
B
Su

ud
ju

 m 
6-

7
-

 

EXCHANGE ADSORPTION DURING HIE COAGULATION 

OP HIDEOUS OXIDE SOLS 

George Robert Grey 

$ 

A Thesis 

Presented to iJhe Faculty of the 

Rice Institute of Houston, Texas, 

in Partial Fulfilment of the 

Requirements for the 

Degree 

of 

Master of Arts 

Rioe Institute 

1932 

H - -3 -2^5 





TABLE OF COIJTBITTS 

Page 

Hiotorical 1 

I. “Superequivalent” Displacement of Chloride 

Introduction 3 

Experimental 6 

Preparation of Sols 7 

Analysis of Sols 3 

Hethod of Titration 9 

Experiments with Alumina Sols 11 
Effeot of Stirring on the Observable 
Chloride Displacement 12 

Effect of Concentration of the Sol 18 

Experiments with Chromic Oxide Sol S3 

Experiments with Ferric Oxide Sol 23 

Conclusion 26 

II Adsorption of Precipitating Ion 

Introduction 27 

Experimental 30 

'* liethod of Procedure 30 

Adsorption by Alumina 32 

Adsorption by Chromic Oxide 34 

’ Adsorption by Ferric Oxide 36 

Conclusion 36 

Summary 38 

Hote on a Recent Paper by Rabinowitseh 39 



EXCHANGE ADSORPTION DURING THE COAGULATION 

03?, HYDROUS OXIDE SOLS 

Historical 

In the coagulation of a colloid by an elec¬ 

trolyte the active ion is the one possessing a charge 

opposite in sign to that of the colloidal particle* 

This view was suggested by Spring^* who stated that 

the statical charges on the colloidal particles were 

neutralized "by the statical charges of opposite sign 

on tiie ions. The origin of the charge on the colloidal 

particle was not accounted for. According to the ad¬ 

sorption theory^^» the charge of the particles of 

hydrophobic sols is due to the preferential adsorption 

of ions, the particle hearing a negative charge if the 

anion is preferentially adsorbed and a positive charge 

if the cation is mors strongly adsorbed. Coagulation 

by electrolytes results from the adsorption of ions 

opposite in sign to that on the particle bringing about 

a neutralization of the charge on the particle. 

Rec, trav, chira,, 19, 204 (1900) 
Freundlichs MEapillarchejoioB, 1st. Ed,, 243 
2nd. Ed,, 508 (1922)5 3rd. Ed,, 2, 89 (1932 
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That the adsorption of the precipitating: 

ion is in part by exchange was shown by Linder and 

Picton^ who noted that in the coagulation of arsen- 

ious sulfide sols by barium chloride a part of the 

barium ions are taken up while an equivalent amount 

of hydrogen ions pass into solution. They further show¬ 

ed that chloride ion passes into solution by exchange 

when a ferric oxide sol prepared from ferric chloride 

is coagulated by potassium sulfate, 

Rabinowitsch and Kargan^^followed potentio- 

metrically the change in chloride ion concentration 

resulting from the addition of electrolytes to ferric 

oxido sol prepared from ferric chloride solution. The 

potentiometric method was improved by Weisor^^and an 

( 5) 
adsorption mechanism of coagulation was outlined; ' 

(1) , J. Ohera, Soc.j 67, 63 (1895). 
(2) . Ibid., 87, 1908 (1905), 
(3) . 2. physik. Ohera., 133g 203 (1928). 
14), J. Phys. Ohera., .35, 7 (1931), 
(5). Ibid., 35, 22, 1391 (1931). 
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This investigation is concerned with* 

U) the magnitude of the chloride displacement from 

hydrous oxide particles in the course of coagulation, 

and (2) the interrelation "between adsorption of pre¬ 

cipitating ion and displacement of chloride. 

X. "SUPERS QU IVAUtJHT '• DISPLACBMT OP CHLORIDE 

Introduction 

The method of titration employed by Weiser^*^ 

in following the displacement of chloride ion from 

the micelles of hydrous ferric oxide and alumina con¬ 

sisted in mixing separate portions of sol, in which 

was suspended a small amount of calomel,-with gradually 

increasing amounts of electrolyte, allowing the mix¬ 

ture to stand in the thermostat for two days, then 

transferring to an electrode vessel containing mercury, 

thus making one-half of a calomel concentratio n cell, 

and, after 24 hours, determining the potential against 

a standard calomel electrode. The method employed 

by Rabinowitsch^ was simpler. A definite portion 

(l) J. Phys, Chem,, 35. 1, 1368 (1931). 
(z) Rabinowitsch and Xargans 8. physik. Chem,, 

137„ 203 (1928); Wassiiiev and Rabinov/itschs 
Kolloid-2,, 56, 306 (1931), 



4 

of sol containing suspended calomel was placed in a 

vessel containing mercury. The difference in potential 

between this half-element and a standard calomel 

electrode was measured at the outset and shortly after 

each addition of a small amount of coagulating electro¬ 

lyte. 

The results obtained by this rapid procedure 

are quite different from those obtained by Weiser, as 

is apparent from the curves shown diagroramatically in 

Pig. 1. The lower curve, representing the diorjlace- 

ment of chloride by sulfate from hydrous ferric oxide 

(1) 
micelles was obtained by Weiser while the upper curve, 

R, was obtained on a similar sol by Rabinowitsch and 

Kargon^ A marked difference is seen in the fact that 

the W curve follows a smooth course well below the 

straight line showing the amount of sulfate added, while 

the R curve lies above the sulfate line, indicating that 

with low concentrations of precipitating electrolyte 

appreciably more chloride is displaced than corresponds 

(1) . J. Phys. Chem.» jj56, 16 (1931). 
(2) . Z. physih. Chora., 133, 208 (1928). 



Figure X. 

Diagrammatic Representation of Chloride Displacement 

Curves Obtained on Titrating FegOj Sols with KpSG^ 

toy the Method of Weiaer (V?) and Ratoinowitseh (R). 
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to sulfate added. This phenomenon was observed less 

frequently by Wassiliev and R abinowitsch(1) with 

alumina sol. 

