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INTRODUCTION 

The principal method for the determination of atomic 

weights by chemical means is that developed by Richards and 

his co-workers at Harvard University. The method is essen¬ 

tially quite simple* a weighed amount of the pure chloride 

or bromide of the element whose atomic weight is sought is 

titrated in dilute solution with silver nitrate prepared by 

dissolving a weighed amount of pure silver in nitric acid. 

The endpoint of the titration is determined on the assump¬ 

tion that, near the equivalence point, the turbidity pro¬ 

duced by the addition of an excess of silver nitrate to a 

sample of the analytical solution is proportional to the 

concentration of the halide ion; and similarly, the tur¬ 

bidity produced by the addition of an excess of halide is 

proportional, in exactly the same way, to the concentration 

of the silver ion in the solution. Since, at the stoichio- 

metrical point, the concentrations of the silver and halide 

ions in the supernatant liquid should be the same, the end¬ 

point of the titration is taken to be the point at which the 

addition of excess silver and excess halide to two samples 

of the analytical solution produces equal turbidities. The 

comparison of the turbidities is effected by the use of the 

nephelometer. In practice, approximately equivalent amounts 

of silver and the halide being analyzed are weighed and put 

into dilute solution. The solution containing the silver is 
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slowly added to the halide (occasionally this procedure is 

reversed) and the silver halide precipitate formed. After 

allowing some time for the precipitate to coagulate and set¬ 

tle, a nephelometric test is made on the supernatant liquid. 

If the ratio of the "excess silver" to the "excess halide" 

turbidity is not unity, as is usually the case, appropriate 

additions of dilute standard solutions of silver nitrate or 

the halide are made until a ratio of unity is obtained. The 

endpoint determined in this way is called the "equal-opales¬ 

cence endpoint". Rrom the known weights of the silver and 
H X 

halide, the ratio Ag is calculated, and from this ratio 

and the antecedent atomic weights of silver and chlorine or 

bromine, the atomic weight of the element "M" can be calcu¬ 

lated. 

The success with which this method has been applied for 

a period of over twenty-five years gives evidence of its 

general reliability. However, from time to time there have 

arisen slight discrepancies in the atomic weights as deter¬ 

mined by different investigators, not easily explicable. 

An excellent example of Buch a disagreement is found in the 

atomic weight of potassium, for which the following values 

have been obtained* 

Richards and Staehler*1- 39.096 

Richards and Mueller2 39,096 
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HOnigschmid and Goubeau^ 39,104 

Baxter and Mac Kevin4 39.094 

0 
Hdnigschmid and Sachtleben 39.096 

J ohnson8 39,100 

In view of the high precision claimed for the titra¬ 

tion method* it is difficult to account for such variations 

in the experimental results* The fact that anomalous re¬ 

sults can he obtained indicates that the method contains 

sources of error which have been overlooked by atomic-weight 

investigators* and a complete study of the method from this 

point of view seems desirable, Briscoe*7 and Johnson8*9,10 

have made partial studies of the possible sources of error 

in atomic-weight titrations, but it appears that no compre¬ 

hensive report has ever been made. It is the purpose of 

this investigation to consider in detail one of the more im¬ 

portant potential causes of variation,—namely, the possible 

errors in connection with the determination of the endpoint. 

Since, however, no comprehensive list of all the possible 

sources of errors has been made, it seems worthwhile to con¬ 

sider at the outset errors which might arise in the other 

steps of the experimental procedure as well as those con¬ 

nected with the determination of the endpoint. 
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POSSIBLE SOURCES OF ERROR II ATOMIC-WEIGHT TITHATIOHS 

An inquiry into the possible sources of error will divide 

itself naturally into divisions suggested by the chronologi¬ 

cal order of the experimental procedure» which consists of 

five principal steps. Under each of these five divisions, 

particular sources of error can be listed. The following 

outline, which will serve as the basis for a more detailed 

discussion, comprises a comprehensive list of all factors 

which might conceivably affect the experimental results. 

