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Lyotropic numbers of fourteen anions and eleven catione were 
calculated from data obtained from precipitation experiments in 
elatin and asar sol systems. FollowinE the method of calculation 

of lyotropic numbers for the anions as outlined by Eruins, the 
amounts of various salts required to flocculate Eelatifl and agar 
sols were represented araphically by plotting as abscissas the con- 
cent.rations of sodium sulfate, the reference salt, and as ordinates, 
the concentrations of other sodium salts required to cause precipi- 
tation of the colloid. The unit length on the ordinate was chosen 
equal to one half the unit length on the abscissa. From the measured 
cotangents of the angles formed by the linear portions of the 
individual salt lines and the abscissa, and the arbitrarily chosen 
values for the lyotropic numbers, 2 and 10 for sulfate and chloride 
ions resçectively, the constants tri the equations for Lelatin and 
agar were calculated. The equations: 

for gelatin: N = -463 cot CC.. + 11.26 and 

for agar: N = -4.23 cot (3 + 10.46 

were obtained, in which alpha was the angle for an individual salt 
on the gelatin diagram and beta was the corresponding angle on the 
agar diagram. 

The ssme general method was applied, for the first time, for a 
series of divalent cations using sodium sulfate as the reference 
salt and a series of metal sulfates as the other salts. The 
equations: 

for gelatin: N = -4.82 cot 1.86 and 

for agar: N = -11.88 cot(3 + 16.95 

were obtained. 
The lyotropic numbers of' the ions, calculated from data obtained 

from gelatin precipitation experiments show good agreement with 
those calculated from agar precipitation experiments only for those 
ions having lyotropic numbers between 7 and 10. The reason for this 
is found in the variation of the cotan[ent of the angle with the 
angle. 

The average values of the lyotropic numbers for the ions cal- 
culated in this way, a1on with those previously determined by other 
investigators or recalculated from their data, were correlated with 



the B constant of the Jones-Dole salt solution viscosity equation 
and ionic heats of hydration. Ions that have hiEh heats of hydra- 
tion were found to have low lyotropic numbers and were Eood 
preciitants for elatin and asar. The dependence of lyotropic 
numbers on the ability of the ions to attract water molecules to 

become hydrated ions was shown. 
The periodicity of lyotropic numbers was demonstrated, 

inclicatinE that the maEnitude of the charge on an ion is a factor 
in determining its position in the lyotropic series but that the 
sien of the charge is of no effect. 

A uniform scale of relative values for the lyotropic numbers 
of both anions and cations was obtained. This is believed to be the 
first time that this has been accomplished. 
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LYOTROPIC NUMBERS OF DIVALENT 
ANIONS AiD CATIONS AS REVEALED 

BY COAGULATiON EFFECT ON 
GELATIN AND AGAR SOLS 

INTRODUCT ION 

ìany reactions and physical-chemical properties of 

solutions such as flocculation of sols, swellinE and 

liquefaction of eels, surface tension, viscosity, and 

adsorption from solutions are influenced by the presence of 

ions. The order of effectiveness of these ions is often 

expressed as the Hofmeister or lyotropic series. 

Arrhenius (1, pp.110-113) was perhaps the first to 

investigate the order of effectiveness of salts by 

observinE their effect on the rate of saponification of 

ethyl acetate. He was followed by Spohr (38, pp.194-217) 

who investigated the effect of neutral salts on the in- 

version of cane sugar. In 1917, Jaeger (29, pp.1-214) 

found that surface tensions of molten chlorides and sulfates 

of the alkali metals decreased in the order, Li Na ) K ) 

Rb > Cs. A qualitative order for several anions was found 

by CarrinEton, Hickson, and. Patterson (19, pp.2544-2549) 

and Duckett and Patterson (23, pp.295-303) in studying the 

molal elevation of the critical solution temperature of 

the phenol-water system. Tuorila (3°, pp.191-344) con- 

ducted experiments to determine the effect of various 

cations in precipitating o1d sols. From these, as well as 

later experiments (40, pp.44-188) on coaEulation of clay, 
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quartz, and paraffin sols he was able to deteiine a 

qualitative cation series. th'ichner (8, pp.439-444) 

investlEated the effect of several sodium salts on the 

swellinE of Eelatin and the meltinE and setting tempera- 

tures of eis of the sanie Eelatin. The ions, arranged 

in decreasing order of relative weight increase in the 

swelling experiments, were 2O3> Cr04 > 04)Mo04 > 

HA5O4 SO4. Kruyt and Robinson (34, pc.l244-1250) 

were able to show that the effect of electrolytes on the 

solubility of non-electrolytes followed the lyotropic 

series. 'eitz and Stamm (46, pp.1144-1155) determined 

flocculation values for sodium salts on a ferric hydroxide 

sol thereby establishing a qualitative anion series. 

Btchner and Kljn (14, pp.740-742) in their work using 

agar sols, and Bichner and Fostma (15, pp.699-702), using 

gelatin sols, determined an anion series by observing the 

effects of sodium salts on precipitation of these materials 

from solution. Jenny (30, pp.2217-2258) observed very 

pronounced lyotropic series in exchange reactions using 

colloidal aluminum silicates. He observed the opposite 

series for release of monovalent cations than for 

adsorption. A qualitative anion series was determined by 

Btchner, Eruins, and Iercke1 (13, pp.569-575) from 

viscosity data of H, Na, and K salts of F, 304, C1, 
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C103, NO3, Br, CNS, and I- in that order. The 

chlorides of the alkaline earths save the series Be++ 

M6 > Ca ) Sr? eitz and Grohrock (47, pp. 

1085-1091) found the effect of anions on the solubility 

of alkali metal and ammonium salts in acetone to be 

23 > CrO4 > S05 ) 003) SO4. Urban (41, pp.1108-1122) 

observed a lyotropic effect in the influence of various 

electrolytes on the specific heat of water. All of these 

investlEations resulted only in fran1entary, qualitative 

lyotropic series of anions and cations. 

The development of a quantitative system of iyo- 

tropic numbers for the cations was reported by tohner, 

Bruins, and. Voet in 1932 (16, pp.563-569) and was later 

reviewed by Voet (44, pp.201-204)(43, pp.169-179). The 

lyotropic numbers of the alkali metals were calculated 

from the data of Tuorila (39, pp.191-344) on the coaEula- 

tion of Eold sols. HavinE chosen arbitrarily the values 

of 100 for sodium and 75 for potassium, the lyotropic 

numbers of cesium, rubidium, and lithium were calculated 

to be 60, 69.5, and 115 respectively. These numbers were 

found to be independent of temL:erature and in linear 

relation1to the heats of hydration and ionization poten- 

tials. 

A graphical method of obtaining lyotropic numbers 

for the anions from coagulation data using lyophilic 
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colloids was reported by Bruins (5, pp.107-115). By 

p1ottin the concentration of sodium sulfate necessary to 

flocculate an asar or Lelatin sol aEainst the flocculatinE 

concentration of other sodium salts, straiEht lines were 

obtained whose slopes defined the lyotropic numbers. This 

method of quantitatively determininE the positions of 

anions in the Hofmeister series was further described by 

Biichner (9, p.7156 and 10, pp.288-291) and the mathematical 

relations involved discussed in deti1 by Bruins (6, pp. 

479-480 and 7, pp.292-307) and Voet (42, pp.1301-1304). 

Data and the account of' experimental work for determininE 

the effects of anions on the flocculation of Eelatin and 

agar sols was published by Büchner (il, pp.1-9). The 

lyotropic numbers calcul2teó. for Er03, NO3, C103, Er, 

I-, F, 103-, H2F04, NO2, 0104, and CNS-, based on 2 for 

304 and 10 for Cl, chosen arbitrarily, were 9.55, 11.6, 

10.65, 11.30, 12.50, 4.8, 6.25, 8.2, 10.1, 11.8, and 

13.25 respectively. in a later publication, Btchner (12, 

pp.173-175) reported that the relation between floccula- 

tion values for the alkali chlorides on gelatin and the 

lyotropic numbers of-the cations was not linear. 