At first we believed the so-called "super- 

equivalent" displacement of chloride ion during the 

titration to be the result of a delusion resulting 

from the slowness with which the calomel electrode 

comes to equilibrium!*^ Rabinowitsch regards this 

factor as relatively unimportant and supports his 

experimental method. After stating that he has con¬ 

firmed the experimental results reported by Weiner, 

he writes!^ 

•‘There is only one point of discrepancy 

between your views and those of w laboratory. It 

regards the legitimacy of procedure** used in our 

respective laboratories, I think that both are 

equally legitimate. Of course yours presents a 

more close approximation to the equilibrium in 

each point of the curve. But ours, which has the 

advantage of rapidity and simplicity, is no less 

(1). IColloid-Z., 56, 316 (1931) 
(s5, Clarks “The Determination of Hydrogen Ions”, 

310 (1928), Cf. also, Elliss J. Am, Chera. Soc., 
38, 737 (1916). 

(3). Private communication to Harry B, Weiser, 
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satisfactory. It only gives the jjicture of the changes 

which take place in the first minutes and hours after 

the addition of each portion of electrolyte, whereas 

yours tends to the final state of the systep. 

”The irregular trend of the potentiometric 

titration curve in oiar experiments \7hich you ascribe 

to the calomel oleotrode not attaining the state of 

equilibrium, we understand as the picture of the 

stormy processes of ionic interchange following 

immediately the addition of concentrated electrolyte 

solutions to the colloid,” 

Inasmuch as the nature of the "stormy xrcacesses 

of ionic interchange” i3 left wholly unexplained, 

this view cannot be regarded as satisfactory. 

Experimental 

The hydrous oxide sols of aluminum, chromium, 

and iron were titrated with x»otassium sulfate employ- . 

ing the Rabinowitsch method. The observations disclose 

the causes of the observed superequivalent displacement 
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of chloride ion and indicate the unsatisfactory nature 

of the rapid procedure which characterises the method 

he used. , 

General Method of Procedure 

Preparation of Sols. 

Alumina Sol I was prepared hy adding 1,5 | 

HH4OH from a dropping funnel to 1 liter of a solution 

which contained 100 g. AlCl^'OHgO and was stirred hy 

a mechanical stirrer. The addition' was continued until 

the precipitate which first formed just failed to he 

peptized completely. The mixture was diluted to 3 
(1) liters, hoiled for 30 minutes and aialyzed in a lleidle 

dialyzer at 75° until a satisfactory ratio of AlgO« 

to Cl was obtained, after which it was evaporated to 

the desired composition and allowed to age. 

Alumina Sol II was made according to the 

method o£A?assiliev and Rahinowitsch^ f^ 75^ of the theo¬ 

retical amount of 7,5 Jf MI4OII required for complete' 

precipitation was' added with constant stirring to 

(1) . J. Am. Chera. Soc., j38, 1270 (1916). 
(2) . Kolloid-Z,9 56, 306 (1931). 
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X liter of a solution containing 100 g. AlCl3»6HgO. 

The mixture was diluted to 1,750 cc. and dialysed . 

as above described. 

The chromic oxide sol was obtained by add¬ 

ing in small portions, followed by shaking, 300 cc. 

of 0*5 £ JSI4OH to 1 liter of solution containing 

55 g. CrCl3« The mixture was diluted to 3.5 liters, 

boiled for 30 minutes and dialysed in a ITeidle 

dialyser at 75°. 

The ferric oxide sol was prepared by add¬ 

ing dilute BH4OH in small portions to 500 cc. of 

solution containing 100 g. FeCl3*6Hg09 until 75# 

of the amount necessary for complete precipitation 

was used. The sol was diluted to 3.5 liters and dialysed 

at room temperature until the excess FQCI3 been 

removed, after which it was dialysed at 75° until the 

desired ratio of Feg03 to Cl was obtained. 

Analysis of Sols. 

The oxide content of the several sols ¥/as 

determined by precipitating with a slight excess of 

MI4OH, filtering, washing, and igniting in the usual 
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way. The chloride content was obtained by adding .a 

slight excess of AgHOg and then a large excess of 

HHOg to dissolve the hydrous oxide and the mixture 

was digested in the dark for 24 hours at'80? After 

diluting, the AgCl was filtered into a Gooch crucible, 

v/ushed, dried and weighed. The composition and age 

before use of the several sol3 ore summarized in Table I. 

Table I 

Composition 
Sol Age before use HgOj 

g./I. 
Cl 

equiv./l 

AI2O3 I 3 months at room temperature 5,08 0.0206 

A1203 II 3 months at room temperature 3.53 0.0268 

Cr2°3 2 months at room temperature 6,02 0.0140 

3?e203 2 weeks at 80° followed by 5.91 0,0096 
1 month at room temperature 

Method of Titration. 

The change in chloride ion concentration 

during the addition of 0.5 N IC2SO4 was determined by 

the method of Rabinowitseh and Kargan^ fusing the 

(1). 2. phyailc. Chem., 155. 205 (1920). 
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seme potentiometer set-up previously described!*) In 

all cases, 15 co, of sol were used and 0.5 H K2S04 via& 

added from a micro burette graudated in 0.01 cc, The 

potential was measured against a 0.1 H calomel electrode 

and the chloride activity as KOI'.was calculated by 

means of the Hernst equation, The molar concentration 

was obtained from activity by moans of a graph pre- < 

pared from data given by Lewis and Randall.^1 2) The 
i 

chloride concentration was corrected for dilution by 

the added eleotrolyte. 

Preliminary experiments showed that electrodes 

prepared with sols not previously saturated with calomel 

required 12 to 15 hours before constant'potentials were 

obtained, while sols which had stood in contact with 

calomel overnight usually gave constant potentials with¬ 

in 3 hours. Thereafter, the electrodes were prepared 

at least 12 hours before the titration was begun. 

The titration proceeded as follows* The 

electrolyte vmi3 added from the burette to the sol in 

1) . Weiser? J. Phys. Chem., 30, 8 (1931). 
2) . “Thermodynajnics% 344, 362, (1923). 
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the electrode vessel and the mixture stirred 

thoroughly with a stirring rod. The potential against 

the 0.1 K electrode was road at 10-mihute intervals 

for 30 minutes and then at lb-minute intervals until 

the potential was constant for tliree consecutive read¬ 

ings, In genoral9 the alumina sols gave a constant 

potential after 30 roinutes to one hourp while a some¬ 

what longer tires was required for the chromic oxide 

sol /and a still longer time for the ferric oxide sol. 

