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1. Introduction.

Physical chemistry, in its application to the problems of
biology, achieved many brilliant conquests with comparative ease,
particularly by means of the theory of osmotic pressure and that
of the mass-action. But the progress has been,impeded by several
‘circumstances. Particularly the colloidal nature of the substances
which form living bodies seemed to present insurmountable dif-
ficulties. Yet through the combined labour of physical chemists
and physiologists these difficulties are being removed one by one ;
and at present there is no branch of physical chemistry which
is cultivated with greater ardour and, whose progress is watched
with keener interest than the so-called colloid-chemistry. Of all
the results obtained in this field the most definite and at the
same time the most interesting from the chemical stand-point
are those concerning the coagulation of colloidal .solutions by
electrolytes. The éxﬁerimental;works of Scmurze, Picron and
Lixper, Harpy, Bivrz, FreunpricE and others have thrown
much light on the complicated phenomena.

It is only the so-called suspension colloids which are so
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sensitive to electrolytes.! Most inorganic colloids belong to this
class, and the greater part of the experimental researches have
been carried out with such. Of these the colloidal solution of
arsenious sulphide is the one most frequently studied on account
of the ease with which it can be obtained free from contamina-
tion, and on account of its stability. It is the positive and
negative ions which cause the coagulation. Where the suspended
particles are negatively charged, as is the case with arsenious
sulphide, the coagulation is called forth by positive ions; while
positi(zely charged particles such as ferric hydroxide are pre-
cipitated by negative ions. The strength of the action evidently
“depends on the valency of the jons, because the higher the
valency the stronger the action. And the difference between the
action of mono- and divalent ions, as well as that between di-
and trivalent ions is enormous. ' \

Such are some of the salient features.of the results hitherto
obtained. They are only quasiquantitative, because the time effects
are often very pronounced in the case of coagulating colloids
and preclude any exact determination. Moreover the methods
hitherto employed in determining the concentration of electrolytes
which call forth coagulation in a given colloidal solution leave
much to be desired. Some investigators have measured the
minimum concentration of the electrolytes at which distinet tur-
bidity is observed; others have estimated the concentration at
which the coagulum separates out leaving clear supernatant liquid
free from suspended particles; while still ahother has determined

the strength of the electrolyte solutions which so- far coagulate

1 There ave intermediate forms between suspension colloids and hydrophile colloids.
 These may be sensitive to electrolytes as is evidently the case with legumine, whose co-
agulum forms the principal constituent of our.food-stuft tofu.
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the colloidal solutions. that none pass through filter paper of
certain definite brand. But as ScHULZE pointed out more than
twenty years ago, all these methods must give different values,
because they are only fit, so to speak, to determine certain
definite points on the curves of coagulation. This is due to the
fact that coagulatlon compllses a whole séries of -changes, the
‘magnitude of suspended _particles increasing continuously with
the increasing concentration of the active ion. At a certain
stage the average particles begin to reflect so much light that
the solution appears turbid. Wheén the particles attain such
magnitude that they can no longer remain suspended in the
medium they separate out as coagulum. For complete precipita-
tion still greater concentration of the active ion s necessary.
If we could determine the average magnitude of the particles as
a function of the concentration of the .ion concerned,- a clear
idea of the phenomena might be obtained. Indeed it may not
be impossik;le to accomplish this by means of the ultramicroscope.
It will however be a very laborious task; and the results, being
obscured by various unavoidable sources of errors, may mnot cor-
respond to the pains taken.” But if we could find a specific
property of the colloidal solution, which varied continuously with
the growing magnitudei of the suspended particles, we might
employ it as an index of the. degree of coagulation; and by
measuring this plopelty we mlght attain. our object much more
readily. ‘

The inner friction or viscosity of colloidal solutions is evi-
dently a specific property corresponding to the foregoing descrip-
tion, and being in general quite easy of measurement, seems to
be particularly well fitted for the study of the problem under.
discussion. In order to test this supposition the coagulation of -
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colloidal aluminium hydroxide by various electrolytes has heen
studied with the aid of the viscosimeter, and the results obtained
fulfil the expectation to a remarkable degree as’is shown in. the
follow;ing pages.

2. The Colloidal Solution of Aluminium Hydroxide.

The colloidal solution of aluminium hydroxide employed in
the following experiments is the one first p‘repa'red by the English
chemist, Warrer Crum,' more than half a century ago. He
obtained a basic acetate of aluminium as a fine insoluble crystal-
line powder by heating a concentrated solution of aluminium
acetate. On prolonged boiling with water the basic salt goes
into solution, the acetic acid being given off with the steam,
while aluminium hydroxide remains in the colloidal state. All
the soluble impurities can be removed by thoroughly washing
the basic acetate. When the boﬂing is carried out in a large
plétiﬁum vessel, ‘care being taken to exclude contamination from.
the air, it is possible to get rid of the acetic acid almost com-
pletely. In this way a remarkably pure solution of colloidal
aluminium hydroxide can be prepared with great ease. It is
slightly opalescent, but almost clear to the transmitted light,
somewhat viscous and oily to the touch when concentrated. This
solution is very stable.- Kept in a vessel of hard Jena-glass it
has remained apparently quite unaltered in its appearance and
properties during the lapse of more than three years. Parallel
experiments carried out with this old solution and with a solu-

tion newly prepared agreed in all particulars.