Lyotropic numbers for the cations were shown to be 

obtainable from viscosity data by Iercke1 (35, pp.67-75). 

From the data on the chlorides and nitrates of calcium, 

magnesium, strontium, and barium obtained by &ichner, 
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bruins, and Merckel (13, pp.569-575) and his own data on 

the iodides and, bromides of the alkaline earth metals, 

ìiercke1 derived mathematical relationships between 

viscosity and lyotropic numbers of the ions. From the 

arbitrary values of 10 and 14 for calcium and magnesium 

respectively, the lyotropic numbers of beryllium, 

strontium, and barium were calculated to be 22.4, 9.0, 

and 7.4. 

In more recent years the lyotropic series have been 

related to various phenomena. Cooper (20, pp.284-285) 

reported a relation between Gibbsian standard free enerEies 

of formation from elements and the lyotropic series of' 

anions. The anion series CNS > I> Er C2H302 K03 

Cl- > SO4 was obtained by Meyman, Eleakley, and. Docking 

(27, pp.353-368C) from their adsorption experiments on 

methyl cellulose. Various series of' anions and cations 

were evident in adsorption experiments on Eelatin con- 

ducted by Docking and Fieyrnan (22, pp.513-529). For 

potassium salts, the observed order was C1S > 1 ) br > 

NO3- > Cl > C2H302 > C4H406 504; for lithium salts, 

I- >Br )' Cl ) SO4; for alkali salts, L1 iH41' Na K; 

and. for the alkaline earth salts, Ba> Ca $r+ 

Buswell, Gore, and Rodebush (18, pp.543-546) reported. a 

relation between reflection in the 3 reEion and lyotropic 

numbers. The partial molal volumes of potassium salts 



were related to the Hofmelster series by Halasey (25, 

pp.1252-1262). The anion series which she observed or 

the ha1oens was 1 > br > C1 > F. Reber, icNabb, and 

Lucasse (37, pp.500-515) obtained the series SO4 C1- ) 

Er-> NO3-> I-) SCN from their investigation of the 

effects of various sodium salts on the mutual miscibility 

of normal butyl alcohol and water. The lyotropic numbers 

of various anions were reported to be in linear relation 
to the "B" values of the Jones-Dole (31, p.2950) viscosity 

equation by Asmus (2, pp.589-594). 

The viscosities of strong electrolyte solutions 

were investigated by Jones and Dole (31, pp.2950-2964), 

Falkenhagen and Dole (24, pp.159-162), and Cox and 

olfenden (21, pp.475-488); the latter proposing the 

equation: 

1 + Af + Bc 

for calculating relative viscosities of dilute solutions 

of stronE electrolytes. A and b are constants, determined 

experimentally, and c is the molar concentration of the 

salt. Cox and Wolfenden report that values for the 

constant B may be shown to be additive functions of the 

ions. Values for B, determined experimentally at 25°C., are 

known as B25 values. These have been reported by Asmus 

(2, p.593) for various ions. (See Tables X and XIV.) 



Iierckel (35, pp.67-75) reported that viscosities 
of electrolyte solutions were linear functions of iyo- 
tropic numbers of the anion or cation in a series of 

salts for hich the other ion remained the same. Asmus 

(2, 0.593) has shown a linear relationship between 1yo- 

tropic numbers of several anions and B25 values. A linear 
relationship was then expected between B25 values and the 
lyotropic numbers of' all anions and cations. 

Despite the many investigations concerned with 
lyotropic numbers of anions and cations and the many 

attempts to relate them to more thorouEhly understood 

chemical or physical phenomena, little has been accom- 

plished. The numbers for the alkali and alkaline earth 
metals have been determined and related to heats of hy- 

dration of the ions. The numbers obtained for these two 

eroups of cations have not been related to one another 
and have been based on separate, arbitrarily chosen pairs 
of standard values. The numbers calculated for the mono- 

valent anions, principally the haloEens, althouEh also 
shown to be related to ionic heats of' hydration, are not 

included on the saine scale as the cations. The value for 
the lyotropic number of the sulfate ion, chosen as one of' 

the arbitrary bases for the calculation of all other anion 

lyotropic numbers, was reported by Bichner, Bruins, and 

Iierckel (13, pp.569-575) to have values of 9.3, 5.4, and 6 
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in viscosity determinations of the acid, sodium, and 

potassium salts respectively. The various methods used 

for the deterilnation of lyotropic numbers have each 

appeared to produce separate and distinct sets of values 

which are in no way related to one another. Other than 

the alkaline earth metals and a few anions, the values of 

lyotropic numbers for divalent anions and cations have 

not been determined. 



EXPER IiENTAL 

in order to determine the lyotropic numbers for 

the divalent anions and cations the method of Eruins (5, 

Pp.107-115; 6, pp.479-480 and 7, pp.292-307) and Echner 

(14, pp.740-742; 15, pp.699-702; 9, p.7156 and lo, 

pp.288-291) was chosen as the one offerinE the greatest 

ease and involving a minimum of laboratory equipment. 

The extension of this method, originally applied to 

anions only, to the cations was believed possible al- 

thouEh it was reported by Euchner (12, pp.l7-l75) that 

the relation between flocculation values for the alkali 

chlorides on Lelatin and the lyotropic numbers was not 

linear. 

For the reference salt in this investigation, 

sodium sulfate was chosen to be used for both anions and 

cations. This choice was based on this salt's revious 

use in deteriiinin anion lyotropic numbers, its low cost 

and availability, and the lack of any apparent reasons 

why it should not be used for cations as well as anions. 

All salts that were used were rea[ent Erade 

chemicals and no attempt was made to further purify any 

of them. Anhydrous salts were used when available, or 

stable hydrates of knovn composition. Solutions of these 

salts were prepared by dissolving the appropriate amount 

of salt, weighed on a platform balance, in a sufficient 
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amount of distilled water and makinE the resultinE solu- 

tions u to volume in ordinary volumetric flasks. As the 

quantities of salts used were Eenerally in excess of 100 

arams and the volumes of solutions Ereater than 250 ml., 

the errors in concentration resultina from this procedure 

were believed to be below 0.1%. The PH of each solution 

was deternained usine a Beckmann class electrode pH meter. 

The amount of water of hydration in the chromic 

sulfate available was not known and had to be determined 

in order to make up a solution of known chromic ion con- 

centration. This was accomplished by heatina duplicate, 

welEhed samples under vacuum in the presence of phosphorus 

pentoxide. The color of the salt changed from an oriina1 

blue-violet to a brilliant Ereen, indicating the formation 

of the pentahydrate (28, p. 372 line 6). From the weiaht 

losses of the samples and the known amount of' water in the 

pentahydrate, the total amouñt of water originally present 

in the salt was easily calculated. A value of 40.5% water 

was determined, which was very nearly the 40.8% water 

calculated for the hydrate containin fifteen molecules of 

water of hydration. 

Ferrous sulfate solution was prepared by boiling 

139 g. of the heptahydrate salt in 400 cc. of distilled 

water in the presence of a coil of aluminum wire for one 

half hour. The solution was a yellowish brown color, 
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apparently due to hyd.rolysis. The aluminum wire was then 

removed and 15 cc. of concentrated sulfuric acid were 

added dropwise to the hot solution with constant stirrinE. 

The color chanEed to areen and the solution becanie clear. 

500 ma. of iron wire were added and the solution allowed 

to cool to room temperature. The volume was made up to 

5CC cc. in a volumetric flask by addinE boiled and cooled 

distilled water. This solution was imnediately used in 

the experiments to determine the effect of ferrous iron 

on the precipitation of aelatin and aEar with sodium 

sulfate. 