Above the coagulation point the potential became con¬ 

stant after 10 to 30 minutes, The changes in potential 

with lapse of time are not of sufficient magnitude to 

account for the superequivalent chloride ion displace¬ 

ment, 

jbeoeriraento with Alumina Sol 

Preliminary observations with alumina sol 

showed that there was no supersquivolent displacement 

of chloride if the sol was thoroughly mixed with elec¬ 

trolyte and a reasonable time allowed for the electro¬ 

de tq come to equilibrium conditions* Bapid mixing 

of sol end electrolyte in an all-glass mixing vessel 

gave mixtures which showed no evidence of superequiv¬ 

alent displacement of chloride at any concentration. 
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It was observed that the dropwise addition 

of the relatively strong electrolyte to the sol causes 

localized coagulation. If stirred sufficiently vigor- 
* 4 

ously, the precipitated hydrous oxide is pex>tized com¬ 

pletely, but if the mixture is not well stirred or 

if sufficient time is not allowed before making the 

chloride ion measurement, a value appreciably above the 

normal equilibrium value would be expected. That such 

is the case is indicated by the following experiments. 

Effect of Stirring on the Observable Chloride 33isplacement. 

The 0,5 K K2SO4 was allowed to drop from the 

micro burette into 15 co. of sol contained in the 

electrode vessel and the following observations were 

made? A, The mixture was stirred gently for a few 

seconds, after which it was allowed to stand 10 minutes 

and the potential measured against the 0.1 0 electrode. 

B, The mixture was stirred vigorously for 30 seconds, 

allowed to stand for 10 minutes and the potential 

read again, jC, The mixture was again stirred thoroughly 

and potential readings maue at 10-minute intervals 

until three consecutive readings wore the same. 
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The observations on AI2O3 Sol I are given 

in Table XI and shown graphically in Jj’ig. 2. In this 

and subseqsient tables, line A shows the values ob¬ 

tained on the first reading, line B on the second, 

and line 0 the final values. 

Observations on AI2O3 Sol II are reoorded 

in Table III and Fig. 3. The results are similar to 

those of Sol I in all essential respects. 

It is apparent that the chloride concen¬ 

trations calculated from the first potential readings 

show very erratic variations from equilibrium con¬ 

ditions. The observed superequiviolence is the result 

of two errors inherent in the method which render it 

of questionable value. First, the partial coagulation 

acoojapanying the addition of strong electrolyte results 

in a proportionately greater displacement of chloride 

than if no coagulation tahes place. This relatively 

greater displacement of chloride in the zone of coag¬ 

ulation accounts for the marked change in direction of 

the equilibrium chloride displacement curve in this 
« U) region. 

(1). Of.5 \7eisers J. Phys. Chens., 35, 10, 1374 (1931). 
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Oecond9 a few minutes is insufficient time for the 

sol-electroiyte-oalomel mixture to cometo . .equilibrium. 

Thus the curve obtained hy adding the 0,5II electro¬ 

lyte to the sol9 stirring gently, and measuring the 

potential after 10 minutes, is meaningless, 

The second curve obtained after thorough 

stirring and waiting 10 minutes is more regular and 

the'observed auperequivalence is much less. Here also 

the superequivolence results chiefly from incomplete 

reversal of the partial coagulation due to added 

electrolyte and partly from delay in setting up equi¬ 

librium dt the electrode. The final equilibrium 

ourve is similar in form to those obtained by \7oiserfs 

method but the true amount of chloride displacement, 

is uniformly greater. The reason is obvious. In 

the Rabinowitsch raethod9 partial coagulation always 

takes place below the precipitation value9 while 

this is avoided in Weiser’s procedure. The excess 

chloride displaced by partial coagulation is never 

taken up completely since the coagulation is not 

completely reversible. 



From these observations it is clear that 

the Rabinowitsch method has little to commend it. 

Initial coagulation is distinctly objectionable 

and the titration curves arc meaningless unless an 

approximate state of equilibrium is attained. If 

time is allowed for the attainment of equilibriums, 

the "rapid" method becomes much more time consuming 

than the Reiser method. Thus, starting with the 

sol saturated with calomel, approximately 15 hours 

elapsed from the beginning of the titration until 

the lust point in the J3 curves of Figures 2 and 3 

were obtuined. In the V/eiser method about two hours 

are required to prepare the series of electrodes 

containing varying amounts of eleotrolyto and after 

the mixtures have stood for two days to attain 

equilibrium, the potentioinetrio measurements are 

made in a few minutes, moreover, the method of mix¬ 

ing avoids the complication of localised coagulation 

below the precipitation value. 
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Table II. 

Titration of AlgOj Sol I with 0.5 H £9804 

15.0 co. of sol 23.0° C. 

o4 
added 
00. 

milli¬ 
volts 

(ei).io3 LCi>103 [ClJ*103 

corrected 
[cij-io3 

displaced 
&£S04l,10' 
added 

0.00 57.1 8.46 9.05 9,05. OiOO 0.00 

A 0.05 44.0 14.14 15.62 15.67 6.62 1.67 
B 0.05 61.4 10.58 11.54 15.67 2.52 1.67 
C 0.05 54.5 9.18 9.92 9.95 0,90 1.67 

A 0,10 41.5 15.72 17.48 17*62 8.57 3.33 
B 0.10 51.2 10.66 11.68 11.76 2.71 3.33 
C 0.10 53.4 9.78 10.62 10.69 1.64 3.33 

A 0.20 40.8 16.03 17.86 18.09 9.04 6*07 
B 0.20 48.6 11.81 12.06 13.13 4.08 6.67 
C 0.20 49.5 11.40 12.50 12.66 3.61 6.67 

A 0.30 42.6 . 14.94 16,54 16.86 7.81 10.00 

B 0.30 45.0 13.60 15. CO 15.30 G.25 10.00 

0 0.30 46.1 13.02 14.35 14.64 5.59 10.00 

A 0.40 45.8 13.18 14.48 14.86 5.81 13.33 
B 0.40 44*6 13.81 15,25 15,64 6.59 13.33 
0 0.40 44.9 13.65 15.02 15.41 6.36 13.33 

A 0.50 45.3 13.44 14.85 15.30 6.25 16.67 
B 0.50 44.0 14.14 15,02 16.18 7*13 16.67 
0 0.50 42.5 15.00 16.62 17.12 8.07 16.67 

A 0.60 41.4 15.66 17.40 18.09 9.04 20.00 

B&C 0.60 41.4 15,66 17.40 13.09 9.04 20.00 

A 0.70 40.2 16.41 18.30 19,14 10.09 23.33 
B&C 0.70 40.9 15.97 17.78 18.52 9.47 23.33 

A 0.80 40.0 16.54 ,18.44 19.39 10.35 26.67 
me 0.80 40.7 16.10 17.90 18.85 9,80 26.67 

A 0.90 39.9 16.61 18.50 19.58 10.53 30.00 
me 0.90 40.3 16.35 18.18 19.26 10.21 30.00 



Figure 2. 