1 Journ. Chem. Soc. London, 4, (1833), 216
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- The coagulation of such a solution of colloidal aluminium
- hydroxide by various agents was observed by Warzer Cruy and
described: in the following terms :

“ A solution containing % percent of alumina is converted
into a transparent jelly, when mixed with half its bulk of water
acidulated with 2.Tloﬁ of sulphuric .acid. The jelly has therefore
only ﬁ of its weight of alumina, and 7—;@ of sulphuric acid.

“By pressure in a bag the liquid part of this jelly was
readily separated, and the solid was reduced to % or 7—10 of its
original volume. Pure water did not dissolve this residue, neither
did an excess of sulphuric acid, even at a boiling heat. On
examination it was found that the -solid .portion ‘had imbibed
almost the whole of the sulphuric acid. It existed there in the
proportion of about 1 equivalent of acid to 15 of alumina.

““The coagulating power of the various agents may be as-
certained with tolerable aecuraéy/ by e'mplo'ying an aluminous
solution so dilute as to contain not more than 1 part of alumina
~in 800 of water, and shaking it in a phial with about half its
volume of a coagulating solution.. In this manner it was found
that 1 atom of citric acid (tribasic) coagulates asi'pov,verfullylas
3 -atoms of sulphuric acid, and tartaric acid (bibasic) as. much
as 2. 2 atoms of oxalic acid are. required to produce the same
effect as 1 of sulphuric acid. Of muriatic and nitric ~acids, not
. less than 300 equivalents must be employed to produce an effect
equal to that of 1 equivalent of sulphuric a(}_id—-the volume Qf
the acid being always & that of the aluminous solution. No acid
has the power of redissolving the coagulum. ' .

“Of the other acids which have been tried, the chromic,
molybdic, racemic, suberic, salicylic, benzoic, gallic, lactic, cin-

namic, butyric, valerianic, carbazotic, camphoric, urie, meconic,
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comenic and hemlpmlc acids all coagulate the solution ; but their
exact power has not be aseertained. '

“ The' acetic, formic, boracic, arsenious, and cyanuric acids
do_not coagulate, at least when moderately concentreted.........

“The alkalies have a strong coagulating power. About 2
e.quivalents of potash produce an effect equal to 1 of sulphuric
acid, and the same is the case with soda, ammonia, and lime.
The coagulation takes place before the acetic acid which remains
in the aluminous solution is fully saturated ; for when the alkali,
in a very dilute state, is added with caution, the coagulum. which
it produces has still an acid reaction. This coagulum, like that
. from sulphuric acid, is insoluble in any acid, whether cold or
hot, as well as in pure water. ‘It dissolves, however, in a boiling
solution of potash or soda, and when the alkaline solution is
afterwards saturated by an acid, the ordinary te’rhydr'ate of alumina
is thrown down. ' i

- “Large quantities, however, of the acetic salts (ready formed)
may be added before they coagulate the aluminous solution.
When the solid part of the coagulum produced by a strong
solution of acetate of soda was afterwards freed from that salt
by pressure, it redissolved in pure water, and the solution was
again coagulated by a fresh addition of the salt: An experiment
with acetate of lime gave the same result. :

“The nitrates and chlorides coagulate also with great dif-
ﬁ(;ulﬁy.

“Solutions of sulphate of soda, magnesia, and lime coagulate
as readily as a liquid containing the same quantity of sulphuric
acid in the free state. On examining one of these mixtures,
the sulphuric acid was found in the solid part of the coagulum;
a‘s- before, and the alkali in the fluid part, united with the
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acetic acid which had remained in the aluminous solution after
boiling: o

““The digested solution of alumina which has not been de-
prived of its acetic acid by boiling, requires about twice as much
sulphuric acid to coagulate it as does the boiled solution, and
thirty or forty times as much alkali. The coagulation is complete
before the acetic acid is entlrely saturated )

““One of the most characteristic properties of the d1gested
and altered acetate of alumina is its loss of the power of acting
as a mordant. The ordinary acetate, as is well known, forms
a yellow opaque precipitate with decoction of quercitron. That
which has been thoroughly digested is merely coagulated by that
decoction—the colour of which is but little altered, and the
coagulum is translucent. The same effect is produced with
decoctions of logwood, brazilwood, etc.” ‘

This descrlptlon shows how well the solution is suited to.
the expenmental study of the phenomena of eoacrulatlon of a
collmdal,_solutlon by electrolytes. The solution employed in the:
greater part™ of the present study is an old one-made by. Prof.
IkEeDA. - On analysis-it was found to contain 0.457% of alumina..
It was diluted 4.4 times, so that the solution actually employed
contained 0.1 per cent (or more exactly 0.104%) of alumina..

When the electrodes of a secondary battery of 120 volts
were inserted in the two branches of a U-tube. filled with the
more concentrated solution of alumina, the liquid near the nega-
tive electrode became milky in about -half an hour, while that
in the vicinity'of the opposite electrode lost its opalescence and
became quite clear. . This observation proves beyond doubt that
the suspended particles of aluminium hydroxide are positively
charged. The same has already been found to be true.for the
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colloidal solutions of ferric and aluminium hydroxide prepared
by dialysis. Hence coagulation phenomena similar to those ob-
‘served in the latfer solution are to be expected in the present
study.