To prepare a solution of ferne sulfate of known 

concentration, a solution of ferrous sulfate containing 

the desired amount of iron was oxidized usina hydrogen 

ceroxide. 139 g. of ferrous sulfate heptahydrate were 

dissolved in 400 cc. of distilled water acidified with 25 

cc. of concentrated, C.P. sulfuric acid. After cooling 

this solution in an ice bath, 120 g. of 30 hydrogen 

peroxide were added gradually. During the addition of 

peroxide, the color of the solution changed from green to 

deep red. Then all of the peroxide had reacted, the 

resulting solution was allowed to slowly come to room 

temperature. After standing over night, this solution was 

evaporated by boiling to a volume less than 500 cc., 

allowed to cool, transferred to a 500 cc. volumetric flask, 
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and made up to the mark with distilled water. This solu- 

tian then contained a known concentration of ferric iron. 

The concentrations and plis of' all of the solutions 

prerared are given in Table I. 

The Eelatin solutions used in all experiments were 

prepared from powdered, commercial Erade gelatin. Eefore 

deciding on a gelatin concentration to be used in all 

exteriments, the effect of the gelatin concentration on 

the amount of salt required to cause recipitation was 

determined. The results of this investigation are graph- 

ically presented in Figure I. A 1% final gelatin concen- 

tration was chosen for convenience. This value for the 

gelatin concentration was located in the portion of the 

gelatin versus salt concentration curve showing only small 

differences in the amount of' salt required for precipita- 

tian resulting from reasonable errors in the preparation of 

the desired gelatin concentration. All gelatin solutions 

were prepared fresh daily by weighing out 4.000 g. of the 

powdered material, allowing it to swell in 20 cc. of 

distilled water at room temperature, diluting to 100 cc., 

and heating gently until a clear solution was obtained. 

The same amount of salt solution was found to be necessary 

to cause precipitation of this gelatin at 25°, 40°, and 

60°C. thereby substantiating what Biichner (8, pp.439-444 

and 14, pp.740-742) had previously reported. 
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TABLE I 

CONCENTRATIONS AND pH's OF SALT SOLUTIONS 

Salt Conc.of 3oln. 

Na2304 i ì,í. 5.0 
Na2304 1.5 M. 6.95 
Na2SO3 i 1í. 9.45 
Na232O3 2 M. 8.15 
Na2S 2 N. 11.4 
NaC1 5 M. 8.0 
Na2CrO4 2 M. 9.05 
Na2Cr2O7 2 M. 3.45 
Na2HPO4 1 M. 8.75 
NaH2PO4 2 N. 3.55 
Na2HAsO4 i N. 8.3 
Na2C4H4O6 1 ii. 9.15 
Na3C6HSO7 1 M. 7.35 
NarO3 2 M. 5.4 
Na2003 2 I. - 
CdSO4 2 M. 4.3 
Cd304 3 N. 4.2 
Ni504 2 M. 2.4 
CuSO4 i M. 3.3 
Co304 2 M. 2.3 
0r2(304)3 i M. 0.85 
NS04 2 M. 3.9 
Zn504 2 M. 3.9 
FeSO4 * i N. 1.1 
Fe2(SO4)3 

* 0.5 M. 1.2 
Nn504 2 Ivi. 1.8 

* Acidified with sulfuric acid. 
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Figure I also shows the degree of reproducibility 

attainable using the above described methods of prepara- 

tion of colloid and salt solutions. The five trials 

represent experiments on different days using different 

solutions for each trial. 

Individual experiments to determine the salt con- 

centration required to flocculate the colloid, of which 

some two thousand were carried out in the course of this 

work, were done in the followin way. Into a dry test 

tube, 2.5 cc. of a 4% gelatin solution were delivered from 

a 25 cc. burette and in a second test tube, a solution of' 

sodium sulfate and another salt in varying proportions. 

The standard salt solutions were delivered into the test 

tube, along with the required volume of distilled water, 

from 10 cc. burettes, and in such amounts as to always 

make a total volume of 7.5 cc. The salt solution was then 

quickly added to the gelatin solution, the total volume 

then always being 10 cc. Generally three or four different 

salt concentrations were tried, each differing in concen- 

tration of only one of the salts of the pair by 0.01 mol/ 

1. The salt concentrations causing the immediate appear- 

ance of a precipitate were recorded. The values obtained 

are reported in Table II and shown in graphical form in 

Figures lIa, b, e, d. 
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TAELE II 

CONCE1TRAT IONS OF SALTS REQ,UIRED 
TO PRECIPITATE GELT1N 

Cl- Cr207 rnols/1. mols/1. mais/i. mols/1. j25O4 NaC1 2SO4_ 
0.38 2.80 O.5 0.23 0.44 2.40 0.40 0.09 0.50 1.90 0.41 0.315 0.56 1.45 0.445 0.485 0.60 1.15 0.46 0.575 0.68 0.60 

. 0.49 0.66 0.76 0.00 0.50 0.04 
Er03 0.515 0.835 mois/i. no1s/1. 0.545 0.97 

Na2504 ì\iaBrO3 0.60 0.02 0.63 0.70 0.005 0.66 0.50 0.76 0.00 0.69 0.36 C6H507! 0.705 0.28 mols/1. mols/1. 0.72 0.17 ia2SO4 1a3Q6.527 0.75 0.10 0.00 0.55 0.76 0.00 0.10 0.48 
H2PO4 0.20 0.41 mols/1. mols/1. 0.30 0.34 

NaH2Q o . 40 0.27 0.00 1.17 0.50 0.20 0.10 0.97 0.60 0.12 0.20 0.77 0.70 0.06 0.30 0.58 0.76 0.00 0.40 0.41 Fe 0.50 0.25 mols/1. mols/1. 0.60 0.13 NaO4 Fe2(504)3 0.70 0.04 0.10 .005 0.76 0.00 0.10 0.055 
0.185 0.085 mole/i. mols/1. 0.20 0.005 

2504 0.27 0.115 0.76 0.00 0.30 0.005 0.78 0.12 0.345 0.145 0.79 0.20 0.40 0.005 0.80 0.22 0.47 0.20 0.82 0.33 0.50 0.005 0.84 0.47 0.60 0.005 0.86 0.60 0.76 0.00 
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TABLE II (C0NT'D.) 

CrO4 co3 
rnols/1. IL01S/1. mols/1. mols/1. 
L2SO4 Na2CrO4 Na2SO4 Ka2CO3 
0.28 1.19 0.00 .7ö 
0.34 1.03 0.10 0.61 
0.40 0.89 0.20 0.53 
0.50 0.69 0.30 0.425 
0.60 0.45 0.40 0.34 
0.70 0.21 0.50 0.24 
0.76 0.00 0.60 0.14 

C4H406 i-1PO4= 
mols/1. mols/1. mols/1. rnols/1. 
i204 a.2C4H406 Na2SO4 Na2HP0J 
0.10 0.745 Th.00 
0.20 0.64 0.10 0.60 
0.30 o.54 0.20 0.51 
0.40 0.43 0.30 0.42 
0.50 0.32 0.40 0.34 
0.60 0.21 0.50 0.26 
0.70 0.10 0.60 0.17 
0.76 0.00 0.70 0.09 

HAsO4 0.76 0.00 
mols/1. i:iio1s/1. 503= 
2°4 NapHAsO4 mols/1. mols/1. 