Chloride Displacement Curves of AlgQ^ Sol I 

(A) After 10 minutes 

(B) After 20 minutes 

(C) At equilibrium. 
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Table III. 

Titration of AI2Q3 Sol II with 0.5 H K^SO* 

15 00. of sol 2a.5° C, 

KnSol 
added 
00. 

milli¬ 
volts 

(Cl)«103 [Clj‘103 [Cl] *103 

corrected 
(pl]-103 

displaced 
&[SO$ 10' 
added 

0.00 42.9 14.72 16.30 16.30 0.00 0,00 

A 0.05 38.5 17.50 19.54 19.60 3.30 1.67 
B 0.05 39.9 16.57 • 10.44 18.49 2.19 1.67 
C 0.05 41.2 15.74 17.54 17.59 1.29 1.67 

A 0.10 37.3 10.35 20.52 20.66 4.36 ■ ' 3.33 
B 0.10 39.0 17.20 19.18 19.32 3.02 3.33 
C 0.10 40.2 16.37 18.25 18.37 2.07 3.33 

A 0.20 34.0 20.88 23.42 23.72 7.42 6.67 
B 0.20 37.4 18.26 20.40 20.66 4.36 6.67 
C 0.20 39.2 17. OS 19.02 19.27 2.97 6.67 

A 0.30 35.0 20.08 22.40 22.84 6.54 10.00 
B 0.30 36.4 19.01 21.30 21.72 5.42 10.00 
C 0.30 37.7 10.06 20.15 20.55 4.25 10.00 

A 0,40 32.3 22.33 24.96 25.61 9.31 13.33 
E 0.40 o5.5 19.70 22.05 22.62 6.32 13.33 
C 0.40 36.5 18.93 20.70 21.22 4.92 13.33 

A 0.50 33.8 21.05 23.52 24.21 7.91 16.67 
B 0.50 34.8 20.24 22.68 23.29 6.99 16.67 
C 0.50 35.1 20.01 22.42 23.09 6.79 16.67 

A 0.60 33.4 21.39 23.94 24.90 8.60 20.00 
B&C 0.60 34.1 20.80 23.30 24.26 ' 7.96 20.00 

A 0.70 33.2 21.55 24.14 25.27 8.97 23.33 
me 0.70 33.8 21.05 23.60 24.72 8.42 23.33 

A 0.00 33.0 21.73 24.35 25.62 9.33 26.67 
B&C 0.80 33.6 SI. 21 23.78 25.05 8.75 26.67 



Figure 3, 

Chloride Displacement Curves of AlgO^ Sol 

(A) After 10 minutes 

(B) After 20 minutes 

(C) At equilibrium. 
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Effect of Concentration of Sol. 

Since the so-called superequivalent dis¬ 

placement of chloride ion results in part from an 

inherent error in the experimental method* namely* 

partial electrolyte coagulation* it follows that 

the effect would he least marked the greater the 

dilution of the sol. This is home out by the follow¬ 

ing experiments. AI2Q3 Sol I was evaporated in a 

vacuum desiccator over concentrated sulfuric acid 

until its concentration was approximately doubled. 

Titration experiments similar to those described in 

the preceding section were then made on (1) the con¬ 

centrated sol* (2) the concentrated sol diluted with 

one psart of water* and (3) the concentrated sol dil¬ 

uted with throe parts of water. The results are 

recorded in-Tables! IV* V* and VI* respectively* 

and shovm graphically in Fig. 4. To avoid confusion 

the Ji9 Bj find C! curves for the three different con¬ 

centrations are plotted separately. The results 

speak for themselves. The greater the dilution of 
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the sol, the smaller is the localized concentration 

effect which results in partial coagulation and 

accompanying superequivalent displacement. 
(li 

Rabinowitsch. and Jiargon noted that the 

excess of chloride ion displaced fell off frith dil¬ 

ution of a ferrio oxide sol whose original concen¬ 

tration was 0.76 grams per liter. At five-fold dil¬ 

ution they observed no superequivalence. They apparent¬ 

ly overlooked the reason for this normal behavior. 

U) 2. phyoiJc. Chem. - 133. 224 (1923). 
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Table IV. 

Titration of AI2O3 Sol I Concentrated Tvvo-fold with 0.5 IT KgSO^ 

15 cc. of sol 83.0° C. 

E2SOA 
added 
c.c* 

milli¬ 
volts 

(cx).io3 [ci] • 103 [Clj'lG3 

corrected 
[Gl]»103 

displaced 
&HSO47-IO 

added 

0.00 45.5 13.34 14.70 14.70 0.00 0.00 

A 0.05 32.7 22.03 24.70 24.77 10.07 1.67 
B 0.05 41.6 15.54 17.25 17,30 2.60 1.67 
C 0.05 43.4 14.48 16.02 16.07 1.37 1.67 

A 0.10 o5«4 19.82 22.24 £2.39 7.69 5.53 
B 0.10 33.3 17.34 19.35 19,48 4.78 3.33 
0 0.10 41.4 10.66 17.46 17.58 2.88 3.33 

A 0.20 30.7 23.83 26.72 27.06 12.36 6.67 
B 0.20 37.5 18.25 20.44 80.70 6.00 6.67 
0 0.20 39.0 17.20 19.18 19.43 4.73 6.67 

A 0.30 31.2 23.36 26.16 26.68 11.98 10.00 
B 0.30 35.1 20.05 22.50 22.95 8.25 10.00 
C 0.30 37.5 18.25 20.42 20.82 6.12 10.00 