3. The Method of Measurement.

The apparatus and the method of measuring viscosity em-
ployed in this work are those recommended by Ostwarp; they
are too well known to require description. A capillary tube of
a rather wide bore was purposely chosen for the viscosimeter in
order to minimise the effect of small particles which might
separate out from the solution and adhere to the side of the
tube. This had the unfortunate result of making the flow of
-the liquid too rapid and so the correction to be applied on
account of the kinetic energy aéquired by it became unduely
large. But as it is quite useless to aim at any high degree of
exactness in a work of this nature, this correction has been
neglected. The omission is the more justifiable as the. viscosity
is measured not for its own.sake but only as an index to the
degree of coagulation, and so only relative values are to be
considered. For the same reason the time of flow was measured
with an ordinary watch, the readings being taken to the second.

As the temperature exercises considerable influence on vis-
cosity, the apparatus was immersed in a thermostadt with glass
sides. The temperature was kept constant at 25°, and the greatest
fluctuation during the whole period of the work, which lasted
several months, did not exceed % of a degree. '

To make a measurement, 2 c.c. of the colloidal solution and
an equal volume of an electrolyte solution were introduced into
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the wider tube of the viscosimeter, and mixed thoroughly. Then
the mixture was sucked up into the bulb. The measurement
“of the time of flow was repeated several times with one and the
same mixture, and the mean was taken. As a rule single deter-
minations did not differ by more than a second. Between two
observations with different mixtures the apparatus was heated
with concentrated sulphuric acid, washed thoroughly with distilled
water, and dried. | . _
The following details of a series of observations made with
potassium sulphéte as electrolyte will give an idea of how the

work ‘was carried out.’

 TABLE 1
Concentration of SO,K, . | ) Mean
in equivalent normal, Time of flow in seconds. t
0 26, 25, 25, 24, 25, 24.5, 25, 25. | 25
0.0005 | 27,2, 255, 26. ° 26
£ 0.0007 o8, 23, e 985 . | =
0.0010 42, 42, 42, 415, 415. 42
0.0025 42, 42, 41, 42, 425.- T 49
0.0050 42, 415, 42, 42, 415 42 .
0.050 |40, 42, 425, 42, 42, 42

The viscosfty of the aluminous solution, containing 0.05%
of alumina ‘and free from electroiyte, differed but slightly from
that of pure water. If we take the ratio of the time of flow
of various mixtures to that of the solution to which no electrolyte
has been added we get relative viscosities 7.
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TABLE 2.

Concentration of SO,K, | 0 |0.0005]0.0007 | 0.001|0.0025 | 0.005|0.05

t 25| 26 | 26 | 42 | 42 | 42 | 42|

P ©11.00| 1.04 | 112 | 1.68 | 168 | 1.68 |1.68

- These numbers show clearly that with the concentration of
0.001 molar of potassium sulphate the coagulation was complete »
and the further addition of the electrolyte had no effect. It is
also to be noted that the coagulation began at a concentration
as low as 0.0005 and was considerable at 0.0007. In this way
we get a tolerably good idea of the degree of coagulétion effected
by different concentrations of the electrolyte.

4, The Influence of Temperature.

In order to be able to make generalisations which should
hold good over a wide range of temperature we had to study
the influence which temperature exercises on the ' phenomena
of coagu]dtvion.‘ As a typical .electrolyte, potassium sulphate was
chosen, and the viscosity was further measured at three different
"'temperatures, viz. 6° 40°, and 60°. The results obtained are
contained in the following tables.

TABLE 3.

Temperature=6°.

Concentration of SOK, | - 0 0.0005 | 0.0025 | 0.004 0.05

¢ 49 43 70 71 71

, 100 | 102 | 1.66 | 169 | 169
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" TABLE 4.

Temperature =40°,

Concentration of SO,K, | 0 | 0.0005 | 0.0025 | 0.005 | 0.05

.t e 21 | -32. 32 .| .32
7 | 100 | 105 | 160 |.1L60.| 160
TABLE 5.

- Temperature =60°.

Concentration of SOK, | 0  [0.0005 | 0.0025 | 0.005| 0.05

. 15 16 24 24 | 24

9 | 1007 106 160 | 1.60 | 1.60

'lhe absolute values of viscosity vary éonsiderably with the
‘temperature, but the values of 7 remain nearly constant. For
the sake of easier comparison all the resul‘és including those at
© 95° are collected in the next table. -

TABLE 6.

o o . Value of /R . o

Concentration of | . ' ‘ \
N 0 0.0005 | 0.0025 | 0.005 0.05
Temperature : . '
e 100 | 102 | 166 | 1.69 | 169 .

25° , 1.00 | 1.04 1.68 1.68_ 1.68

40° -1.00 1.05 | 1.60 1.60 1.60
60° | 100 | 106 | ;1.60 |. 1.60-| 1.60 -

: < ] 3
As may be seen, the general course of coagulation with the
increasing concentration of the electrolyte remains nearly the

¢
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same at different temperatures. And if it were not too venture-
some we might say that the higher the temperature the lower
will be the concentration of the electrolyte necessary to cause
noticeable coagulation. The relative viscosity of the completely -
coagulated solution‘tends to decrease with the rising temperature.
But as the general features remain the same between 6° and 60°,
we may draw pretty general conclusions from observations at

the single chosen temperature of 25°.