0.00 0.515 j2504 i\a2503 
0.10 0.45 0.32 
0.20 0.39 0.40 0.50 
0.30 0.32 0.50 0.37 
0.40 0.26 0.60 0.25 
0,50 0.19 0.70 0.12 
0.60 0.12 0.75 0.06 
0.70 0.06 0.76 0.00 
0.76 0.00 

3203= o1s/1. mols/1. 
mols/i. mols/1. !2SO4 N1304 
Na2504 2.223 0.00 0.91 
0.00 1.24 0.10 0.80 
0.10 1.08 0.20 0.68 
0.20 0.91 0.30 0.57 
0.30 0.75 0.40 0.45 
0.40 0.59 0.50 0.32 
0.50 0.42 0.60 0.19 
0.60 0.26 0.70 0.07 
0.70 0.10 0.76 0.00 
0.76 0.00 



iIi] 

TAELE II (coNT'D.) 

t-' 
4-1- 

LO Cr 
mols/1. niols/1. mols/1. mols/1. 
i25OL CoSO4 Na2504 Cr2(j3O4) 
0.00 0.97 .25 
0.10 0.84 0.30 0.38 
0.20 0.71 0.35 0.29 
0.30 0.59 0.40 0.21 
0.40 0.45 0.45 0.14 
0.50 0.32 0.50 0.07 
0.60 0.19 0.60 0.02 
0.70 0.06 0.76 0.00 
0.76 0.00 ' ++ 1n 

ie++ rnols/1. mols/1. 
mois/1. rnols/i. Na4 

_.00 
in30 

2SO4 FeSO4 0.87 
0.00 0.71 0.10 0.72 
0.10 0.58 0.20 0.57 
0.20 0.45 0.30 0.42 
0.30 0.32 0.40 0.28 
0.40 0.19 0.50 0.17 
0.50 0.05 0.60 0.09 
0.60 0.01 0.70 0.03 
0.76 0.00 0.76 0.00 

Zn++ .- ++ 

mais/i. mols/1. mols/1. mols/1. 
Na2SO4 
___.00 

Zn504 Na2SO4 SO4 
1.37 .00 1.20 

0.10 1.19 0.10 1.04 
0.20 1.01 0.20 0.88 
0.30 0.82 0.30 0.73 
0.40 0.64 0.40 0.57 
0.50 0.43 0.50 0.41 
0.60 0.24 0.60 0.24 
0.70 0.05 0.70 0.09 
0.76 0.00 0.76 0.00 

Cd4 
rnols/1. mois/1. rno1/1. mols/1. Na0 
_.10 

Cd504 Na250 Cu304 
1.62 .56 0.03 

0.20 1.38 0.56 0.075 
0.30 1.12 0.565 0.19 
0.40 0.87 0.57 0.28 
0.50 0.615 0.57 0.37 
0.60 0.30 0.60 0.02 
0.70 0.05 0.70 0.01 
0.76 0.00 0.76 0.00 
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In the case of the chromic ion, the solution was 

so intensely colored that precipitation could only be 

detected at low concentrations. The appearance of a 

precipitate was more easily noted when a briEht liEht, 

completely masked except for a narrow slit, was viewed 

through the solution. 

The agar solutions were prepared using commercial 

grade agar ribbons which had been cut up into pieces 

approximately 0.25 inch in length. The initial agar con- 

centration was made 1% which resulted in a 0.25% agar 

concentration in the final solution. Fresh 1% agar solu- 

tions were prepared daily by dissolving 1.0 gram of the 

air dry material in 100 cc. of distilled water, allowing 

it to swell for 10 minutes, heating to boiling until all 

of the agar dissolved, filtering the hot solution through 

glass wool, and rneasurinE out 2.5 cc. samples into separate 

test tubes. These were stored until use in a water bath 

at 50°C. to prevent gelation. 

The individual experiments to determine the salt 

concentrations required to flocculate the agar were carried 

out in the saine manner as those using gelatin, except that 

the salt solutions were also heated to 50°C. before being 

added to the hot agar solutions. The concentrations of 

salts just required to cause precipitation of the agar are 

recorded in Table III and shown in graphical form in 
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TABLE III 

COÌCENTRAT IONS OF SALTS REQUIRED 
TO PRECIPITATE AG 

Cl- Cr207 
mols/i. mols/1. mols/1. mols/1. 
Na2SO4 NaC1 Na2Q NaQQ7 
Th.63 0.60 .55 0.05 
0.63 0.50 0.55 0.08 
0.64 0.40 0.57 0.10 
0.64 0.30 0.60 0.02 
0.65 0.20 0.61 0.14 
0.66 0.10 0.66 0.00 
0.6b 0.00 0.66 0.20 

±rO3 0.72 0,25 
mols/1. mols/1. 0.765 0.29 
Na2SO4 NaBrO 0.81 0.35 
0.585 0.70 0.84 0.37 
0.593 0.60 
0.60 0.50 mois/i. mols/1. 
0.608 0.40 j2BO4 Na 
0.623 0.30 0.58 0.03 
0.63 0.20 0.60 0.02 
0.645 0.10 0.60 0.05 
0.66 0.00 0.64 0.07 

H2PO4 0.66 0.00 
mols/1. i.o1s/1. 0.70 0.10 
2°4 aH0 0.76 0.12 

0.20 1.10 0.84 0.16 
0.30 0.86 0.90 0.19 
0.40 0.62 1.00 0.24 
0.50 0.39 1.10 0.29 
0.60 0.15 C5M507 
0.66 0.00 mais/i. mols/i. 

HA5O4 Na2SOi Na3C5H5Q7 
mols/1. mais/i. 0.00 0.54 
Na2304 ja2HAsO4 0.10 0.45 
0.00 0.59 0.20 0.36 
0.10 0.51 0.30 0.27 
0.20 0.41 0.40 0.19 
0.30 0.33 0.50 0.12 
0.40 0.24 0.60 0.04 
0.50 0.i 0.66 0.00 
0.60 0.05 
0.66 0.00 
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TABLE III (coKT'L.) 

HPO4= 503 
mols/1. mais/i. mais/i. mais/i. 

Na21-1PO4 Na2SO4 ia3 
0.00 0.71 0.36 0.57 
0.10 0.59 0.40 0.49 
0.20 0.49 0.44 0.40 
0.30 0.39 0.50 0.28 
0.40 0.29 0.56 0.16 
0.50 0.17 0.62 0.06 
0.60 0.07 0.66 0.00 
0.66 0.00 

CO3 mais/i. mais/i. 
mais/i. mais/i. 2SO4 NaQ3 
Na2SO4 Na2003 0.21 1.22 
0.00 0.71 0.30 0.97 
0.10 0.58 0.40 0.70 
0.20 0.47 0.50 0.42 
0.30 0.34 0.60 0.14 
0.40 0.22 0.66 0.00 
0.50 0.10 
0.56 0.04 mais/i. mais/i. 
0.66 0.00 Na04 N1504 

C4H406 0.00 0.67 
mais/i. mais/i. 0.10 0.58 

2O4 Na2C4I1406 0.20 0.48 
0.30 0.50 0.30 0.37 
0.36 0.45 0.40 0.28 
0.39 0.39 0.50 0.18 
0.45 0.30 0.60 0.08 
0.50 0.24 0.67 0.00 
0.51 0.21 
0.55 0.16 mais/i. mais/i. 
0.60 0.09 iB04 
0.66 0.00 0.00 0.67 

Cr04 0.10 0.56 
mais/i. mais/i. 0.20 0.46 
NaQ4 Nar04 0.30 0.36 
0.43 1.07 0.40 0.25 
0.50 0.77 0.50 0.15 
0.55 0.55 0.60 0.06 
0.60 0.30 0.67 0.00 
0.65 0.09 
0.66 0.00 



TABLE III (COiT'D.) 