A 0.40 27.3 27.23 28.05 28.78 14.08 13.33 
B 0.40 31.9 22.77 25.48 26.13 11 • 43 13.33 
0 0.40 32.7 22.03 24.550 85.32 10.62 13.33 

A 0.50 30.9 23.64 26.50 27.28 12.53 16.67 
B 0.50 31,5 23,09 25.88 26.64 11.94 16.67 
C 0.50 31.7 22.91 25.68 26.43 11,73 16.67 

A 0.60 32.6 , 11 84,75 *5.71 11.01 20.00 
B 0,60 31.9 22,73 25.48 26.48 11.73 20.00 
C 0.60 31.4 23.18 25.96 *7.00 12.30 20.00 

A 0.70 32.2 22.46 25.13 86.36 11.66 23.35 
B 0.70 31.7 22.91 25.68 26.87 12.17 23.33 
G 0.70 31.0 23.55 26.38 27.60 18.90 23.33 

A 0.30 31.2 23.36 26.16 27.54 12.04 26.67 
B 0.30 30.7 23,82 26.70 28.10 13.40 26.67 
C 0.30 30.5 24.01 26.90 28.32 13.62 26.67 
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Table V. 

Titration of AlcOg Sol I Concentrated tv/e-fold diluted lsl 
with 0.5 I K2S04 

15 cc. of sol 23.0° C. 

KgS04 mill!-. (ei)*io3 CciJ*io3 [ClJ >105 [G lj*103 i[S043*10 
addea volts corrected displaced added 
oc. 

0.00 50.3 7.76 8.28 3.28 0*00 0.00 

A 0.05 46,0 13.07 14.42 14.46 6.18 1.67 
B 0.05 48.8 11.72 12.88. 18.92 4,64 1.67 
C 0.05 56.1 8.80 9,22 9.25 0*97 1.67 

A 0.10 45.8 13.18 14.50 114.60 6.32 3.33 
B O.lo 49.1 11,53 12.68 12, 76 4.48 3.33 
C 0.10 02.8 10.02 10.88. 10,95 8*67 3.33 

A 0.20 47.8 12.18 13.38 13.55 5.27 6.67 
B 0.20 48.5 11,86 13.05 13.22 4.94 6,67 
C 0.20 48.7 11.76 12.90 13, 07 4,79 6.67 

A 0.30 41,6 15, 54 17.25 17.59 9,31 10.00 
B 0.30 45.5 13,34 14 70 •14.99 6,71 10.00 
C 0.30 40.0 13, 56 14,34 10,80 6.95 10.00 

A 0.40 46.2 18.93 14.28 14.64 6,36 13.33 
B 0.40 45.5 13.30 14.68. 15.06 6.73 13.33 
C 0.40 43.1 14,61- 16.20 16,60 8,32 13.33 

A 0.50 44.3 13.94 15,38 15,85 7.57 16.67 
B 0.50 42,6 14.90 16,52 17.00 0,72 16.67 
C 0.50 41,7 15,45 17,14 17,65 9,37 16.67 

A 0.60 41,6 15, 50 17.24 1017,92 9.64 20.00 
B 0.60 41.0 15.36 17.64 18.34 10.06 20.00 
C 0.60 41.0 10.86 17.64 18,34 10.06 20.00 

A 0.70 41.2 15.74 17.50 18.3.1 10.03 23.33 
B 0.70 41.1 15.80 17.60 18.42 10 • 14 23.33 
C 0.70 40.9 15.93 17.74 18.57 10.29 23.33 

A 0.80 41.0 15.86 17.64 18.56 10.28 86.67 

B&C 0.80 40.8 15.99 17.80 18.74 10.46 26.67 



Table VI 

Titration of AI2O3 Sol I Concentrated Tv;o-fol<i Diluted 1«3 
with 0.5 K K2S04 ■ 

15 oc. of sol 23,0° C, 

K9BO4 

added 
oc. 

/ 

mill!- • 
volts 

(Cl)«103 CC1]‘103 rcii* it)3 

corrected 
[ClJ*103 

displaced 
i[S04l* 

added 

0.00 72.0 4.72 5.00 5*00 0.00 0.00 

A 0.05. 60.9 ■ 7.29 7*70 7.72 2.72 1.67 
B 0*05 67.0 5.74 6.03 6.10 1.10 1.67 
C 0*05 60.0 5.52 5.85 5.87' 0.37 1.67 

A 0*10 57.7 3.26 3.76 8,84' 3.34 3.33 
B 0*10 60.2 7.49 7.92 8.00 3.00 3.33 
C 0*10 61.6 7.09 7.50 7.58 2.08 3.33 

A 0.20 57.6 8.30 8.80 3.92 3.92 6.67 
B 0.20 53.1 3.14 8.64 8.75s 3.75 6.67 
C 0.20 53.3 8.09 3.58 8.63 3.68 6.67 

A 0.30 57.0 3.46 3.95 9.13 4.13 10.00 

B 0.30 55.6 8.94 9.50 9.69 4.69 10.00 

C 0.30 54.8 9.23 9.95 10.15 5.15 10.00 

MB 0.40* 54.7 9,26 9.98 10.23 5,23 13.33 
C 0.40 54.4 9.37 10.10 10.36 5.36 13.33 

A 0.50 55.7 8.94 9.50 9.79 4.79 16.67 
B&C 0.50 55.4 9.04 9.70 9.98 4.98 16.67 

A 0.60 56.5 8.66 9.32 9.69 4.69 20.00 

B&C 0.60 56.2 3.76 9.45 9.83 4.83 20.00 

MB 0.70 56.5 8,66 9.32 9.75 4.75 23.33 
C 0.70 56.2 8.65 9,45 9.90 4.90 23.33 



Figure 4. 

Chloride Displacement Curves of AlgOs Sols 

of Varying Concentration 

(A) After 10 minutes 

(B) After J30 minutes 

{C) At equilibrium. 
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Experiments with Qhromio Oxide Sol 

Employing the sums procedure used with 

the alumina sols, the observations on the chromic 

oxide sol are recorded in Table VII and are shown 

graphically in Fig, 5, The similarity of curves 

obtained under.similar conditions is at once apparent. 