5. Effect of the Concentration of the Colloidal Solution.

As has been demonstrated by Crum the electrolyte is de-
composed in the act of coagulation, the anion being retained by
the gel formed. Hence the concentration of the eléctrolyte which
causes complete coagulation»r.nust vary with the concentration
of the colloidal solution. In order to test this point the follow-

ing measurements were made.
TABLE 7.

Concentration of the colloidal solution=0.0259; alumina. .

Concentration of SOK, 0 10.0005 | 0.0025 | 0.005 0.05

P 25 26 33 34 34
: 100 | 104 | 132 | 136 | 136
TABLE 8.

Concentration of the colloidal solution=0.0125¢5 alumina.

Concentration of SO,K, | = 0 | 0.0005 | 0.0025 | 0.005 | 0.05
t 24 24 28 29 29

7 100 | 100 | 117 | 121 | 121
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TABLE 9.

Concentration of the colloidal solution=0.00594 alumina.

Concentration of SO,K, 0 0.0005 | 0.0025 | 0.005 0.05

t 23 | 23 | 26 26 26

7 100 | 100 | 113 | 113 | 113

In order to. facilitate the comparison, all the values of 7
are collected in the following table together with the results
obtained with 0.05% colloidal solution. (See § 3

TABLE 10.-
Concentration of ' | - '
o, SO, | 0 [ 0.0005| 00025 | 0005 | 005
0.05 100 | 104 | 168 | 168 | 168
0.025 100 | 1.04 | 132 | 136 | 136
0.0125 100. | 100 | 117 | 121 | 121
0.005 100 | 100 | 113 | 113 | 113

Within the experimented range, the concentration of the
electrolyte, which causes complete c‘oagu\lation, -appears to be the
same for the colloidal solutions of different concentrations, In
order to observe the effect above mentioned the concentration had -
to be varied within far w1der range. Hence any generalisation,
from the observations made on the aluminous solution containing
0.056% Al,O; will apply to all the solutlons whose concentrations
are not very large. ‘

The value of 7—1 for the completely coagulated SOlllth[l is
not quite proportional to the concentration, as might have been:
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expected, but varies more slowly. Even when the viscosity of
pure water instead of the respective aluminous solution is taken
as the standard of comparison, strict propm:tionality does not
obtain. But this is after all not very strange, P_bqgajpse___thé ap-
parent viscosity observed in the these experiments can not be a
very simple function of the number of suspended particles.

The simplest empirical equation, which represents the rela-

tion, will have the form:
vlim—].:;lcﬁ‘l
where ¢ stands for the concentration of the colloidal solution,

and « and g are constants. In the present case it has been
found by trial that «=10 and £=0.9.

Concentration c. 005 0025 00125 - 0.003

Zim—1 (found). - 0.68  0.36 0.21 10.13
 Jum—1 (calculated). - 0.68  0.36 0.20 0.09

6. The Effect of Time.

- As the colloidal solution is éssentially an unstable system
and its coagulation is generally a change to a more stable "state,
time must exercise some effect on the phenomena. This has beei
confirmed in the case of arsenious sulphide. But in the present
‘case no marked -effect was observed. .This is well shown by the
constancy of the viscosity of various solutions, partially or com-
pletely coagulated, during the time in which repeated measure-
ments of the time of flow were made. Yet when a completely
“coagulated solution is allowed to stand for a comparatively long
time the viscosity gradually diminishes. . - For example, in a

solution whose relative viscosity was initialqu 1.76, it became after
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66 hours 1.68 and after 22 hours more, 1.64. To what this
* diminution is due can only be surmised. :
No particular attention was paid to the mode of mmmg the
‘colloldal solution w1th that of the electrolyte.

N Coagulatlve Power of Various Electrolytes

In the forewomg investigations we have seen that the relative
' viscosuy » of the colloidal solution is nearly independent of
;tempe'réture and not much iriﬁuen_ced by time. On the other
hand it has been found .to be a function .of the concentration
of the colloidal substance, and it might well be affected by the
previous history of the solution. The aluminous solution employed
throughout the following experiments was -of the same- origin
and concentration (0.05% of alumina); hence the values of 7
observe_d-are strictly comparable. We are thus in a position to .
study the effect of the nature and concentration of various elec-
trolytes on the coagulatlon of the colloidal aluminium hydroxide.
- "Most of the. substances .employed were purified by recrystal-
hsatlon, but some could be obtained only in such small quantities
that they ha_d to be used as they were. Of the alkalies, caustic
soda was made ‘froin metallic sodium, while the others were ‘the
ordinary - materials of the laboratory. The solutions of Ag(CN), K,
PO,Na; and the like were prepared by adding the components in
properl proportions. - Mellithic acid was prepared from mellithrite.
The' colouring . matters were ordinary samples, while the solution
of egg-albumin was obtained by dialysing the Whité, of hen’s eggs.