¿n++ 
Co 

mols/1. mols/1. mols/1. mols/1. 
Zn504 CoSO 

0.00 0.70 
.L204 
0.00 0.7 

0.10 0.59 0.10 0.65 
0.20 0.49 0.20 0.53 
0.30 0.39 0.30 0.42 
0.40 0.29 0.40 0.30 
0.50 0.18 0.50 0.18 
0.60 0.075 0.60 0.07 
0.67 0.00 0.67 0.00 

Mn++ Cu++ 
mols/1. mols/1. mols/1. mols/1. 
Na2S0i 
_.O0 

1421304 Na2304 Cu504 
ö.77 .44 0.31 

0.10 0.66 0.48 0.25 
0.20 0.55 0.51 0.20 
0.30 0.43 0.54 o.i 
0.40 0.31 0.57 0.10 
0.50 0.20 0.61 0.05 
0.60 0.08 0.67 0.00 
0.67 0.00 Fe 

Cd mols/1. mols/1. 
mols/1. mols/1. Na2S0i Fe2(SO4)3 
Na2SO4 CdSO4 0.57 0.35 
ö.00 0.77 0.585 0.30 
0.10 0.66 0.60 0.25 
0.20 0.54 0.615 0.20 
0.30 0.43 0.625 0.15 
0.40 0.31 0.63 0.10 
0.50 0.19 0.65 0.035 
0.60 0,07 0,67 0.00 
0.67 0.00 

Fe mols/1. mois/1. 
mols/1. 
Na2504 

mois/1. Na2304 2(SO4)3 
FeSO4 0.45 0,22 

.41 0.435 0.46 0.27 
0.45 0.36 0.47 0.185 
0.50 0.28 0.50 0.15 
0.55 0.20 0.55 0.10 
0,60 0.12 0.60 0.05 
0.65 0.04 0.62 0.035 
0.67 0.00 0.67 0.00 
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FiEures lila, b, e, d. 

xperiinents were also carried out with other 

materials to determine their suitability for use in experi- 

ments similar to those usine asar and elatin. 

Arrowroot starch was found to produce turbid solu- 

tions in which no end point could be detected. Lintner's 

soluble starch formed limpid solutions but detection of any 

end point was extremely difficult due to formation of very 

weak precipitates. Very hiEh salt concentrations were 

required to cause precipitation of the starch and this 

prevented its use because of the solubility limitations of 

the salts. Results of experiments to determine the effects 

of starch concentration on the amounts of salts required 

for precipitation of starch are shown graphically in 

Figure IV. 

All albumin preparations available were found to 

be too insoluble to be of any use in these experiments. 

Sodium stearate and castile soap solutions were 

found to be too insoluble, even with the addition of 

alcohol, to be used in these experiments. 

To determine the effect of pH on the precipitation 

values of' the anions, 1 cram of C.P. sodium hydroxide 

pellets was added to 250 cc. of the standard solutions of 

sulfate, monohydroen arsenate, and tartrate. The pHs of 

these solutions were measured and are recorded in Table IV. 
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TAELE IV 

pHs OF SOLUTIONS CAUSTICIZ 
WITH SODIUM HYDROXIDE 

Salt Cono. of Soin. 

Na2SO4 i M. 11.7 
Na2HASO4 i 1I. 9.2 
Na2C4H4O6 i M. 11.8 

pHs OF SOLUTIONS ACIDIFIED 
WITH SULFURIC ACID 

Salt Cono. of' Soin. 

FeSO4 1 M. 1.1 
Fe2(SO4)3 0.5 M. 1.2 
Na2304 i M. 0.9 
NISO4 2 M. 0.7 
Zn304 2 M. 0.8 
MSO4 2 M. 0.8 

These basic solutions of salts were then used to determine 

the trecipitation values on Eelatin and aEar. The values 

obtained in these experiments are listed in Table V and 

shown raphical1y in Fires V and VI. 



TABLE V 

CONCENTRAT IONS OF CAUST IC lIED SALTS 
REQUIRED TO PRECiPITATE 

GELATIN AND AGAR 

304= 
mols/l. mols/l. 
L2O4 Na2SO4* 
0.00 0.75 
0.10 0.65 
0.20 0.55 
0.30 0.44 
0.40 0.33 
0.50 0.23 
0.60 0.13 
0.70 0.05 
0.76 0.00 

HAsO4 
mols/1. molß/1. 

____ Na2HASO4* 
0.00 o.2i 

0.10 0.42 
0.20 0.36 
0.30 0.30 
0.40 0.23 
0.50 0.17 
0.60 0.11 
0.70 0.05 
0.76 0.00 

C4H406 
mols/1. mols/1. 
Na2304 2C4H4O6* 
0.105 0.68 
0.21 0.56 
0.30 0.46 
0.40 0.35 
0.50 0.24 
0.60 0.13 
0.70 0.05 
0.76 0.00 

504 
mols/1. 
L2S 0 
0.00 
0.15 
0.30 
0.45 
0.66 

34 

mols/1. 
Na2SO4* 
0.63 
0.45 
0.28 
0.14 
0.00 

HA s04 
iols/1. mols/1. 
.!2304 Na2HAsO4* 
0.00 0.62 
0.10 0.53 
0.20 0.44 
0.30 0.34 
0.40 0.25 
0.50 0.16 
0.60 0.06 
0.66 0.00 

C4H406 = 
xnols/1. mols/i. 

2304 .i2C4M4P6. 
0.25 0.50 
0.30 0.43 
0.40 0.28 
0.50 0.15 
0.55 0.09 
0.66 0.00 

*Salt solutions contain 1 E. NaOH/250 cc. of solution. 
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The effect of pH on the precipitation values of the 

cations was determined by usinE acidified solutions of 

sodium, nickel, zinc, and maEnesium sulfate. Three cc. 

of concentrated sulfuric acid were added to 100 cc. of the 

standard salt solutions. This was the same acid concen- 

trat ion as was necessary to make up the solutions of 

ferrous and ferric sulfate. The pHs of these solutions 

were determined and. are recorded in Table IV. These solu- 

tions were used, to find the flocculation values on Eelatin 

and asar reported in Table VI and represented in raphi- 

cal form in FiEures VII and VIII. 

FollowinE the method of calculation of lyotropic 

numbers for the anions as outlined by Bruins (5, pp.107- 

115), the amounts of various salts required to flocculate 

Eelatin and agar sols were represented Eraphically (see 

FiEures lia, b, e, d and lila, b, c, d) by plottinE as the 

abscissas, the concentrations of sodium sulfate, and as 

ordinates, the concentrations of other sodium salts 

required to cause precipitation of the colloid. The unit 

lenEth on the ordinate was chosen equal to one half the 

unit lenßth on the abscissa. From the measured cotan- 

Eents of the anEles formed by the linear portions of the 

individual salt lines and the abscissa, and the 

arbitrarily chosen values for the lyotropic numbers, 2 

and 10 for sulfate ion and chloride ion respectively, the 



mols/1. 
Na2 $04 
0.00 
0.10 
0.20 
0.30 
0.40 
0.50 

mols/1. 
2 04 

0.00 
0.10 
0.20 

0.40 
0.50 

mols/1. 
Aa23 04 
0.00 
0.10 
0.20 
0.30 
0.40 
0.50 

mols/1. 
04 

0.00 
0.10 
0.20 
0.30 
0.40 
0.50 

TABLE VI 

CONCENTRATIONS 0F ACIDIFIED SALTS 
REQJIRED TO PFCIPITATE 

GELAT IN AND AGAR 

Na + 

N j + + 

Zn+ + 

mais/i. 
Na2$04* 
0.55 
0.44 
0.325 
0.225 
0.125 
0.025 

mais/i. 

0.67 
0.55 
0.43 
0.31 
0.18 
0.05 

ibis/i. 