Experiments with Ferric Oxide Sol 

The data obtained on the titration of ferric 

oxide sol are given in Table VIII and Fig, 6. Since 

the chloride content of the sol is considerably 

less than in the other sols the chloride displace* 

ment is correspondingly less. For this reason the 

scale in Fig, 6 is made twice as large as in the 

other figures. The. marked similarity with the pre¬ 

ceding curves makes further discussion unnecessary. 
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Table. VII. 

Titration of CrgOjSol v/ith. 0.5 H IC^SO* 

15 oc. of sol 22,5° C, 

K2S0A 
added 
CO. 

milli¬ 
volts 

(Cl)•10s [Cl] *105 [01]. 103 
corrected 

[Cl] • 103 
displaced 

&(S04j*10 
added 

0,00 73.2 4.48 4.74 4.7,4 0.00 0.00 

A 0.05 54.0 9.52 10.35 10.38 5.64 1.6,7 
B 0.05 67.5 5,60 5.90 5.92 1.48 1.67 
C 0.05 69.0 5.11 5.43 5.44 0.70 1.67 

A 0.10 53.4 9.75 10.58 10.65 5.91 3.33 
B 0.10 63.7 6.04 6.94 6.99 2.25 3.33 
C 0.10 67.5 5.60 5.90 5.94 1.20 3.33 

A 0.20 49.2 11.50 12.64 12.80 8.06 6.67 
B 0.20 59.6 7.64 0.10 8.20 3.46 6.67 
C 0.20 61.2 7.17 7,62 7.72 2.99 6y67 

A 0.30 50.6 10.88 11.92 12.16 7.42 10.00 
B 0.30 52.4 10.14 11.02 11.24 6.5p 10.00 
C 0.30 52.7 10.02 10.90 11.12 6.38 10.00 

A 0,40 53.0 9.90 10.78 11.04 6.30 13.33 
B 0.40 50.3 11.01 12.04 X<u« oO 7.56 13.33 
C 0.40 49.1 11.54 12.63 12.99 8*25 13.33 

A 0.50 50.3 11.01 12.04 12.40 7.66 16.67 
mo 0.50 48.6 11.77 12,90 13.29 8.55 16.67 

A 0.60 49.7 11.27 12.38 12.06 8.12 20.00 
me 0.60 48.9 11.63 12,78 13.30 8.56 20.00 



Figure 5. 

Chloride Displacement Curves of CrgC^ Sol 

(A) After 10 minutes 

(B) After 20 minutes 

(C) At equilibrium* 
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Table VIII. 

Titration of J?G2°3 Sol v/ith 0,5 N K^SO^ 

15 oc. of eel 24.0° 0. 

added 
00. 

milli¬ 
volts 

(01)»103 [Cl] •10® [Cl]*103 

corrected 
[Cl]» 10S 

displaced 
Kson *10 

added 

0.00 110.2 1.07 1.11 1.11 0.00 0*00 

A 0.05 73.7 4.45 4.70 4,71 3.60 1*67 
B 0.05 30.2 3. ^5 3.65 3.66 2.55 1.67 
C 0.05 89.5 2.40 2.52 2.53 1.42 1.67 

A 0.10 71.7 4,81 5.08 5.12 4.01 3.33 
B 0.10 77.0 3.94 4.16 4.19 3.08 3.33 
C 0.10 78.6 3.68 3.88 3.91 2.30 3.3o 

A 0.15 72.5 4.67 4.94 4.99 3,88 5.00 
B 0.15 75.5 4.15 4.40 4.44 3.33 5.00 
C 0.15 77.0 3,94 4.16 4.20 3.09 5.00 

A 0.20 74.0 4.40 4.65 4.72 3.61 6.67 
B 0.20 74.5 4*. 32 4.55 4.62 3.51 6.67 
C 0.20 74.5 4.32 4.55 4.62 3.51 6.67 

A 0.30 75.6 4.12 4.35 4.43 3.32 10.00 
B . 0.30 74.5 - 4.32 4.55 4,64 3.53 10.00 
c 0.30 • 74.1 4.38 4.64 4.73 3.62 -10.00 

A 0*40 75.0 4.57 4.84 4.95 • 3.84 13.33 
B 0.40 72.7 4.63 4.90 5.02 3.91 13.33 
C 0.40 73.1 4.56 4.82 4.93 3.82 13.33 



Figure 6. 

Chloride Displacement Curves of FegOj Sol 

(A) After 10 minutes 

(B) After 20 minutes 

(C) At equilibrium. 
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Conclusion 

From these observations it is apparent 

that the so-called superequivalent displacement of 

chloride ion during the "rapid" titration of hydrous 

oxide sols by the droi)wise addition of a relatively 

strong precipitating electrolyte* according to the 

method of Rabinowitsch, is the result of an unsatis¬ 

factory experimental procedure \vhich produces local¬ 

ised coagulation of a portion of the sol and does 

not allow time for equilibrium conditions to be 

attained. Prolonged stirring is required to develop 

even approximately uniform conditions. It would 

seem that the chief value of the rapid procedure lies 

in its emphasis on the experimental conditions 

which should be avoided. 
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II. ADSORPTION OP PRECIPITATING ION. 

Introduction 

The potentiometric methods outlined above 

have been utilised in following the displacement of 

chloride from the hydrous oxide particles by the 

adsorption of the precipitating ion. The converse 

of this procedure consists in determining the amount 

of precipitating ion adsorbed in the course of chloride 

displacement. Peterson and Storhs^ ^measured the ad¬ 

sorption of chromate accompanying the coagulation of 

alumina sol by treating a series of samples of sol with 

varying amounts-of potassium chromate and determining 

the change in concentration. Below the i>recipitution 

value the sol was ultrafiltcred and the ultrafiltrate 

analysed* while above the precipitation value an 

aliquot part of the supernatant solution was with¬ 

drawn for analysis. A curve showing three distinct 

parts was obtained. The first port, below the precipi¬ 

tation value* was characterized by decreasing adsorption 

(1). J. Phys. Ohem., 3b* 649 (1931). 
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with increasing concentration of electrolyte, while 

above the precipitation value the curve had a form 

similar to the usual adsorption isotherm but with a 

distinct point of inflection. Peterson and Storks 

believe that the first part of the curve represents 

a neutralisation adsorption* i..^,, neutralisation 

of the charges on the suspensoid particles the lost 

portion a surface adsorption not electrical in type* 

and the intermediate portion a combination of the 

two types. 

