geL<. Whereas for rubber in a number of organic liquids Ie varies 
between the limits 2.5 and 3.3, POSNJAK ands, for the system gela­
tin + water, the value 3.l. 

The nature of the process 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: gelH 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. 

KATZ 16 has made a Riintgenographic 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 POSNJAK. 

A number of gels possess the property of swelling to a certain 
limit, the so-called maximum 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 careful 

investigation made by ARIsz I1 

showed that the swelling of 
_---------------------- gelatin as a function of the 

Time 

FIG. 110. 

time cannot be expressed by 
a curve with a horizontal 
part, as sketched in Fig. 
110, but follows the dotted 
line. It appears, therefore, 
that there is some tendency 

toward a mrurimum of swelling but that another process allows a 
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slow continuation of the swelling. It is probable that we art' 

dealing with an alternat., filling of eapillaries and increase of 
clastic limit resulting from the continual absorption of water by 
the walls of tbe pores. 

Most investigations on .wellin@: have been perfornlCd by 
im.mersing plates of some substance, such as gela.tin, in various 
liquids, and determining at definite intervals their increase in 
weight. Such experiments have been made by HOFMEISTER, I. 
Woo OSTWALD,'· and others. 

The effect of aqueous solutions of electrolytes h"" been most 
extensively studied. LOEB,20 in re.cent 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 thesc 
workers studied the effect of an added acid by suspending a plate 
of glue, which is a gel of glue + 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. 

LOEB applied the latter method and obtained results which afe 
reproduced grapbically in Fig. 11 1. We notice that a minimum 
of swelling occurs at the iso-
electric point (see p. 195). Both 
increase and decrease of tbe hy­
drogen-ion concentration favors 
the swelling" :Following tbe idea 
of WILSON, LoEB tried to explain 
this phenomenon on the basis 
of the DONNAN equilibrium, by 
considering the gel contents as the 
liquid within an osmometer and 
the liquid in which the swelling 
occurs as the outside liquid. In 

.. 
.9 

l 

6 , 

FIG. HI. 
9 10;~ 

this way he succeeded in obtaining a semi-quantitative agreement 
between theory and experimental results. 

HOFMEISTER and OSTWALD followed the first-mentioned method 
and reoognized the comparatively oomplicated 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 lyotr<rpic series of cations and anions; viz., if, for 
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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 lyotropic 
series is also ('ailed the HOFMEISTER series. LOEB considered the 
whole phenomenon as the result of the influence exerted by the 
salts on the hydrogen-ion concentration. Without denying this 
effect, the present writer wishes to emphasize the specific influence 
of this ionic series both here and elsewhere (see pp. 183 and 235). 
To 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 CeO. 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.21 

In the last-mentioned case, what happens is probably this: 
Gelatinizing is, as was previously explained (rf. p. 214), the 
flocculation of strongly hydrated particles in the form of a coherent 
mass of gel. Flocculation, however, need not be complete, and 
this coagulation may only represent the first link in the chain of 
consecutive changes. FREUNDLICH and SCHUCHT,"· as well as 
HAASE,"3 have shown that the size of the particles in flocculated 
suspensoids increases continuously. Apparently the same thing 
happens in the case of the CeO. 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 ma.y 
possibly occur with the gel of agar-agar. Here, too, an expulsion 
of the water in the pores takes place, giving rise to \be pbe:Domenon 
of syneresis. 

8L OpticaLProperties of Gels.-In the preceding sections some 
reference has been made to optical properties of gels, insofar as 
transparency and TYNDALL effect were concerned (see pp. 213-214). 
There is, however, one property which bas been much studied and 
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therefore deserves a aepa.rate discussion, viz., the double refraction 
that occurs under certain conditions. 

It has been shown that the "205 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 pa.rallellines at once produces double refrae­
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 itself 
does not consist of double-refracting particles but is composed of 
non-spherical wmstituents. These may become oriented in the 
same direction and thus give rise to double refract.ion. AMBRO"" 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 ",me 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 particles 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.20 

A cube-shaped piece of cherry gum appeared to become double 
refractive when compressed, but tbis double refraction changed 
gradually with time, while the pressure remained the Bame. This 
points to a slow adaptation of the particles, and it may be 
inferred that both phenomena occur, viz., individual double 
refraction and double l1lfraction caused by rod-shaped particles. 
When the pressure is released these two double refractions are 
restored successively. 