0.65 
0.54 
0.41 
0.29 
0.17 
0.05 

mais/i. 
ZnSO4* 
0.73 
0.61 
0.48 
0.34 
0.20 
0.06 

mais/i. 
2 SO4 

0.21 
0.30 
0.40 
0.50 
0.60 

mais/i. 
£'a2S 04 

0.00 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 

mais/i. 
2 504 

0.00 
0.io 
0.20 
0.30 
0.40 
0.50 
0.60 
0.67 

i'- + a 

Ni + + 

++ 
Lfl 

mais/i. 
04* 

0.59 
0.47 
0.33 
0.20 
0.06 

mois/1. 
N IS 04* 
o .77 
0.64 
0.52 
0.40 
0.28 
0.16 
0.05 

mais/i. 
ZnS 04* 
0. 86 
O .72 
o .58 
o .45 
0.32 
0.19 
0.07 
0.00 

*Sait solutions contain 3 cc. of concentrated sulfuric 
acid/bC cc. of solution. 
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constants in the equations for gelatin and asar were cal- 

culated. The equations 

for Eelatin: N = -4.63 cot rj.. + 11.26 and 

for asar : N -4.23 cotp + 10.46 

were obtained, in which alpha was the anEle for an indi- 

vidual salt on the Eelatin diaEram and beta was the 

correspondina anale on the asar diaEram. Values for 

cotanents of the anEles for the various anions are Eiven 

in Table VII. 

Usine the two above equations, lyotropic numbers 

for the anions were calculated and are given in Table VIII, 

as well as values for other anions calculated from the data 

of Etkhner and Kleijn (14, pp.740-742) and Etchner and 

Postina (15, pp.699-702) usina Bichnerts (43, p.169) 

equations. Included also in this table, are previously 

reported (14, pp.740-742 and 15, pp.699-702) values for 

monovalent anions. 

Table IX shows the effect of addition of sodium 

hydroxide to the salt solutions on the lyotropic numbers 

of the anions calculated from flocculation data on 

Eelatin and agar. 
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TAELE VII 

COTANGENT AND ('3 VALUES FOR ANIONS 

12! Cot COt( 

HAsO4 18°11' 3.0435 23°46' 2.2712 

C6H5O7 190171 2.8573 23°38' 2.2857 

HPO4 22°51' 2.3729 28°17' 1.8591 

003 24°34' 2.1875 31°23' 1.6393 

304 26°34' 2.0000 26°34' 2.0000 

O4H4O6 280301 1.8421 35°44' 1.3898 

5O3 31°54' 1.6071 45°34' 0.9804 

38°31' 1.2567 53°56' 0.7281 

0r04 4924' 0.8571 65°45' 0.4504 

108°42' -0.3385 166°27' -4.1509 

Cr2O7 112°54' -0.4225 153°4' -1.9678 

C1 74°51' 0.2707 83°51' 0.1077 

Er03 68°12' 0.4000 790371 0.1833 

H2PO4 ¿44031t 1.0169 50°6' 0.8361 
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TABLE VIII 

LYOTROPIC NUkBERS FOR TEE ANIONB 

N N N 
Gelatin Agar AveraEe Reference 

Fe(CN)64 - 3.85 - .92 - 4.39 (14)(l5) 
EAS04 - 2.82 0.86 - 0.98 \hipp1e 
C6H507! - 1.97 0.76 - 0.61 Whipple 
EPO4 0.29 2.60 1.45 Whipple 
HF04 0.23 2.84 1.3 (14)(15) 
304 2.00 2.00 2.00 Whipple 
CO-3_ 1.12 3.51 2.31 Whipple 

C411406a 2.75 4.58 3.67 hipp1e 
C4H406z 2.60 4.36 3.48 (14)(15) 
F - - .8 (43) 

303R 3.81 6.32 4.07 Whipple 
IO3 - - 6.25 (43) 

H2O4 6.53 6.92 6.73 Whipple 
H2PO4 - - 8.2 (43) 
3203z 5.42 7.38 6.90 hipp1e 
HCO - 7.30 7.30 Caic. from (14) 

Cr04 7.29 8.56 7.93 Whipple 
C2H302 - 8.14 8.14 Caic. from (14) 

WO4 - 9.08 9.08 Caic. from (14) 
14004* - 9.15 9.15 Caic. from (14) 
ErO3- 9.40 9.68 9.54 Whipple 
Br03 9.38 9.72 9.55 (14)(i'5) 
Cl- 10.00 10.00 10.00 hipp1e 
Cl- 10.00 10.00 10.00 (14)(15) 
NO2 10.2 10.1 10.15 (14)(15)(4i) 
C103 10.58 10.74 10.66 (14)(15)(43) 
Br 11.14 11.50 11.32 (14)(15)(43) 
1Ç03 - - 11.6 (43) 
0104- - - 11.8 (43) 

12.48 12.50 12.49 (14)(15)(43) 
06E5S03 12.8 - 12.8 Cale, from (15) 
CNS- - - 15.25 (4) 
Cr207 13.22 18.80 16.0 Whipple 
0r207 - 17.20 17.2 (i4)(43) 

12.83 26.00 20.4 Whipple 



TABLE IX 

EFFECT OF NaOli ON LYOTEOPIC NUMBERS OF ANIONS 

Cot 
Lon ct N (Na011) (NaOh) N (NaOH) Sol 

iiásO4 180111 - 2.83 17031 3.26 - 3.84 Gelatin 

HAsOÇ 23°46' 0.95 24°43' 2.17 1.26 Agar 

C4H406= 28°30' 2.73 28°55' 1.81 2.86 Gelatin 

C4Ji4O6= 350441 4.60 3504? 1.43 4.41 Agar 

SO4 26°34' 2.00 27°27' 1.93 2.35 Gelatin 

304 26°34' 2.00 30°15' 1.72 3.21 Agar 
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The lyotropic numbers of the anions were then 

plotted versus corresponding B25 values obtained from the 

literature (2, pp.589-594). See Table X and FlEure IX. 

A straiEht line was drawn throuEh the points for sulfate 

and chloride ions on FlEure IX. 

TABLE X 

B25 VALUES FOR THE ANIONS (2) 

Fe(CN)6 0.400 1 -0.079 C1O -0.023 
NO3 -0.045 1r -0.031 Lr03 0.007 
3O4 0.210 C1 -0.006 103 0.135 
CrO4 0.168 F 0.120 

ObtaininE from this line the lyotropic numbers for 

the maEnesium ion and the cadmium ions by readinE the 

values from the Eraph correspondinE to the B25 values 

reported for these ions (2, pp.589-594), the constants in 

the cation lyotropic number equations were calculated in 

the saine way as for the anions. The equations obtained 

were: 

for Eelatln: N -4.82 cot + 1.86 and 

for aEar: N -11.88 cote + 16.95. 

From the cotangent alpha and beta values listed in 

Table XI the lyotropic numbers for the cations listed in 

Table XII were calculated. 
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TAELE XI 

COTANGENT « AND VALUES FOR CATIONS 

Cot _L'_ Cot (3 

Na 26034t 2.000 26°34 2.0000 

i<i 31°11' 1.6522 25°58' 2.0526 

Co 33° 1.5395 29°54' 1.7391 

Fe 33°25' 1.5151 38°32' 1.2558 

36°30' 1.3513 29°32' 1.7647 

36°31' 1.3509 29°53' 1.7402 

38°17' 1.2667 27024' 1.9298 

Zn 43°32' 1.0526 2735' 1.9143 

Cd 51°20' 0.8000 29°53' 1.7402 

Cu4 93°21' -0.0638 390371 1.2083 

Fe 169°55' -5.1875 60°50' 0,5581 



TAELE XII 

LYOTROPIC NUI1BERS FOR THE CAT IOì'S 

i N N 

.L9. Gelatin Agar AveraEe Reference 

N1 - 6.09 - 5.70 - 5.90 Whipple 
- 4.25 - 4.25 - 4.25 Whipple 

Co - 5.57 - 1.95 - 3.76 Whipple 
Zn - 3.21 - L.O5 - 3.63 Whipple 

- 4.64 - 2.30 - 3.47 Whipple 
Iin4 - 4.64 - 2.05 - 3.35 Whipple 
Cd - 2.00 - 2.00 - 2.00 Whipple 
Fe - 5.44 3.65 - 0.90 Whipple 
Cu 2.17 4.30 3.2 Whipple 
Fe 26.7 12.01 19.4 Whipple 
Na 7.78 6.81 7.3 Whipple 
Cs - - 11.4 Recale, from (16) 

Rb - - 10.2 Recale, from (16) 
- - 9.5 Recale, from (16) 

H - - 7.5 Recale, from (35) 
Na - - 6.6 Recale, from (16) 
L1 - - .6 Recale, from (16) 
Ee4 - - -11.7 Recaic. from (35) 

- - + 1.50 Recale, from (35) 
5r - - 0.00 Recale, from (35) 
Ca - - - 0.80 Recale, from (35) 

- - - 4.25 Recale, from (35) 
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Also included in Table XII are lyotropic nuiribers of the 

alkali metal ions recalculated fro. those reported by 

Bichner (16, pp.563-569) and lyotropic numbers of the 

alkaline earth metal ions recalculated from those reported 

by herckel (35, pp.67-75). Biichner's numbers for the 

alkali metal ions were obtained from Tuorila's (39, pp. 