Two factors in the experimental procedure 

make the observations of Peterson and Storks of question¬ 

able value. In the first place, in chromate solutions 
\ 

an equilibrium is set up between the. chromate ion and 

the dichromate ion. This equilibrium will be shifted 

when a mixture of the two ions is added to the sol 

and will depend on the change in hydrogen ion concen- 
(1) 

tration. In the second place, ultrafiltration 

alters the true adsorptive equilibrium. The process 

causes a gradual change in the amount of the 

(1). Of. Reiser and Jliddletom »T. Phys, Ghem. ? 24 g 648 (1920) j 
Ishizokas Z. physik. Chem,, 33, 97 (1913)5 
Weiser; J, Phys. Chera., 35, 1363 (1931). 



29, 

interraicellar solution in contact with the micelles 

and results in more or leas coagulation and agglomer¬ 

ation of the micelles. A potentiomotric method which 

does not involve ultrafiltration may give a fairly 

accurate measure of the concentration of the ions in 

equilibrium with those adsorbed in the micelles* 

but the true equilibrium will be shifted by ultra¬ 

filtration. 

It appears that the adsorption of the 

precipitating ion by hydrous alumina prepared from 

the chloride is an exchange adsorption process 

throughout most9 if not all, of the concentration 

range studied. Burlier studies^ showed a regular 

course of chloride displacement from the micelles 

of hydrous ferric oxide and alumina by adsorption 

of various coagulating ions, including chromate* 

and gave no evidence to suggest a break in the ad¬ 

sorption curve of the precipitating ion. 

(1). .Weisers J. Phys. Chem,* 36fl 1* 1368 (1931) 
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Experimental 

The following exporimento will show that in 

the stepwise addition of potassium sulfate to alumina# 

chromic oxide and ferric oxide solo the sulfate ion 

io adsorbed practically completely at the precipitation 

concentration and that the amount of sulfate adsorbed 

is considerably greater than the amount of chloride 

displaced# the nearest approach to equivalence being 

found at the precipitation concentrucion. ho evidence 

of an abrupt break in the adsorption curve of the 

type noted by Peterson and storks was observed. 

Method of Procedure. 

Preliminary experiments showed that ail of 

the added sulfate was adsorbed by the several oxides 

at thoir respective x>recipitation values. Such being 

the case# it would seem unlikely that any sulfate would 

remain unadoorbed below the precipitation value, and, 

accordingly# adsorption measurements were made above 

the precipitation value only. Complications introduced 

by the process of ultrufiltration axe thus avoided. 

The given amount of Q.o h KgSQ^ was added 
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from a micro burette graduated in 0.01 oc. to Id cc. 

of sol contained in a test tube. The tube was stoppered 

and the mixture shaken thoroughly. After standing z4 

hours, the precipitated hydrous oxide was thrown down 

by centrifuging for 30 minutes at 3,000 r. p, m. in 

an International Equipment Corapuny centrifuge. The 

supernatant liquid was poured off and centrifuged for 

15 minutes more* An aliquot part of the solution was • 

analysed for sulfate content by the nephelometric method. 

To a mixture of 5 oc. of l/> BaClo solution# 

5 oc. of Oil E HC1 and 1 cc. of 5$ sulfate-free gel¬ 

atin solution^) an mount of liquid, (not exceeding 

5 cc.), was added which contained not over 0.5 ms. of 

sulfate ion, as determined by preliminary experiment, 

and the final volume wu3 made up to 16 cc. with water. 

This sample was compared with a standard prepared at 

the same time using 5 oo. of a JCgSO^ solution contain¬ 

ing 0.24 mg. of sulfate, instead of the unknown sol¬ 

ution, Comparison was made in a Leita-Puboocq nephel- 

ometer after the samples had stood for 15 minutes. 

(l). Penis and Reeds Biol. Chem., ,71, 198 (1926). 
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The mean value of ten readings was taken. 

Adsorption hr Alumina. 

In the case of the alumina sol, traces of 

alumina persistently remained in suspension at points 

just above the coagulation concentration. In order to 

determine the sulfate concentration after the addition 

of 0.30 oo. and 0,35 cc. of K2SO4, the method was 

varied as followst A 2 cc. sample of the supernatant 

liquid was added to u mature of 5 oo. of 0.1 II IIC19 

5 oo. water, and 0.5 cc. 1$ BaOlg solution. Another 

2 co. portion v/us added to a similar mixture in which 

water was substituted for the BaClg solution. These 

samples -were compared with a standard prepared at the 

same time containing 0.12 mg. of sulfate. The samples 

were allowed to stand 15 minutes before making tlie 

coinparison. A correction for 'the turbidity due to dis¬ 

persed alumina was applied to the calculated sulfate 

concentration. The sulfate concentration was corrected 

to the same basis as chloride displaced;, j^.is.* to 15'co* 

The observations on AlgO^ Sol I are recorded 

in Table IX and the adsorption curve is shown in Pig. 7 

together with the chloride displacement' curve' from Pig.2* 
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Table- XX, 

Adsorption of Sulfate by AI2G3 Sol I 

13*0 00. of sol with 0*5 K K2SO4 

Ksso; 
added 

S04 SO4 in S04 &[S04}*105 MSO4PIO4 

adsorbed 
Hso4l*io; 

added solution adsorbed adsorbed added 
00. , ras. WQ, ICS. ' corrected 

0.30 7. SO 0.61 6.59 8.98 9.16 10.00 

0,35 8.40 ^1.23 7.17 9.73 9.95 11*67 

0.40 9.60 1.48 8.12 11.00 11.29 13.33 

0.5Q 12.00 'l.74 10.26 13.80 14.21 16*67 

0.60 14.40 2.44 11.96 15,97 16*60 20*00 

0.70 16.00 '3.30 13.50 17.92 18.76 • 23*35 

0.80 19.20 4,31 14.89 19.63 20.67 26.67 

'O.OO 21.60 ,0.80 15.80 20.70 21,94 . 30.00 



Figure 7i 

Curves for the Siroultaneous Displacement of 

Chloride and Adsorption of Sulfate fcy AI2O3 Sol I. 
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The adsorption curve follows an unbroken;, 

course through the entire concentration rcnge9 hut there 

appears to he a slight point of inflection just above 

the preeixiitation value corresponding to a similar bend 

in the chloride displacement curve. The amount of sul¬ 

fate adsorbed Is considerably greater than the amount 

of chloride displaceds the nearest approach to equiv¬ 

alence being found at the precipitation concentration. 