An exhaustive study of WACHTLER 26 showed that both kinds 
of double refraction also playa role in gels of celloidine. This was 
proved by immersing the gels in liquids of gradually increasing 
refractive indices. 

ROntgenographic inveatigations,27 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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CHAPTER XVII 

SPECIFIC COLLOIDS 

85. Cases Intermediate between Suspensoids and Emulsoids.­
Hitherto we have sharply distinguished between lyophile and 
lyophobe sols. It is obvious that in reality we often me,.t with 
eases which do not belong wholly to either of these two types. 
Nevertheless, we do well t<:> make theoretical distinctions at first, 
and later to compare the more complicated reality with the extreme 
cases. 

Heretofore we have assumed that the electric charge j,; a 
measure of the stabilitJ' of suspensoids, while both charge and 
hydration are determining factors in the case of emulsoids. If 
this were so, the flocculation of a suspensoid sol would depend 
solely on the valence of the oppositely charged ion and not, on its 
lyotropic position. The lalter would exert its influence only on 
emulsoids. A careful examination of Table VIn (p. 68), which 
gives the flocculation values for the typical AS2Sa sol, shows, 
however, that although the limiting values for different electro­
lytes are undoebtedly primarily dependent on the char!(e of the 
cations, there is unmistakable evidence of a slight Iyotrop:c effect. 
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>Sr. 

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 electrOlyte producing the first turbidity, for 
the sols of M0205 and V20 •. ' Although the effect of the valence 
of the cations can still be recognized (both sols are negatively 
\)ha,rged), the enormous influence of the lyotropic serietl is qui~ 
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manifest. Remembering that these sols give jelly-like preCipI­
tates, and further, that a sol of V.05 readily sets to a gel which 
greatly resembles that of A120a, We are inclined to link this behav­
ior with a possible hydration of these particles and thus establish 
a case intermediate between suspensoids and emulsoids. An 
argument in favor of this consideration is found in a recent investi­
~ation showing that the addition of alcohol to the sol strongly 
repr"""e. the effect of the lyotropic series on the flocculation 
value2 Hence, a removal of hydration reduces the lyotropic 
influence. 

TABLE XXX 

FUU:!T }'LUCCULATWN VALUES 

Electrolyte M020r.801 VzO"sol 

~Li2:-;(J4. 

LiCI. 130 
NaCl.. 60 50 
KCI .. 12 17 
!tbCl.. 5 7.7 
CsC!. . 2.6 

Mg(NO.,),. 1.8 0.56 
CaC!,. 0.77 0.25 
SrCl, .. 0.61 0.28 
BaC!,. 0.19 0.23 

Ce(NO,),. 0.22 0.013 
1AI,(80,),. . 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 hetter 
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 Fip;. 112. A water molecule is herf' 
represented as a trianp;le with the hydrogen ion at one corner 

'FlG. ll~. 

while the OH ion forms the ba'c. A cation will fix the dipoles of 
water in such a way that thc negative side of the water is turned 
toward the ion and the positive side away from it. The strongly 
hydrated lithium ion, therefore, causes a very pronounced orienta­
tion. A negatively charged colloidal particle likewise orients the 
surrounding water molecules, but in the oppos.ite direction; hence, 
strong hydration causes an orientation of the water molecules 
diametrically opposed to that of the water molecules surrounding 
the colloidal particle, and we have a contrast which opposes 
cooperation. 

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 location of the hydrated water 
determines the order of the lyotropic phenomena. 

Another example, of the same type as the oxide sols referred to 
above, is the sulphur sol. Its flocculation 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 ease 
of monovalent cations, is nnmistakable. 