I, Purification of Silver and Halide 

A. Purification of Halide 
1, Hon-volatile halides 

a, occlusion of mother liquid during cry¬ 
stallization 

b, decomposition during fusion 
c, deliquescence 

2, Volatile halides 
a. separation into fractions during distil¬ 

lation or sublimation 
b. photochemical decomposition 

B, Purification of Silver 
1, Occlusion of gases 
2, Contamination by mercury during vacuum treat¬ 

ment 
3, Oxidation 

II, Weighing 
A, Deliquescence 
B, Photochemical decomposition 
G, Vacuum corrections 

III, Solution of Reactants 
A, Purity of water, nitric acid, other substances 

added 
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IV* Precipitation of Silver Halide 

A, formation of complexes 
B* Adsorption of silver and Halide ion 
C, Occlusion 
D, Recrystallization 
1, Photochemical Decomposition 
E« Hydrolysis of silver halide 

V. Determination of Endpoint 

A* Method of preparing nephelometric suspensions 
B, Time allowed before making comparison 
C, Effect of "extra compounds" 
D» Effect of colloidal particles 
1, Equal-opalescence endpoint at 0° 
E, Sensitivity of endpoint to additions 

Purification of Silver and Halide, Although the reli¬ 

ability of any atomic-weight determination depends ultimately 

on the purity of the halide and silver samples, it is diffi¬ 

cult to make any general statement regarding the possibility 

of errors introduced by impurities in the halide sample, 

since each compound^presents a separate problem. However, 

the dangers of photochemical and thermal decomposition and 

contamination by water must be considered in every case,. 

The silver used in atomic weight work is almost always puri¬ 

fied according to well-established procedures based on the 

method of Richards and Wells*^, The purity of the silver 

treated in this manner has been investigated several times, 

and there is little reason to imagine any error arising from 

its use, provided proper precaution has been taken to pre¬ 

vent the introduction of foreign substances during the puri- 
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fication. 

Weighing, The weights of the halide and silver samples 

may he easily determined on a good analytical balance to a 

precision considerably better than one part in a hpndred- 

thousand; hence the weighing process, in itself, is free 

from any significant source of error. During the weighing, 

however, the dangers of decomposition and deliquescence must 

be taken into account. The vacuum corrections which must be 

applied depend on the densities of the weights, the silver 

and halide, and the air, and errors in these densities will 

affect to a greater or less degree the calculated vacuum 

weights of the samples. 

Solution of Reactants. Aside from errors which might 

be caused by faulty manipulation, the principal factor to 

be considered during the process of dissolving the reactants 

is the purity of the reagents used to bring the samples into 

solution; that is, the water and nitric acid, and, in some 

instances, other substances which are added to the halide, 

either to effect hydrolysis or prevent decomposition, 

Precipitation of Silver Halide, Excepting those con¬ 

nected with the purification of the halide sample, the possi¬ 

ble sources of error pointed out thus far are relatively 

unimportant, because their existence is well-recognised and 

care is usually taken to avoid them. During the preoipita- 
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tion process* however, the possible sources of error are not 

so easily avoided, primarily because their exact nature is 

not known. The theory of the titration procedure demands 

that the precipitate have the composition AgX, and any fac¬ 

tor which might conceivably cause an alteration in this com¬ 

position constitutes a potential source of error in the 

method. Two such possibilities stand out: the formation 

of complex compounds, and the adsorption of silver or halide 

ions by the precipitate. 

It is well known that the solubility of silver chloride 

is first decreased and later increased by the addition of 

an excess of chloride ion to a saturated solution12, This 

increase in solubility is usually ascribed to the formation 

of the complex anion (AgCl^),; , although no compound contain¬ 

ing this complex group has been prepared in the solid state. 

That this is the correct explanation of the increased solu¬ 

bility seems very probable, however, for a number of com¬ 

plexes closely related to the complex chloride are suffici¬ 

ently stable to permit their preparation in the solid state, 

—e.g. Ag jAg(CH) P] , % [AgFj , jAg(MHg) J Cl. 

Since the precipitation of the silver halide in an 

atomic weight determination nearly always occurs in a medium 

of excess chloride (i,e.» silver is added to chloride), there 

exists the possibility that complex ions are formed. In such 
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a case the following equilibrium might he set up: 

AgCl + Cl * AgClp 

Diminution of the chloride concentration would tend to push 

the equilibrium to the left. Since the concentration of 

chloride in an analytical solution is greatest at the start 

of the precipitation, the complex would tend to form at first 

and then decompose as the concentration of chloride ion is 

diminished. If such is the case, the formation of the complex 

would scarcely be of any consequence as a possible source of 

error because the amount present at the end of the titration 

would be inappreciable. If, on the other hand, the decompo¬ 

sition does not readily occur, due, for instance, to adsorp¬ 

tion of the complex by the precipitate, an appreciable amount 

might be present in solution at the end of the titration. 