The results of the measurements airanged in the order of
the increasing valency of the negative ions -of the electrolytes -
are contained in the following -table. The concentrations 'are
given in equivalent mormal. . . .
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TABLE 11.°
NO:M 0.00017 | 0.00025| 0.0005 | 0.00072| 0.001 | 0.0017 | 0.0025] 0.005 0.05;
1| NO,K — | — | — | — |100|1.00| 1.00]1.00 [1.00
2| CIO,K — | = | — ] — |1.00|1.00| 1.00|1.00 100
3| MnO, K — | — | — | — |1.00}|1.00| 1.00|1.04|1.20
4| CIK — | — | — | — [100|1.00| 1.00|1.00 |1.53
5| BrK — | — | = | — [1.00] 1.00| 1.00|1.00 |1.00
6/ IK — ' — | — | — ]1.00|1.00| 1.00{1.00{1.74
7| CNSK — | —| — | — [1.00] 1.00| 1.00|1.00|1.00
8| CNK — | — | =] — | —]|100| 1.32/1.84|1.88
9| Ag(CN),K | — | . — | —= | — |1.00| 1.00{ 1.08]1.16 |1.48
10| NO, H — | — | — | — |1.00] 1.00| 1.00|1.00 |1.00
11| C1H | —|.— | — | — |100| 1.00| 1.00|1.00| 100
12| Picric acid .| 1.00 | 1.00.| 1.00| — |1.08| — | — [1.60{1.88)
13| HO Na — | — | —| — | —|108]1.22/1.74|1.84
14| HOK — | — | — | — | —|1.00]1.04[1.301.88
15| (H0%Ba | — | — | — | — | —|1.00| 1.00|1.04|1.88
16| SO, K, — | 1.00 | 1.04| 1.58 {1.68| 1.68| 1.68|1.68 | 1.68
17| C10, K, — | 1.00 | 1.00| 1.00 {1.00| 1.00| 1.17|1.75[1.75
18| Cr,0, K, — [1.00 | 1.00| 1.00 {1.00| 1.08| 1.58}1.75|1.75
19| B,O; Na, — |1.00] 1.00{ 1.12 [1.20] 1.32| 1.36|1.40 |1.68
20| Pt(CN), K,;- |.1.00 | 1.00 | 1.00| 1.00 [1.00| 1.04| 1.16|1.52|1.72
21| CO; Na, — [ 1.00 | 1,00| 1.00 {1.00| 1.00| 1.26|1.79|1.79
22| 80,H, | — |1.00 | 1.58| 1.58 |1.58| 1.58| 1.58|1.58|1.58
23| Succinic acid | 1.00 | 1.00 | 1.00| 1.00 | 1.00| 1.00| 1.00|1.00,1.00
24| Na Succinate | 1.00 | 1.00 | 1.00| 1.00 [1.00| 1.26 | 158 | 1.68 |1.68
25| Oxalic acid .| 1.00 | 1.05 | 1.06| 108 |110| 1.26| 1.26| 126 |1.26
26| NH, Oxalate | 1.00 | 1.02 | 1.10| 1.15 |1.21| 1.23| 1.26|1.26]1.26
27| K Oxalate .| 100 | — |'1.00 1.04 |1.10| 1.32| 1.32|1.32|1.32

1. This value corresponds not to the concentration 0.05 but to.0.01. L
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No. M 0.00017 { 0.00025 0.0005 | 0.00072 0.901 0.0017 0.6025 b.OOS 0.06
28 | Tartaric acid | 1.00 | — | 1.00| 1.27 | 1.63| 1.72 1.84 1.84 1.84
29| Malonic acid | 1.00 | — | — | — | —| — | — | —l1.00
.180| Fumaric acid | 1.00 | — | — — |1.00| 1.68| 1.68|1.68|1.68
31 | Maleic acid 1.00 | — | — — | —| —1—1]—1100
|32| Na Maleate | 100 | — | — | — | | 1.00| 1.16]1.74| .89’
33| Itaconicacid | 1.00 | — | — | — | — | — | — |. — [1.00
34| Na Itaconate | 1.00 | — | — — | — | 1.00{ 1.16|1.63|1.68
35| PO, H, — | — | — | — |1.00] 1.05| 1.05|1.05|1.74
36| PO, H Na, — | — | — | — |100| 1.00| 1.79]1.89 | 1.89
37| PO, Na, — | — | — | — [1.00] 1.00] 1.89|1.95/1.95}
38| Fe(CN),K; | 1.00.| 1.36 | 1.84| 1.88 |1.92| 1.96 | 1.96|1.96 |2.00|
39 |- Citric acid — | — | — | 100 |1.39| 1.74|'1.84|1.84 | 1.84
40| K Citrate | — | — | — | 100 |1.74| 175 1.85[1.90| 1.90
41| Fe (CN) K, | 1.08 | 1.52 | 2.16| 2.20 {2.20| 2.24| 2.24|2.24|2.24
42 lMellithic acid | 1.00 | 1.16 | 1.42| 2.00 [2.00| 2.00| 2.05|2.05 |2.05