However, not all sulphur sols belong to this type; on the one 
band, 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-mentioned 801s, which 
are all grouped under the term ODEN'S 8018, show the behavior 
illustrated in Table XXXI. The other kind, prepared according 

TABLE XXXI 

El('ctrolyt(· 

L;CI. 
XaCl. 
KC) . 
RhC!.. 
CsC!. 

MgCI, .. i Ca~l, Bae!, .. 

CeCl,. 

I 

Flocculation I 
va.lue : 

I 

750 
190 
85 
RO 
95* 

1.5 
1.5 
1.5 

0.00 

• It is not dear why the value for C5 is a little tot> high. 

to the method of VON W EIMAJtN, pOS8esses a normal suspensoid 
character. FREUNDLICH and SCHOLZ 4 found that the double 
layer in the case of ODEN'S sols eonsists of pentathionic acid (ef. 
p. 101). This acid enters into the reactions referred to, either as 
a by-product or as an intermediate eompound. This thionic 
acid seems to be responsible for the peculiar character of the 
ODEN 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.5 

Furthermore, the ODEN sol is rich in amorphous sulphur, SI',· 
while the sol prepared according to the method of YON WEIMARN 

contains mainly crystalline sulphur, S'A. Following the method of 
indicating the structure discussed on page 101, the ODEN sol must 
be represented as follows: lSI" H.OIS.O.--. 

Evidently, we have here again a connection between the hydra­
tion IJf the sol and the effect of the lyotropic series on the fioccuil'-
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tion values. The sols hitherto discuased are, moreover, character­
ized by the fact that flocculation can occur more or less reversibly. 
The ODEN sol shows this property to a great extent. The addition 
of an electrolyte to the sol produces flocculation, but a sub!ICquent 
dilution with water is sufficient to dissolve the precipitate. ODiN 
has made use of this property to purify his sols. Having found 
that the limiting value is a 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 1\10,,05 and V20 5 are likewise reversible in the 
sense that the coagulum obtained 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 aU. The same is' 
true of sulphur, where electrolytes 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. Moreover, hydration interferes with the final 
destruction of primary paxticles, so that washing of the coagulum 
soon after precipitation raises the charge of those partides that 
have not yet coagulated, and in this manner a re-formation of the 
sol is made possible. 

The positively charged iron oxide sol, 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: I> NO. and Br>CI. Here, too, there is a reversibility 
resembling that previously considered, as found, years ago, by 
LINDER and PICTON.7 Especially concentrated sols of iron oxide 
exhibit a marked reversibility. FREUNDLICH and ROSENTHAL 8 

observed that a coagulated sol of iron oxide is returned to the sol 
condition by simply shaking the container. On standing, the sol 
again gelatinizes.' It was found, furthermore, that this gelatiniz­
ing has the character of flocculation and hence may be considered 

• This phenomenon has been called thixotropy. 
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as a reversible flocculation. The dose 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 a 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. I t. is a remarkable thing 
that only those fatty acids which contain more than 12 carbon 
atoms in their molecule yield solutions tz,at exhibit the peculiar 
properties of capillary 9 and electrical 10 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 &queous 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 12 during the past ten years, have considerably broadened 
our knowledge in this field. 

If we study the stmcture 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, i, according to the formula of VAN'T HOFF. 

The value of i 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 i is of course 
more than unity. This conclusion, however, does not agree with 
the fact that a soap solution conducts 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 bydrolytieally 
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 OR ions in these solutions is comparatively 
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small. Disregarding the possibility that hydroxyl ions are 
adsorbed,13 we must conclude from this fact that hydrolysis plays 
an insignificant rille 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 neighbcrhood of unity results from the compensation of 
these two factors. It is quite obvious that part of the soap is in 
true solution. 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? 

McBAIN thinks that this colloid exists in two form" one part, : 
which he callI< neutral colloid, consisting of undissociated soap 
molecules; and another part, peculiar tn 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 Bolu­
tion are then wholly due tn the slight quantity of BOap 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 r,an 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 
ootsin!' hf'.ing jruW",d JlJl1l tAklng part. ill the formation of the 
electric double layer. Furthermore, 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 McBAIN can be readily explained on the 
basis of this simple conception. Miss LAING 14 has carried out 
electrical transference measurements on soaps, which are in com­
plete accord with those of YARGA and WINTGEN, discussed in 
detail on page HM. 