Part of the sulfate adsorbed corresponds to chloride 

(1) 
measurcable potentiometrioally in the original sol. 

Adsorption by Chromic Oxide 

Ho difficulty was encountered in the measure¬ 

ment of adsorption of sulfate by CrgO^ since the super¬ 

natant solution was entirely free from suspended 

material in all concentrations above the precipitation 

value. The adsorption data are given in Table X and 

recorded graphically in Pig. 3 together with the 

chloride displacement curve from Pig. 5, 

(1). ReiserJ J. Phys. Chem.s 35a 23, 1393 (1931), 



Table X. 

K2SO4 
added 
00, 

0.30 

0.35 

0.40 

0.50 

0.60 

0.70 

0.30 

0.90 

35, 

Adsorption of Gulfats by Crg03 Sol 

15 qc. of sol v/ith 0.5 K JC2SO4 

SO4 
added 
rag* 

7.20 

8.40 

9.60 

12.00 

14.40 

16.30 

19.20 

21.60 

« 

504 in S04 ^[304] *10° 
solution adsorbed adsorbed 

D3« icg. 

0.10 7.10 9.67 

0.34 8.06 10.94 

0.88 8.73 11.80 

2.31 9.69 13.03 

3.95 10.45 13.96 

4.33 11.92 15.82 

13.20 17.41 

13.70 17.95 

•H204>103 
adsorbed 
corrected 

9.86 

11.19 

12.11 

13.42 

14.52 

16.56 

18.33 

19.02 

MS04]‘10 
added 

10.00 

11.67 

13.33 

16.67 

20.00 

23.33 

26.67 

30.00 

6.00 

7.90 



Figure 8., 

Curves for the Simultaneous Displacement of 

Chloride and Adsorption of Sulfate fcy Cro03 Sol. 
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Adsorption by Ferric Oxide 

The observations on adsorption by 

sol are recorded, in Table XIs and in Fig, 9 together 

with the chloride displacement curve from Fig, 6, 

Conclusion 

At all concentrations9 both above and 

below the precipitation value* sulfate ion enters 

into exchange adsorption with chloride ion present 

in the diffuse outer layer of the hydrous oxide 

particles. The sulfate adsorption curve follows a 

smooth aourse above that of the chloride displace¬ 

ment curve through the entire concentration range. 
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Table XI. 

Adsorrjtion of Sulfate by FOpOs Sol 

15 co. of sol. v;ltii 0.5 II XgSO^ 

Kss°4 
added 
cc. 

0.13 

0.15 

0.20 

0.30 

0.40 

0.50 

S04 

added 
ins. 
3.12 

3.60 

4.30 

7.20 

9.60 

12.00 

SO4 In 
solution 

rag. 

0.24 

0.63 

1,49. 

3.03 

4.23 

5.77 

so4 -i-rso^l -10s 

adsorbed adsorbed 
mg. 

i[S04]*103 

adsorbed 
corrected 

ijso*}*: 
added 

2.88 3.97 4.00 4.33 

2.92 4.02 4.06 5.00 

3.31 4.54 4,60 6.67 

4.17 5.68 5,79 10.00 

5.37 7.27 7.46 lo. o3 

8.38 0.63 16.67 6.23 



Figure 9, 

Curves for the Simultaneous Displacement of 

Chloride and Adsorption of Sulfate by Sol 
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SUffilATOT 

The following is a brief summery of the 

results of this Investigation: 

1. A comparative study has been made of the methods 

of Weiser and of Rabinowitsch for the potentiometric 

determination of the change in chloride ion concen¬ 

tration on adding potassium sulfate stepwise to 

hydrous oxide sole*in order to determine the cause 

of the superequivalent chloride displacement noted 

by Rabinowitsch. 

2, The observed superequivulent displacement is the 

result of an unsatisfactory experimental method which 

(1) permits localised coagulation of the sol below 

the precipitation value# and (2) does not allow 

time for the electrode to attain equilibrium. 

3. Sulfate ion enters into exchange adsorption with 

chloride ion present in the diffuse outer layer of 

the hydrous oxide micelles at all concentrations# 

both above and below the xjrecipitation value. 

4, The sulfate adsorption curve follows a smooth 

course above that of the chloride displacement curve 

through the entire concentration range. 
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ITote on a Recent Paper by Rabinowltseh 

A sapor has just appeared by Rabinowitsch and 

Podiraan^ in which they record a re-investigation of 

the coagulation of ferric oxide sole by 0.5| h&2S04^ 

employing both the '‘rapid” method of Rabi nov/it soli and 

the "slow" method of Weiser.^ 

The conclusions reached are essentially those 

previously set forth^ They sayll— "When one compares 

the results which were obtained by the two methods, one 

sees that according to that , of Weiser a smooth curve of 

ehlofide-ion displacement always results, which lies 

under the one which corresponds to the added STagSO^ 

according to. our method the first drops of added elec¬ 

trolyte produce a strong displacement of chloride ions 

from the surface of the colloid particles. The whole 

course of the curve speaks for a stormy process of 

exohange adsorption. If the sol stands with the elec¬ 

trolyte 2 to 3 days, we measure the pCl in a quiet 

equilibrium condition." 

1). 
2). 

* 3). 
,< . (5f». 

2. physik. Chem.. 159A. 403 (1932). 
Rabinowitsch & Ka£mTIbid.. 133. 203 (1928). 
3. Phys. Ohem.p 35. 1 (1931) 
This ms,, p. 5. 
Loo. Oit.., 409. 



"It is therefore intelligible that the results 
* • * * • * * 

obtained by the two methods are not completely comparable 
• • • • , , , . . * . ■ • 

one v/ith another, 

The "strong displacement by the first drops 
f 

of added electrolyte1^ the "storny process of exchange 

adsorption"9 and the conditions under which the results 

obtained by the two methods are comparable have received 

detailed-consideration-in .Part'! of this paper. 
r 

4 

» 

(1). Loo. oit.t 413. 
t 

I 