o An mspectlon of the f01eg01ng table reveals the following'
facts. In the cases where the coagulation takes place, the
i‘elative viscosity shows a noticeable rise only when the con-
centration of the electlolytes reaches - certain values. From this
point the v1scoswy increases with the increasing concentration to'
a certain limit, and then ceases to be 1nﬂuenced by ‘the further
addition of the electrolyte Sometimes the increase of viscosity
with 1ncreasmg concentration is gradual, while in. other cases
it is quite sudden. Again the hmmng value, to which the
relative viscosity tends, shows cons1derable dlfference in different
cases. A diagram, in whlch the logarlthm of the concentration
is taken as the abscissa and the relative viscosity as the or-
dinate, brings these‘facts most, clearly into. view. Ammonium
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oxalate (26),' potassium ferricyanide (38), and fumaric acid (30)
aré chosen as typical cases: and represented in -the annexed
diagram. In the case of ammonium oxalate, incipient coagulation
took place at the very low concentration of 0.0002, the con-
centration at which complete coagulatlon was effected was 0.0025
and' the final value of the relative viscosity was very low being
only 1.26. In the case of potassium ferricyanide the concentra-
tion of the incipient coagulation was ‘about the same, but com-
plete coagulation was reached at the somewhat lower concentration
of about 0.0015, while the 11m1t1ng value of the relative viscosity
was as high as 1.96. 'In the case of fumaric acid no coagulation
wa.s'observed at 0.001 while at 0.0017 it was already complete.
The limiting value of 7 is here middling, being 1.68. -

For a complete characterisation of an electrolyte w1th respect
to its coacrulatlve power on a chosen colloidal solution & curve
such as shown in the foregoing diagram is necessary. But for

1. The numbers in the brackets refer to the number in Table 11.
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the purpose of comparison of ‘various electrolytes among them-
selves, 1t will be more convenient to chose certain characteristic;
points ‘on the. curves,v than to. employ ‘the curves themselves,
and the d1st1nct points. which are particularly well fitted for the
_purpose seem to be those above mentioned, viz.: the concentra-
tion: of the 1nc1p1ent coagulation, and the’ lowest concentratmn‘
at which complete coagulation takes place. o
The :smallest concentration of an electrolyte at Wthl’l co-
‘aeulatlon »actually begins. can not of course. be determined with
great p1ec1s1on Moreover, its experimental value depe'nds on
the exactness of the method of measurement. In’ the: present
mvestlgatlon the method' employed is a rather rough one, there-
fore the. values found can only be approximate. Yet they mayl
serve as. the basis of a broad comparison.
In Table 12 the electrolytes are classified accordmg to the
magnitude of the concentration under consideration. ‘
In the first column are placed the electrolytes whose co-
agulative power is very slight, since they fail to cause even in-
cipient coagulation at the comparatively high concentration of .
55 normal. They are all electrolytes with monovalent anions.
The organic acids included are indeed dibasic, but they are all -
so weak thit ‘their dissociation hardly proceeds beyond the first
stage, and. if the free divalent.anion be present at-all-it’ must
be in such 4 minute quantity that they do not affect the collmdal

solution in-any noticeable degree. = - Sl

In :the: second coluinn rare contained only: two hahdes,
potassium . chloride and 1od1de. It is a rather curious fact that
thécoagulative power of the bromigle is so weak and. does not
lie between . those of the two halides. To. exclude any mistake
the measureinents were repeated, but with the,s,'ame;result.@ Y
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TABLE 12.
above . between . between - . below
| 005 and ' 0005 and 0001 _

NO,K CIK | MoO,K Picric ‘acid
ClO, K : IK "CNK K oxalate
BrK - - Ag(CNLK | Tartaric acid
CONS K o | HONa | Citric acid
NO,H . . HOK = | K Citrate |
ClH .| (HO),Ba ° |.SO,K,

. Succinic acid Cr0,K, SO, H, .
Malonic acid : Cr0; K, | Ozalic acid
Maleic acid A _ | Pt(CN), K, NH, Oxalate
Ttaconic acid CO, Na, Fe (CN), K,

C ’ B,O, Na, Mellithic acid

Na Succinate | Fe(CN), K,
Nep Maleate C
Na Itaconate
- Fumaric acid
PO, H,
) ) PO, HNa,.
! PO, Na,

~ In the third column are included electrolytes with mono-
valent anions. Of these the permanganate is the weakest and
its position is rather doubtful. Three are alkalies, which have
a pretty strong coagulative power, as first pointed out by Crum.
The remaining two are potassium cyanide and potassium silver-
cyanide. Why: they act comparatively so strongly is not known.
Of the other twelve electrolytes belonging to this class, nine
. have divalent anions, the remaining three being phosphoric acid
and its salts. Phosphoric acid, although it is tribasic, may not
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be dissociated to such an extent that the trivalent anion PO,”
exists in any significant concentration; but in the solution of
trisodium phosphate this must undoubtedly be the case.

" In the last class, whose members have such a strong action
on the colloid that they produce incipient coagulation at a con-
centratlon below 1—005 equivalent normal, there is only one elec-
tlolyte ‘with monovalent anion, viz., picric acid. Of the anions
of the remaining cleven electrolytes, six are divalent, three are
trivalent, one is tetravalent and one may be hexavalent.

. According to ScuuLzr, the coagulative power of an elec-
trolyte is chiefly dete'rmined'by the valency of its ions. On the
whole, this rule holds in the present case, though there are
several noteworthy exceptlons The other chemical and physmal
_properties of the anion seem to exercise conmderable mﬂuence

on the coagulative power.