The colloidal constituent of soap solutions may be represented 
by: 

lN~ 1bO! X-, 
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where X stands for the fatty acid radical. Hence, we have in a 
soap solution the following participants: 

IN X . 
NaX Na+ + X- Na+ + OH-I" ~x H20 X- + Na+ (or H+). 

Another peculiarity of soap systems is the behavior of solidified 
sols. The investigations of McBAIN 15 have shown that there are 
two things to he considered here, viz., the setting to the state of 
gel and the formation of a curd, a gel heing transparent while a 
curd is opaque. One and the same sol under certain conditions 
sets to a gel, and under other conditions solidifies to a curd. For 
instance, a sol of O.6N sodium oleate, when slowly cooled between 
25° and 6°, forms a transparent gel which on prolonged standing 
(e.g., after two days) changes into a curdy mass. Immediate 
cooling below 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 elongated 
crystals in the same manner as the particles of an aged V20. gol. 
In fact, the intermicellar liquid of a curd is in reality a saturated 
true solution, and curd formation 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. CHEVREUL 

explained the soap action as a separation of the fats under the 
in1luence of the free alkali, but this concept is entirely inadequate 
and could never account for thc removal of substances other than 
fats. In later years, especially since the work of SPRING,16 the 
cleansing is explained by assuming that any dirt that may be 
present is emulsified by capillary action of the soap and 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. 

81. Emulsions.-By emulsions we usually mean systems in 
which one liquid is dispersed in another. In recent years these 
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8)'stems have attracted a great deal of attention, and CLAYTON 17 

h .... written a very readable rilsum~ on emulsions. Little is known, 
however, concerning the stability of the!!e systems, as will be 
pointed out below. 

We possess a fairly good knowledge of syetems in which oil is 
finely dispersed in _tel. Generally "peaking, i!Uch a "YBtem is 
unstable unless the oil is present in small concentration only. In 
this case, according to the theory of VON SMOLlJCHOWSKI (rf. p. 
1(9), 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 
~mulsions repeatedly in preceding chapters (ef. pp. 60, 66 and 82). 
It may be remembered that the investigations of DONNAN,'8 

ELLIS.'" POWI.,"o and others have shown these oil-in-water 
emulsions to be suspensoid in character, since their stahility 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 distingui.hed from an oil-in-water system. Fig. 113 
represents both systems schematieally, 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 
oil-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 glass 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 oiHn-we.ter system; conversely, a water-in-oil 
,s,mem will ~ with oil but not with water. The microeeopt 
l'eIIdily reveals thedifferenee. 

A third method is furniIlIlIld by the measurement of the e!ectriea1 
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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 emall. 

®®e@H!~ 

® G @H~HII~ 
®®~®® 

~®e®® 

~li'H~ e ~ ~ 
~®e®® 

Ollln Water 

FIG. 113. 

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 volume can be occupied by the spheres, 
provided they are all of the same size and are incompressible. 
WA. OSTWALD·I 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, since 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 fOrIns only thin films 
between them. Later investigations have made it clear that the 
amount of the phase plays a subordinate part, while the deterIDin­
ing factor which governs the type of emulsion is the added emulsi­
fier. Experiments of CLOWES 23 and BHATNAGAR·4 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 chloride is to 
destroy the stability. When the amounts of sodium soap and 
barium chloride have become equivalent and a barium soap ba., 
been produced, the system is extremely labile. The addition of 
more than an equivalent quantity of harium chloride reverses th .. 
system and a water-in-oil eUluh.;;ion it5 fomHm.. 

These water-in-Qil systems are) a.'$ a rule, very viscous or I to 
express it mort' correctly, pl"Btie. They form pa..'lte-like masses, 
somewhat in tiw nature of hutter or margarin. 