JIC1 
In such event, the experimentally determined ratio ob¬ 

tained from the titration would be greater than the stoiehio- 

metrical value. 

That silver halide precipitates can adsorb silver or 

halide ions from solution has long been known. The charges 

carried by colloidal partioles of silver chloride and bro¬ 

mide are supposed to be due to such adsorption. In a medium • 

of excess halide, the particles assume a negative charge due 

to the adsorption of halide ions* and in excess silver a posi¬ 

tive charge due to the adsorption of ionic silver. The amount 
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of adsorption which occurs presumably follows an equation of 

the Freundlich type, as, 

¥/t, of X* adsorbed _ £ 
Surface area of AgX Kc or, 

J- 

Y/t» of X* adsorbed = Surface area of AgX#*JKcr 

where c represents the concentration of X’ in solution and 

K and n are characteristic constants. Assuming that the ad¬ 

sorption follows such an equation, the amount of adsorbed 

material will thus be directly proportional to the surface 

area of the precipitate and to solution concentration raised 

to the power , 

If adsorption occurs at all during analytical precipi¬ 

tation, the halide ion will most likely be the ion adsorbed, 

provided the usual order of mixing the reagents is followed. 

The greatest adsorption should occur at the beginning of the 

precipitation, and, as the concentration of halide ion in 

solution is diminished, the amount adsorbed should decrease, 

unless the adsorbed ions are held so strongly that equili¬ 

brium is not easily set up. If any adsorbed halide is re¬ 

tained by the precipitate at the end of the titration, less 

than the stoichiometrical amount of silver will bring the 

solution to the endpoint, and the resultant ratio will 

be too great. 

The surface area of the precipitate is an important fac- 



10 

SOURCES 0E ERROR 

tor in determining the amount of adsorption. When silver 

chloride or bromide is precipitated, the particles first 

formed are of colloidal dimensions and the total surface 

area is large. On ageing, however, the precipitate under¬ 

goes a recrystallization which results in the formation of 

larger crystalline particles. During this process the sur¬ 

face area of the precipitate is considerably reduced. Such 

reduction should cause a diminution in adsorption and a con¬ 

sequent release into the solution of a part of any adsorbed 

material. Thus the endpoint might change after recrystalli¬ 

zation occurred if any appreciable amount of silver or halide 

had been adsorbed. 

With regard to occlusion, or inclusion of the solution 

within the particles of the precipitate, it is difficult to 

make any general statement. The conditions under which occlu¬ 

sion takes place are not known with certainty. It is thought, 

however, that slow precipitation of the silver halide reduces 

the chance of its occurrence because better-formed particles 

are developed. The effect which occlusion would have on the 

experimentally determined ratio would depend on whether the 

solution occluded contained silver or chloride ion in excess. 

It seems likely that material once occluded would leach out 

only with difficulty. 

There remain two possible sources of error connected 
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with the composition of the precipitates photochemical decom¬ 

position* and hydrolysis* neither is of primary importance 

because the one is always guarded against by exposing the 

silver halide precipitate only to light of low frequency* and 

the other is supposed not to occur* The only evidence which 

might possibly be looked upon as indicating that silver bro¬ 

mide or chloride can undergo hydrolysis is the increase in 

solubility brought about by the addition of nitric acid# 

Determination of the Endpoint, The endpoint in atomic 

weight titrations is determined in the following way* Two 

equal-sized portions of the analytical solution are pipetted 

off* To one is added an excess of silver nitrate; to the 

other an equivalent excess of halide* The addition of these 

reagents causes the formation of a small amount of silver 

halide in suspension* such that* when viewed by reflected 

light* the solution appears turbid or opalescent. The turbid¬ 

ities of the two suspensions are compared in a nephelometer 

and the ratio of the turbidities calculated. Additions to 

the analytical solution are made until the ratio of the tur¬ 

bidities of the "excess Ag" to the "excess X" suspensions is 

unity* The titration is then at the "equal-opalescence end¬ 

point" . 