When we take the lowest concentration of the electrolyteé
necessary for complete. coagulation as the basis of comparison,
we. get the results shown in Table 13. - ;

* This mode of comparison comes nearer to the niethods em- -
ployed by former investigators, particularly ScauLzE and FrREUND-
LICH, because what they measured may also be looked upon as
the lowest concentrations of complete coagulation. _

'Among fifteen electrolytes which require greater concentra-
tions than W equivalent normal, there is only one  whose anion
is polyvalent, i.e. phosphoric acid. '

In the next column are found five electrolytes with mono-
valent anions, the remaining four having divalent ones.  In the
third column are placed nine electrolytes with divalent anions

and five electrolytes with trivalent anions.. In the last column
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"TABLE 13, .
above . between. N between . ,bétween )
, 005 and 0005 and  0.001 and 0.00025

NO,K ONK | Cw0,K, | 80,K,

010, K HO Na Cr, 0, K, S0, H,

" MnO, K | HOK CO, Na, ' Mellithic acid
CIK - | (HO),Ba | NaSucinate | Fe(CN)K,
BrK | Picric acid NH, Oxalate ,

“IK? | B,0;Na,? Oxalic acid .| =~

+CNSK - - Pt(CN), K, K Ozxalate
Ag(CN),K | Na Maleate Fumaric acid

.. NO;H : Na Itaconate Tartaric acid
cH | ’ PO, H Na,

' PO,H, - PO, Na,

~ Succinic acid ' ' K.Citrate
Malonic acid Citric "acid
Maleic acid a Fe (ON), K,

Ttaconic acid * | R

are two having divalent anions, while one has tetravalent and
the: remaining one has an anion of poséible hexavalency. Thus
the rule of ScaurzE is here brought out much.more clearly
than. iniTable 12. | .

 The limiting value of relative viscosity is also a:characteristic
quantity for. an electrolyte with respect to its coagulative power.
But it is perhaps more rational to compare the increase of
viscosity 7um—1 caused by various electrolytes. The lowest value
was found ‘in ‘the .case of oxalic acid and ammonium oxalate,
beirg..only 0.26. The highest value was reached: in potassium
ferricyanide, and is about five. times.as large being 1.24. . .
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As the value of 7uun—1 depends on the concentration of
the colloidal 'éolution, it is not very well fitted for the charac-
terisation of an electrolyte. But perhaps it might be possible
to eliminate this' effect by employing the empirical equation
given at the.end of § 5:

Piw— L=0 b, : ‘ -

It is not improbai)le. that the empirical constant § retains its
value for different electrolytes and that « alone varies with
different cases; but this point must be left for further study.
Another fact deserves mention in this place. The values
of 7uu—1 for electrolytes with ‘p.a‘rticularly well developed co-
agulative power, are also high. Thus strong electrolytes with
trivalent - anions have Jum—1 between 0.9 and 1.0, while in one
electrolyte with tetravalent anion it is as high as 1.24.

- What "the .different values of 7m—1 may mean physically
and  chemically it is difficult to say. They point no doubt
to some differenice in the physical structure of the coagulum.
Microscopic 0bserva§fon may reveal in what the difference lies.

In order to study the effect of the valency of ions on the
- coagulative power, it is necessary to compare electrolytes of
chemically allied natures but of different valencies. For this pur-
pose we chose potassium salts of cyanogen complexes, Ag (CN),’K
(9), Pt (CN), K. (20), Fe (CN)sK; (38), and Fe (CN); K, (41).
The relation between 7 and the concentration of the electrolytes
is shown in the annexed diagram. All the three aspects of ‘the
coagulative power, which we have been discussing, are brought
so clearly before the eye, that it is’needless to dilate upon them
in this connection. In short, the rule of Scmurze finds the
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fullest, cofirmation in all details. As to the quantitative relation
proposed by Harpy and WaErHAM," it may be tested in the
following manner.  The concentration, necessary for. coinplete
coagulation is. L ‘

Pt (CN), K, Fe (CN), K, Fe (CN), K,
0.1 _ 00015 - 0.0005
If n be the \}a.lency ‘of the anion, then the mth root of the
§6h§é11t1'at§i0n ought to have one and the same value.
Pt (CN), K; | Fe(ON)K, = Fo(ON)K,
03 NS 0.15

The order of the numbers is the samé, but the dlffelence is too
great to be ascribed to expenmental error. '

., 1. Journal of Physiology, 24, (1899), 801.. o
1
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"“When the concentration is large enough, even electrolytes
with the weakest coagulative power can cause considerable increase
~in the relative viscosity as”isillustrated by the following ob-: .
servations on nitric acid. . . .o o o

.~ TABLE -14;

Concentration |~ 0 | 005 | 05 | . 25

e ‘.00 |, 100 |- 140 | 152

But When the concentratlon of an eleetlolyte is 0 laroe, the
v1seos1ty is generally increased to some extent even without
coagulatlon taking place. Hence it will be necesszuy to apply}
proper correction to obtaln more exact results .In the plesent
mvestlgatlon we have hmlted ourselves to the study of more
dllute solutlons