It is exceedingly diffieult to give an interpretation of these 
phonomena. CLAYTOl\;'S hook," quoted above, rna.,' be consulted 
rel':arding the many attempts that haye bccn made in this direction. 
Obviously, one might look for an explanation in the diredion of 
changed surfa,"e tensions, and the modern theories of LANGMt'1I! 

and HARKINS, discussed in fiec. 11, may help out to some extent. 
However, tt"y ('annot at present explain why the curvature of 
the interface becomes convex for one phase and ("oneave for the 
other, viz., why One phase remains continuous while the second 
distributes itself in the form of drops. The f!Wt 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. 

HILOEBHANn and his co-workers 25 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 
shown in Fig. 114, where circles 
stand for sodium atoms and the 
long 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. 

-~-Wat~ ---:: ==- -- N ~ ---=-__ -= -_ ----.. _ -_ -,._-_ - --_ - - _ 

_c~...=. B~b<m -_.. "_ -._ 

FIG. 114. 

In the figure it is assumed that the sodium atom is broader than 
the hydrocarbon chain. Hence, whenever 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 
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that the acid radicals are attached to the zinc in the shape of a 
wedge, a.s is depicted in Fig. 11';. The broad side of the peptizing 
- --- - - -- - -- - molecule is now located nearest 
_~_''::_~.I~. .--~bon _ to the oil, and as a result the 
- -- -- system will tend to produce 

water drops. HrLDEBRANDand 
his co-workers found a con­
firmation of their hypothesis in 

- --c:waier-':::-.:.c.. the behavior of various alkali ==-.:.____.---=:::..-~-:::::._ 
FIG. 115. Roaps, 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 parlicles are, no doubt, 
located in the boundary layer of the emulsified drops, it is evident 
that polymolecular bodies 
also make good emulsify- =~ _ - - - . 
iug agents. HILDEBRAND - - ~­
accounts for the behavior 
of these solids by taking 
into consideration the angle 
of contact of the liquid 
with the solid emulsifier. 
Fig. 116 shows that the F'G. 116. 
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. 

BANCROFT 26 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 soap!! are quite soluble in 
wu.ter while alkaline earth soaps are insoluble in this medilllD but 
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readily dissolve in the oil phase. On tbe other hand, however. 
oleic acid is insoluble in water and soluble in amyl alcohol, yet it 
forms oil-in-water systems. 

Our knowledge of emulsions is, therefore, ... , yet far from com­
plete, and it is to be regretted tbat the phenomena of electric 
oharge in these sYstems have been comparatively little studied. 
The prominent part which the electric cbarge plays in eclloid 
chemistry has been pointed out repeatedly, and important results 
may be expected from future studies in this domain. Experimentfi 
on the electric charge of water drops dispersed in oil are, however, 
exceedingly difficult, and progress is r~tarded by the limited infor­
mation available on colloidal systems with an external liquid other 
than water. 

Another difficulty which ecmplicates the study of emulsifica­
tion is the v!ll(Ueness of the term "stable emulsion." Between the 
extreme ",ages of ready formation of emulsions and non-emulsifi­
cation, we find gradations of greater or lesser stability. Further­
more, we do well to.dividc the problem of the formation of a stable 
emulsion into two parts. There are two requisite conditions to he 
fulfilled, (1) one of the liquids must be finely divided; and (2) the 
droplets formed must be sufficiently stabilized to keep them from 
coalescing. The first part of this problem plays, in general, no r610 
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 (ej. 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 onr knowledge of these problems which, for 
technical reasons, have attracted ecnsiderable 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 ecmplication which is introduced by the simultaneous 
addition of several electrolytes. This matter bas been much 
studied in recent years,2r mostly with the intention of obtaining 
a better insight into the peculiar antagonistic action which IlOme 
catinns exert on each other physiologically. Whether the study 
of Bocculation values can really settle this point is It debatable 
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question; hence, the matter will be discussed exclusively from the 
colloid-chemioal point of "iew. If the flocculation value of a 
",iven sol amounts tD 100 millimoles per liter, with potassium 
chloride as a precipitating agent, the total concentration of a mix­
ture of pota.,siam chloride and sodium chloride will likewise attain 
the value of l()() millimole, at the limiting concentration. In case 
the flocculat.ing ions are not as closely related as the potassium 
and sodium ion, the limit.ing 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, ou 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 

TABLE XXXll " 

HgRsol HgS;o) 

K,J::c(CC>\), I 
.I : 

MgCl, I K,Fc(C~), 1- ~!gC), 
I 3 i _LiCl 1: __ M_g_C_[,_I ___ _ 

----

25 
50 
72 

100 

100 
138 
156 
180 

o 

HgR 801 

,c , 
! 