This endpoint is based on the assumptions that* near 

the stoichiometrical point, the turbidity of the "excess Ag" 
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suspension is proportional to the concentration of halide 

ion in the analytical solution, and similarly, the turbidity 

of the “excess X“ suspension is proportional, in exactly the 

same way, to the concentration of silver ion. These assump¬ 

tions may he stated more succinctly by the following equa¬ 

tions: 

Since at the stoichiometrical point, the analytical solution 

should contain equivalent amounts of silver and halide ions, 

the turbidities of the nephelometric suspensions at this 

point should be the same. 

The experimental evidence in support of these assump¬ 

tions is surprisingly meagre. It consists of two experimen¬ 

tal facts, established by Richards when this method of 

atomic-weight research was first being developed at the be¬ 

ginning of the century. They are: 

(a) Turbidities produced by the addition of an excess 
of chloride to dilute standard solutions of silver 
nitrate are proportional to the concentrations of 
the silver nitrate,13 

(b) Saturated solutions of silver chloride in dilute 
nitric acid at room temperature give an equal- 
opalescence ratio of unity,14 

Aside from occasional repetitions of the second of these tests, 

no further experiments were performed to test the validity 

Turbidity (excess X* 

(2) hear the endpoint, 

(1) Turbidity (excess Ag Kj * concn, of X*, 
TS-2 * concn, of Ag 

H = Kft 
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of the equal-opalescence endpoint until 1931, when Johnson 

published a series of papers describing experiments bearing 

on this problem. These papers will be referred to later in 

some detail in connection with the experiments reported here. 

It should be noted that the experiments leading to the two 

conclusions stated above were performed at room temperature, 

whereas the procedure for the determination of the endpoint 

has been frequently modified by cooling the analytical solu¬ 

tions in ice in order to increase the sensitivity of the 

nephelometric comparisons,15 

Possible sources of error in the equal-opalescence end¬ 

point and its determination fall into three groups* those 

connected with assumption (1), regarding the relation of tur¬ 

bidity to concentration, those connected with assumption (2) 

that Ki - Kg, and those bearing on the use of the nephelome- 

ter. The last sort may be considered at the outset, since 

the precision of the nephelometric comparisons provides the 

limit of allowable error in the other two classes. Par a 

given pair of suspensions, individual determinations of the 

ratio of the turbidities using a nephelometer of the Richards 

type agree within about 1-2$. This being the case, any varia¬ 

tions in the turbidities themselves must be less than this 

limit if. they are to remain inappreciable. 

The turbidity of a nephelometric suspension depends on 
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two things*•-namely* the total amount of silver halide in 

suspension, and the size of the suspended particles. The 

total amount in suspension»~i.e,» the number of suspended . 

particles, depends on the concentration of silver or halide 

in the test solution, the solubility of the precipitate in 

the solution after precipitation, and the rate of settling 

of the particles* The size of the partioles depends upon 

the degree of supersaturation and the conditions under which 

the suspension is formed*-i,e«, the temperature, manner of 

mixing, stirring* etc. The relation of these various factors 

may be more easily seen from the following outline: 

Turbidity (excess X) depends on 

1« Amount of AgX in suspension* depends on 

a, concentration of Ag in analytical solution 
b, solubility of AgX in excess X 
c, rate of settling of particles* depends on 

(1) size of particles 

2, Size of suspended particles, depends on 

a, conditions of preparation 
b. degree of supersaturation, depends on 

(XT concentration of Ag in analytical solution 
;. (2) solubility of AgX in excess X 

Of all these factors which obviously must affect the 

turbidity to a greater or less degree, the theory of the deter¬ 

mination of the endpoint takes into account only one, the con-, 

centration of silver and halide ions in the analytical solu¬ 

tion, The others are supposed to be rendered constant if 
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Richards* first rule of nephelometry is obeyed*—that nephelo¬ 

metric suspensions to he compared with each other must be pre¬ 

pared in exactly the same way#ls This can be strictly true 

only if the concentration of silver and halide ion in the 

analytical solution is held fixed# In such a case* the only 

variable factors are the rate of settling and the conditions 

of preparation* The former may be eliminated by making the 

nephelometric comparisons after a definite period of time 

has elapsed after the preparation of the suspensions# Under 

these conditions the remaining influential factor would be 

the manner of preparation* The reproducibility of the nephelo¬ 

metric ratio for different pairs of suspensions prepared from 

the same analytical solution affords a measure of the effect 

of this factor on turbidity* Although no complete study of 

reproducibility has been made* it appears that the ordinary 

methods of preparing nephelometric suspensions (the "pouring" 