Although it seemed hwhly 1mpr0bable that p0s1t1ve ions
should exercise any considerable coagulative pawer on the” eol<
101da1 alummlum hydrox1de, we studled the eﬂ’ect of the mtratesi
of the followmg six catlons, ' '

- ,Na, - Ag, ) B»a’[l" >,Co, ',V.”Ni; UOQ,
in ‘order: to reach éxperimental. certeinty on ‘the subject. . Up to’
the concentratien of E%c'equivalent normal the results were quite
negative. Thus we are naturally led to the conclusion that it
is"anions which cause the coagulation. ™~ '

~The fact, that succinic, maleic, and itaconic acid. are quite
inactive. up.to .the highest concentration tested, while their sodium
salts exercise -considerable coagulative power even in tolerably

dilute solutions, is in accordance with this conclusion. But the
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most interesting. fact of all is that the coagulative power of
fumaric acid is so well developed while the stereoisomeric maleic
acid is quite inactive. The dissociation constant of maleic acid
considered as a monobasic acid is indeed far greater than that
of fumaric acid, -being 0.00117 as against 0.000093 ; but in the
dissociation constant' with respect to the second hydrogen ion
the relation is reversed, being only 0.00000039 for maleic acid
and 0.000018 for fumaric acid. ~These latter constant were found
for 100°. At 25° their values may be somewhat different, yet
the order of magnitude will remain nearly the same. - This
explains why the dissociation constant as monobasic acid - cal-
culated from the electrolytic conductivity remains very nearly
constant for maleic acid, while it increases, thdugh at first very
gradually, with increasing dilution for fumaric acid. Hence the
concentration of the divalent anion must be very much grea‘terv
in the solution of fumaric acid than in that of maleic acid.
This accounts for the great difference in the coagulative power
of the two acids. .

The coagulative power of tartaric acid has been found to. be -
markedly greater than that of fumaric acid; this may be looked
upon as the consequepce of the greater dissociation constant of
the second hydrogen ion for this acid, the constant being- 0.000059
or more than three times larger than that of fumaric acid.
This doubtless also applies to oxalic acid. “

The indifferent organic substances, ethyl alcohol, phenol and
mannite, were tested, and found to-lack coagulative power, at
least in not too high concentrations. . Such is. doubtless the case

1. W. A. SmurH: Zeits. fir physik. Chem., 25, (1898), 241.
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with most organic  substances -which form real (not colloidal)
solutions and do not undergo electrolytic dissociation. -

Mannite solution, ‘to which boric acid had been added, was
also found quite inactive, although it formed' complex acids of con-
" siderable strength.! Boric acid itself exerts no coagulative action.

Crun observed the ‘coagulating action of some decoctions of
certain dye-stuffs. The solutions of many colouring matters are
colloidal, and when the »suspended particles have negative electric
charge, this is to be expected, particularly according to the
observations of Birrz?2 We made -observations on the solutions
of helianthin, fuchsin, and eosin, and also on that of tannin;
and found their coagulative power very strong as shown in the

following table.

TABLE. 15.. -

Concentr. ) R - o
\ 0.00017 | 0.00025 | -0.0005 | 0.001 | 0.005 | 0.01
Substance ; : ) : i
Eosin . 104 | — | 208 | — | 212 | 212
Fuchsin | 100 | 100 | 1.00 | 1.02.| 160 | 188
Helianthin . |- 1.04 |- 140 .|. ~— -|, 184 | . — | 208
Tannin "1 1.00 1.00 1.04 — | 136 ‘| 184

Ii'i is known that eosin ‘has cathodic cataphoresis and -the same
is probably the case with other substances in the table..

It was also observed that the colloidal solution of aluminium

1 NIA(_}NA.?IL(II: Zeits. fiir physik. Chem., 6, (1890), 58.
- - 2, Berichte d. deutschen chemischen Gesellschaft; 87, (1904), 1113. =~~~
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hydroxide was coagulated by ‘saliva. This is "doubtless due to
the protein .present in it.” We have tested the coagulative power
of egg-albumin aud obtained the following result..

TABLE -16.

- Concéntration: - | . 0.0108 | 0.0431 | 04319 | -
7 | wor | im | 185
Summary.

1. The measurement of viscosity was found to be partlcular]y.
well fitted for the study -of the coagulatlon phenomeua of the
colloidal solution "of alaminium hydroxide. ‘

2. The degrée of coagulation was found to increase in
some cases suddenly and in others more gradually with the
increasing concentlatlon of the electrolytes

3. Only anions were found to’ ‘exercise  coagulative power.
This is in accordance with the rule of HARDY, for 'the colloidal
solution ‘shows anodic cataphoresis. ' '

4. The coagulative power of the anions increased rapidly
with the:increasihg'valency, in confirmation of ScHULZE’S rule.

5. The final degree of coagulation caused by the increasing
concentration of various, electrolytes differed considerably in dif-
ferent cases, and seemed to be characterlstlc of the action of
each electrolyte. . . :

6. Neither. the concentration. of the colloxd'il solution . nor
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the temperature, nor duration of the experiment seemed to affect

in any marked degree the general relations found.

- The foregoing study was undertaken and prosecuted under
the guidance of Prof. IxEpA to whom my best thanks are due.

The Chemical Institute of the Science College,
the Imperial University of Tokyo.