MgCl, -2-

0 100 
16 110 
33 120 

100 0 

0 
12,5 
20 
25 
4-! 
62 

100 

I 
KG) 

0 
16 
33 

100 

100 
ISO 
tOO 
200 
230 
60 
0 

:'>lgCl, 

i 100 
110 
120 

0 

I 

o 
33 
66 

100 

I K,Fe(CX). i 
--4--

! 

0 
8 

16 
25 
33 
50 

100 

100 
130 
60 
o 

MgGI, 

100 
112 
116 
122 
122 
100 

0 
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values of mixtures often exceed 100. The two salts, therefore, do 
not cooperate, but, in a way, interfere with each other's flocculat­
ing activities. Whereas the As,S3 sol is tlocl"ub.tcd by 0.8 milli­
mole of MgCb per liter (= 100 in the tabl,,), 1.25 millimoles of 
MgCb (corresponding to the compara!i,," value 156) will be 
required after the previous addition of half the flocculation value 
for Lie!. 

From the examples quoted in Table XXXII it appears, th"re­
fore, that whenever lithium chloride ie first added considerably 
mol'f" than the amount demandpl} by t11(' rulp of mixtures i~ h('-('e1'1-

sary to discharge the sol to its critiml potential. This justifies 
the surmise that the addition of the firs! ,alt has raised tlw poten­
tial. As a matter of fad, we md, on pag!' 82, with ea,;o" where 
the boundary potential was incn'lu!Cd by salt addition. The same 
is evidently true for the B[llt,; mcntiolJ('d in Tahle LXXII. :,ipecia! 
investigations on cataphol"t'sis of these sols have confinued this 
assumption.28 Anothpr point which strikes \If' in looking over th(' 
figures in the tahle is that iuns that greatly increase the charge arc 
highly suitable for raiRing negative charges, as, for instanc(', 
80.-- and Fe(CK)6----. 

The problem of flocculation hy means of mixtures of electro­
lytes is, therefore, ]"p(hH"cd \0 the following: Whenevpr a salt, 

raises the chargp, ite addition will also raise the f1o(,eulation value 
of a second salt. This leads to another question: 'Vhy ,Ioes the 
first salt raise the charge? This matter has been previously dis­
cussed. One is inclined to Solly that in such a case the auioIls art' 
adsorbed more strongly than the cations. The chlorine iOIl, 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 displacement adsorption plays a prominent 
part, to secure experimental evidence OIl the manner of adsorp­
tion, we must, for the present, confine ourselves to the statement of 
theinterre!ation 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 should be made of the work of FERNAU and 
PAULI 30 on the effect of fJ- and 'Y-rays on the sol of CeO. and of an 
investigation by FRE1!IHlLICH and NATHANSON 29 on the influence 
of light on the As.S3 so!. 
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We are, of course, better acquainted ,,~th the influence of 
light on the photographic plate.31 The so-called photographic 
emulsion (the word emulsion naturally has a different meaning 
here from the one given to it in t-\ec. 87 of this chapter) consists of a 
silver halide di'persed in a gelatin gel. Any kind of silver halide 
may be employed, such aR Agel in diapositivcs or AgBr and Agi 
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 prcsClwe of gelatin, and allowing the whole 
tn Hct. Colloidal silver halide is formed, but in such a high state 
of dispersion that the reactivity of the emulsion is exceedingly 
slow. In order to produce rapid plates, a process of ripening is 
applied whereby small grains grow to larger ones. Weare, as yet, 
not certain whether thi" grain growth is the cause of the rapid 
action, or an incidental side reaction. The grain growth is essen­
tially a recrystallization proccss. 