191-344) data on coaEulation of o1d sols. These were 

corrected by takinE 625 values from the literature (2, 

pp.5E9-594) for sodium and cesium ions and readinE the 

corresponding values for lyotropic numbers from Figure IX. 

Using the values obtained in this way as arbitrary 
standards, the remaining lyotropic numbers for the alkali 
metal ions were calculated. These were plotted versus 

corresponding B25 values. The sanie was done with the 

data of ìerckel (35, pp.67-75) for the alkaline earth 

metal ions and the hydrogen ion using as standards mag- 

nesium and calcium. Figure X shows the relationship 
between the various systems of lyotropic numbers for the 

alkali and alkaline earth metal ions. 

The effect of addition of sulfuric acid to the 

salt solutions on the lyotropic numbers of the cations is 

shown in Table XIIi. 

The values for B25 obtained from the literature 
are given in Table XIV. These values were plotted versus 

the corresponding lyotropic numbers of the ions previously 
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4 
Na 26°34' 

Na4 26°34' 

44 38°17' 

Mg44 27°24' 

Ni4 31°11' 

Ni44 25°58' 

43032? 

Zn 27°35' 

TABLE XIII 

E1'1ECT OF 112SO4 ON LYOTROPIC N1JMBERS O CATIONS 

Cot 4) 
________ (d2SO) N (u.2SOj 

7.73 27°27' 1.925 7.40 

6.81 34°14' 1.470 5.22 

- 4.25 30058, 1.667 - 6.18 

- 4.25 

- 6.09 

- 5.70 

- 3.21 

- 4.05 

32°13' 

30058? 

34035? 

33°26' 

1.587 

1.667 

1.450 

1.515 

- 5.79 

- 2.85 

- 5.13 

- 1.05 

Sol 

Gelatin 

Agar 

Gelatin 

Agar 

Gelatin 

Agar 

Gelatin 

Agar 

01 
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TALLE XIV 

B25 VALUES FOR THE CATIONS (2) 

Cs4 -0.046 
++ 

Ca 0.285 T1 -0.035 

Rb -0.030 Cd 0.320 0.67 

-0.008 Zn 0.370 0.585 

Na 0.085 0.379 A 0.093 

Li 0.146 -4 ++ 0.384 Pb 0.233 

Ba 0.220 Co 0.384 i\H4 -0.008 

3r 0.265 Cu 0.385 

calculated. These data, includinE the line from Figure 

IX drawn through the sulfate and chloride ion points, are 

Eraphically represented in Figure XI. 

The 25 values for ions for which none have been 

reported in the literature may be predicted from the 

calculated lyotropic numbers and Figure IX or XI. Table 

XV contains the B25 values obtained in this way. 

Table XVI lists predicted values of lyotropic 

numbers for ions whose B25 values appear in the literature. 

The lyotropic numbers were taken from Figure IX or XI 

using E25 values from Table XIV. 
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TABLE XV 

PREDICTED B25 VALUES FOR Aì"TÏONS AND CATIONS 

hAs04 0.29 00f 0.20 WOL 0.02 
H2PO4- 0.08 SO 0.13 5 -0.29 
HPO4 0.22 S2Ö3 0.08 Cr 0.36 
HC00 0.07 NO2 -0.01 0.35 
C2H302 0.04 CNS -0.10 Fe 0.29 
C4H4O6 0.17 C104 -0.06 -0.26 
C6HSO7 0.28 Cr207* -0.20 0.58 
C6H5SOy -0.08 ioO4 0.02 0.06 

TABLE XVI 

PREDICTEI) LYOTROPIC NUNBERS FOR CATIONS 

A1 -14.9 La -11.8 A 6.3 
10.9 Pb 1.0 icH4 9.9 

In order to relate the lyotropic numbers of the 

anions and, cations obtained by these procedures to sorne 

other related, but independent data, ionic heats of hydra- 

tion were obtained from the literature (33, p.695). A 

plot of these data versus lyotropic number is shown in 

FlEure XII. Values for the ionic heats of hydration are 

Eiven in Table XVIi. 
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TABLE XVII 

HEATS OF HYDRATION OF IONS IN k.ca1./. ION (33) 

Ion H obs H caic. Ion H obs H caic. 
f36) (36) 

- 276 Zn 528 626 
Li 131 136 Fe 500 561 
Na 116 114 Cd. 462 596 

92 94 Co 500 580 
Rb 87 87 516 594 
Cs 79 80 Cu 536 645 
T1 107 140 in 479 34 

162 174 A1 1149 1149 
NH4 87 67 94 97 
Be 600 608 C1 67 65 

495 490 63 57 
Ca 410 410 49 47 
Sr 370 370 
Ba 350 346 

Lyotropic numbers of anions and cations composed of 

a sin1e element were plotted versus the atomic numbers of 

the elements. The results are shown in FlEure XIII. 
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CONCLUSIONS 

The method of obtalninE lyotropic numbers from 

precipitation exeriments on e1atin and asar sols has 

been shown to produce only approximate results. i'he 

lyotropic numbers of the anions, calculated fron; data 

obtained from Eelatin precipitation experiments, show 

Eood agreement with those calculated from asar precipi- 

tation experiments only for those ions havinE lyotroic 

numbers between seven and ten. For the anions havinE 

lower lyotropic numbers, that is those for which alpha 

and beta are small, the agreement is poor. For this 

reason, averases of the two values obtained were used in 

plotting subsequent correlations. The reason for this 

lack of agreement between lyotropic numbers of an ion 

calculated from two different precipitation experiments 

is that for those ions for which alpha and beta are 

between O and 600 or 1200 and 1800, a small change in the 

anEle causes a laree chane in the value of the cotanEent 

of that anEle, and therefore a proportionately larEe 

chanEe in the lyotropic number of that ion. For ions 

for which alpha and beta are in the vicinity of 9Q0, a 

small chanEe in anEle does not markedly alter the value of 

the cotangent of that anale and therefore not the iyo- 

tropic number. This variation in the lyotropic numbers 
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of the anions is apparent in Table VIII and the effect of 

small chanEes in alpha and beta for anions with low iyo- 

tropic numbers can be seen in Table IX. The same Leneral 

situation no doubt obtains in the experiments with the 

cations, however data for the divalent cations, for which 

the anEles are small in all cases, does not show it as 

clearly as in the experiments with anions. Reference may 

be made to Tables XII and XIII for data pertaining to the 

cat ions. 

The precipitation method of obtaininE lyotropic 

numbers for the ions is completely reliable with respect 

to reproducibility. This may be seen from the data plotted 

in FiEure I, and also by coniparin the values for iyo- 

tropic numbers of the anions obtained by the author and 

those obtained by other investiEators for the same ions. 

The data for both are presented in Table VIII. 

Lyotropic numbers of the cations were obtained 

usinE the sanie experimental techniques as for the anions. 