The exposure of t.he photographic plate to light results in the 
fOmllltion of the so-rAilled latent image and corresponds to II reduc­
tion of the silver halide particles. For a long time it has been 
doubtful whether there occurs a reduction to a subhalidc 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 32 have brought out that the course of the process is 
really as follows: One silver nucleus in a grain of silver bromide 
makes the whole grain suitable for subsequent developing, whereaR 
a grain mthout a nurJeus remains unchanged unless it is in close 
conta<:t with another grain containing such a center.sa The 
exposed plate represents, therefore, a peculiarly complicated col­
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. 
SVEDBERG 34 found that by using a-rays (Le., charged helium 
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atoms) each grain hit by an a-particle is made fit for subsequl!nt 
development. With i3-rays or ordinary light, as a source of radia­
tion, we do not know whether each quanturn of light play" the 
same part as an a-partide. On the contrary, various investigators 
have pointed out that no confirmation of the theory of light quanta 
ran be looked for in this direction. Some experiments of CLARK 35 

have even indicat€<! that a solution of sodium arsenite exert;,; 
exactly the same effect as light. 

Consequently, there is, as ret, nothing certain ahout the 
mechanism of the separation of the silver nucleus from the silver 
halide. \Yhat interests us in particular is why certain parts of the 
grain are bettcr adapted for nurleus fonnation than other parts. 
The impression is gained that specific points in the phot.ographic 
emulsion are favorcd 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, SIlEPPARD 36 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 
prohlem of the photographic emulsion is, however, in its first 
stage, and the fart that we are dC4lling v.-ith a rather eomplicated 
system of dispersed particles means that colloid chemistry will 
without doubt be called upon to furnish the due to the solution. 
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235--237 
and reversibility, 238, 239 
as stabilizing factor, 180 
of emulsoids. 168, 169, 180 

Hydrolysis methods, 155 
HyOteresis in gelatin sols, ~1, 202 

Immersion ultramicroscope, 129 
Int.rnal pho.se, 7 



SUBJECT INDEX 

Ionic miceli, 241 
Irregular serleR, 85, 86, 89 
lso-disperse, 154 
lso-electric point, 00, 191-197,209 

L 

Latent image, 250 
Light, 

influence of -on colloids, 249-251 
Limiting value, 10, 67-72, 11<>, 24S 

and 001 concentration, 75-77 
by adding l::\everal eit'ctrolyt l'~, 2·17-

249 
dcternllnation of, Hi 
or arsenic triRulphidc-, u8, 71, "i:~ 
of dt'hydratE'd agar-agar, lSI 
of ferrie oxid{', 72 
of gold, 68 
of mercuric sulphide, 72 

Litcmture on colloids, JtH-IH;~ 
Lyophile v.'$. lyopholw, 10 
LYQtropy, 183, 184, 2~9, 230, 235-237 

M 

Mastic sol, 85, 120, 14(1-142 
Maximum bubbIt> pressure, 17 
Maxwell's distribution law, Gi, 117 
:Mechanical dispersion, 15fi 
Membran~ potentials, 20<J-211 
rvliC(·lI, 7, 101, 102, 159 

ionic, 241 
]'!icrons,6 
l\'ligration potential, 53, 61 
Mirror condenser, 128 
Mn02 sol, 100 
Molecular dimensions, 

estimation of, 44, 
Molecules, 

large--or colloidal particles, 175, 
176, 178, 179,190, 192, 197 

Mol:dldenum oxide sol, 236, 239 
Mutarotation of gelatin sol, 202 
Mutual !loccuiatioD, 86, 87 

Nuclei, 
formation of, 152 

o 
Oil t'lJIulsioll, 66, 82 
()"tiCltJ plif'lltltllt'IU!, 

(If g('i:-., ~Ha, 214, 230, 231 
of sols, b, (l, ll9-Jab, ISO 

Opti('ldly void liquids, 119 
Oril'ntation, 

\.){ \\\\.)l\>C'u\('J>., 4\-4~\, <)'2-1{\7, l<i.l1~, 

IH4, 2:16, 237 
of dipolt>l' of wlltcr, 237 

()l'\IIloti(' ph('nolllt'Ilu, 
Ilhnornwl, 210, 211 
in ~{'Ilf'ral. 21:J::{-21I 
of (,InulsoidR, 207-200 
of sut'o}M:'m'mdi'., 1·1~~-1'15 

Oxidation methods, 1M 

p 

Paraboloid condl'n&'r, J 28 
Peptization, 84, 97-lOa, 156, 157,245, 

247 
Photo--colloid ch('mil·;try, 24H-251 
Photography, 250-251 
Polariza.tion, 

of fluorescent light, 119 
of TYlldulllighf, 1 W-121 

Poiy-dispeno',,', Hi4 
Pot.fl.&o;ium HoI, 157 
Potf'nti.ul of Huw) f12, ::7 J 1)8, Rl 
Prohability, 

of udht'8ioll, 66, 67, 76, lCU) 112, 
IJfrllR 

of ('o1lision, 67, 7H, 109 
Prot.fftiv~ action, 87 
Protpin sols, 190-202 

chatgP of, 17:1 
constitution of, 192~'195 

Purple of CassiUS, 90 

R 
Radiation and colloids, 249-251 
Rapid (:oagulation, 112-114. 
Rate, 

of coagulation, 109-118 
of crystallization, 153 
of fonnation of nucJ~i, 152 

Reduction methods, 154 
Reversibility of sols, 11, 217, 239 
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Rontgen rays, 8, 123-125, 175, 176 
Ruhygl .... 8 

S 
Salting out. 182-1S.5 
Scintillation of sols, 134 
Selenium sol, 113. 114, 132, 154, 248 
Sensitizing of suspensoid sols. 88. 89 
Silica gel. 213. 21ll--224 
Silicic acid sol, 213 
Silver halide sols, 102, 103, 250 
Silver sol, 154 
81it~ultramiel'o~ope. 129 
Slow coagulation, 112, 114 
Smoke, 8 
Hoap. 240-242 
Sodium sol, 157 
Sol, 7 
Solution, true and colloidal, 4, 159, 

1&2, 175, 176, 178. 179, 192. 208 
Solvation, see hydration 
Spontaneous filters, leO 
Stalagmometer, 16 
Star dialyzer, 148 
Starch sol, 171. 172, 175 
Stoichiometry in colloids, 5, 77, 159 

in the adsorption layer, 97, 102 
wi th emulsoids, 197, 198 
with suspensoids, 73-75, 98, Q9 

Streaming potential, see potential of 
flow 

&.th:(wt'J:_Q1l.""_'6.. 
Sulphur sol, 88, 89, 101, 120, 1,s!l, 238 
Surface tension, 14-17, 45 

of electrolytes, 184, 185 
of soap solutions, 240, 241 
of sols, 167 
of solutions in general. 18-:2G 

Suspensions, 8 
SuBpensoids, 65--163, 235-251 

V8. emulsoids, 10, 11, 179, 180 
Swelling, 224-230 

T 
Tannin., dehydration by, 1S.5-1B9 
Temperature-gelatinizing, 212, 213 
Thixotropy, 239 
Tin oxide sol. 97-99, 104-107, 155, 

200.201 
Tyndall effect, 6. 119-121. 123 

G 
Ultrafilter •• 148-150 
Ultramicrons, 6 
Ultramicroscope, 6, 125-130 

olit-, 127, 129 
immersion, 129 

U-numbers, 88 

V 
Valence, influence of -on floccula-­

tion, 9, 10, 68, 69, 160 
Vanadium pentoxide sol, 133-135, 

156,231. 23E, 236, 239, 242 
Vapor pressure, 

of small crystals, 15 
of small drops, 15, 221 
in capillaries, 221-223 

Viscosity, 10, 167-173 
and Poiseuille'slaw, 170 
of protein sols, 195, 196 
of sols of agar-agar, starch, etc., 171 

w 
W ... hing out method. 15& 
Wat,t'f equilibrium, 184 

X 
X-rays, 8. 123-125, 175, 176 

z 
Zwitter ions, 191 
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