The deEree of accuracy of the values obtained was as good 

as in the case of the anions. This method was heretofore 

not considered suitable for the cations and this is 

believed to be the first application of the precipitation 

method using gelatin and agar sols for the determination 

of cation lyotropic numbers. 



The effect of pH on the precipitation of e1atin 

and asar with salt solutions was not clearly established. 

In addinE sulfuric acid in the cation experiments and 

sodium hydroxide in the anion exteriments, a foreiEn 

was unavoidably introduced into the experiment. Indica- 

tions were that moderate chanEes in pH did not greatly 

alter the slopes of the individual salt lines. No method 

was devised whereby pH could be altered in these experi- 

ments without introducinE another ion havinE its own added 

effect. Any reference in the previous literature to 

accomplishinE the control of pH therefore appears to be 

unfounded. The pHs of the salt solutions listed in Table 

I indicate that in anion experiments the Eelatin was 

neEatively charEed while in cation experiments it was 

positively charEed, thereby elirninatinE any charEe effects 

in these precipitation experiments. 

Individual ion effects were observed in experi- 

merits with certain ions, and no doubt occurred in the 

case of others but were manifested in more subtle ways, 

producinE anomolous results. Copper and ferrous iron 

with gelatin produced results which could not be 

interpreted in any other way than to suppose that they 

somehow altered the nature of the Eelatin. No precipita- 

tion of Eel&tin was observed by addition of bromate ion 

to the sol, hut by adding sulfate solution to a definite 
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concentration of bromate solution, a precipitate could 

be obtained. This was believed due to peptization of the 

precipitate by small excess quantities of bromate ion. 

These individual effects of various ions influenced the 

results obtained and explain lare discrepancies in the 

lyotroDic numbers obtained for ions such as copper. 

The correlations between lyotropic numbers and 

B25 values for the anions and cations (see Figures IX and 

xI) show clearly that both anion and cation lyotropic 

numbers may be included on the same scale of relative 

values and indeed must be in order to have any sinifi- 

cance. Lyotropic numbers of certain ions, determined by 

various independent experimental techniques by previous 

investiEators, could be recalculated and were found to be 

compatible with the lyotropic numbers of other ions cal- 

culated by the author. (See Figures X and XI). Since 

the B constant of the Jones-Dole viscosity equation has 

been shown to be an additive property of the ions (2, 

pp.589-594 and 21, pp.475-488) related to their hydration, 

the linear relation between these independently derived 

quantities definitely establishes the dependence of 

lyotropisru on hydration phenomenon of the ions. This is 

further substantiated by experiments by Euswell, G-are, and 

Rodebush (18, pp.543-546) employing infrared techniques. 
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ChanEes in the structure of water have been 

followed by x-ray diffraction experiments. Attempts to 

follow similar chances by infrared absorption measure- 

ments on water have been made. DiÍuiculties due to 

opaqueness of water and water solutions to infrared 

radiation (17, pp.1181-1184) at frequencies correspond- 

1E to the fundamental radial OH vibration have been 

eliminated by resortinj to reflectance measurements in 

the 3 mIcron reElon (18, pp.543-546). The observed 

increase in reflectance, sharpeninE of the band, and 

shift of the peak to shorter wavelenEths or hiEher 

frequencies due to various salts has been interpreted to 

mean that ions tend to destroy the 4-coordinated structure 

of liquid water. This effect of ions on the polyinerized 

state of solvent water has also been observed by 

Eancroft (3, pp.29-37). The ability of ions to alter 

the structure of water is related to their ability to 

associate themselves with water of hydration and follows 

the lyotropic series. 

The periodicity of lyotropic numbers of ions (see 

FiEure XIII) is of considerable interest. Hart (26, 

pp.202-214) has shown that periodicity is a property of 

true, chemical thermodynamic functions. The relation of 

lyotropic numbers to heats of hydration of the ions is 

therefore substantiated (see Fieure XII). It is also 
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apparent from Figure XIII that the magnitude of the 

charEe an ion is a factor in determininE its position 

in the lyotropic series but that the sien of the charEe 

is of no effect. Fluoride and sodium, chloride and 

potassium, and bromide and rubidium ions have similar 

lyotropic effects althouEh they have charges of opposite 

sien. This may be explained by visualizinE the attrac- 

tion of a charEed ion for a water dipole. The charged 

ion attracts the end of the dipole bearinE the opposite 

charge, but the attraction of a positive charge for the 

negative end of the dipole is equal to that of a negative 

charge for the positive end of the dipole. Thus it 

appears that lyotropic effects ?re related to the 

attractive forces that an ion may exert on the solvent 

water molecules. This also points to the necessity of 

obtaining a uniform scale of lyotropic numbers for the 

anions and cations. Figure XIV indicates the success of 

the author in placing all tons on the same scale of 

lyotropic numbers. 

Ions that have high heats of hydration (see Figure 

XII) have low lyotropic numbers and are good precipitants 

for hydrophilic colloids because of their strong attrac- 

tion for the water of hydration associated with the 

hydroPhilic colloid rendering it more hdrophobic to the 

point of precipitation. 
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A point of interest is the peptizing effect on 

Eelatin and agar sols observed for ions such as dichromate, 

benzene sulfonate, and sulfide, the latter havinE the 

reatest effect. This may account for the usefulness of 

the aryl sulfonates and sodium sulfide in removing lignin 

in the commercial processes for the pulping of wood. The 

specific effect of these materials is at present poorly 

understood and their effectiveness has been attributed to 

many causes. 



S UiAB.Y 

Lyotropic numbers of fourteen anions and eleven 

cations were calculated from data obtained from precipi- 

tation experiments in Eelatin and asar sol systems. 

Precipitation experiments were carried out followinE the 

method of Eichner (14, pp.740-742 and 15, pp.699-702) 

and calculation of lyotropic numbers for the ions made 

followinE the method of Eruins (5, pp.107-115; 6, pp.479- 

480; and 7, pp.292-307). The values obtained, alonE 

with lyotropic numbers of fifteen anions and eleven 

cations previously determined by other investiEstors or 

recalculated by the author from their data, were cor- 

related with the constant of the Jones-Dole (31, pp. 

2950-2964) salt solution viscosity equation and. ionic 

heats of hydration. The lyotropic numbers of the ions 

were found to exhibit periodicity. From the interpreta- 

tion of the experimental data, it was demonstrated that: 

1. Anion and cation lyotropic numbers can be, 

and should be, included in the sanie uniform 

scale of relative values. 

2. Cation lyotropic numbers may be calculated 

from data obtained from precipitation 

experiments usine lyophilic sols. 
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3. The precipitation technique and the related 

method of calculatinE lyotropic numbers of 

the ions is not accurate due to inherent 

errors. 

4. Lyophilic sol-salt solution systems are too 

complex to obtain accurate results for all 

ions. 

5. Lyotropic numbers of the ions exhibit a 

a.efinite periodicity. 

6. Future calculations of lyotrotic numbers 

would best be made from viscosity or infra- 

red data employing the most simple salt- 

water systems. 

7. pH has a small effect on the results of 

precipitation experiments using lyophilic 

colloids. io successful method for 

controlling the pH in precipitation experi- 

ment s is available. 

8. Lyotropic numbers of the ions are dependent 

on the ability ol' the ions to attract water 

molecules to become hydrated ions and are 

therefore in linear relation to their heats 

of hydration. 

9. Approximate values for ionic heats of hydra- 

tion and for the B constant of the Jones-Dole 



equation may be predicted from lyotropic 

numbers of the ions. 

10. Charge effects between colloïd and salt are 

eliminated in experiments involving precipi- 

tation of gelatin and agar due to the pHs of 

the salt solutions. 

The results of the present investigation can be 

checked by comparing B values obtained from salt solution 

viscosity data and the B values predicted from lyotropic 

numbers. 
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