and "stirring" methods) do not satisfy the requirement that 

variations shall be limited to l-2$*17 If this is true* then 

the method of preparation of the suspensions constitutes a ! $ 

possible source of error in the atomic-weight procedure# 

Considerable evidence has been obtained to show that the so- 

called "uniform" method of preparation is free from this ob- 

jection , and more evidence in favor of this method will be 

presented in the experimental part of this paper# 
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In the outline shown above, only those factors which 

might influence the turbidity of nephelometric suspensions 

prepared under more or less ideal conditions are listed* 

There are ( however* two other possible factors* which might 

be looked upon as non-ideal* but which are at any rate pre¬ 

sent in actual analytical work* The first is the possible 

unequal coagulating action of the "extra compounds" (cations 

of the halides being analyzed* and also foreign substances 

added for various reasons) on the "excess Ag" and "excess 

X" suspensions. The second is the effect which colloidal 

particles of silver halide in the analytical solution might 

have on the size and growth of the silver halide particles 

precipitated by the addition of the excess silver nitrate 

or halide* The first problem was raised and investigated 

by Johnson* who concluded from his extensive studies^ that 

no significant changes in the endpoint occur as the result 

of the presence of "extra compounds." Preliminary experiments 

bearing on the second effect will be described later in this 

paper* 

The next point to be discussed in connection wit& the 

determination of the endpoint is the validity of the second 

basic assumption*—namely* that in the vioinlty of the end¬ 

point the two proportionality constants, K* and K2, connecting 
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the turbidity with the concentration, are equal. The experi¬ 

mental fact which supports this assumption is the finding 

that saturated solutions of silver chloride in dilute nitric 

acid give an equal-opalescence ratio of unity'*'4*'*'®. If the 

conditions under which this test was made correspond exactly 

to the analytical conditions at the endpoint, then the assump¬ 

tion is surely correct for analyses run at room temperature. 

The test solution does, however, differ from an analytical 

solution in two important respects: (1) Ho "extra" ions 

are present? (2) The colloidal state of the silver chloride 

used in the test may he quite different from that on an ana¬ 

lytical precipitate. 

The problem of the effect of the "extra" ions on the 

equal-opalescence endpoint was raised and investigated by 

Johnson, After an elaborate series of measurements involv¬ 

ing ions of various charges, he concluded that the presence 

of these ions caused no significant changes in the endpoint, 

Q 
provided the nephelometric tests were made properly , 

With regard to the second of these differences, no def¬ 

inite statement can be made. However, the state of division 

of the silver halide precipitate in the test solution and in 

the analytical solution must differ considerably, because 

of the artificial way in which the test solution is prepared. 

Such a solution is made up by adding dilute nitric acid to 
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well-washed silver chloride precipitate and allowing the solu¬ 

tion to become saturated. An analytical solution, on the 

other hand, is brought to the endpoint by making small addi¬ 

tions of silver or halide, each addition causing the forma¬ 

tion of a small amount of silver halide, probably in the 

colloidal state, Whether or not the presence of colloidal 

silver halide affects the equal-opalescence ratio cannot be 

stated with certainty, but it is not improbable that the pre¬ 

sence of colloidal particles in the analytical solution will 

cause a considerable alteration in the size and growth of 

the particles of silver halide precipitated from samples of 

the solution in the preparation of the nephelometric suspen¬ 

sions, An appreciable alteration of this sort would affect 

the turbidity of the suspensions, and, if the effect were 

not the same for both the "excess Ag" and the "excess X" types, 

the equal-opalescence ratio obtained would not indicate the 

relative concentrations of chloride and silver, Thus the 

equality 3C^ « Eg would fail to hold. 

The use of the equal-opalescence endpoint when the 

analytical solutions are cooled in ice is open to serious 

criticism. The fact that the constants Ki and Kg appear to 

be equal when the analyses are at room temperature is no 

proof that they will be so at 0°. Indeed, a consideration 

of the factors influencing turbidity (page 14) leads to the 
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conclusion that they probably would not* for the effect of 

the difference in solubilities of silver halide in excess 

silver and excess halide probably becomes appreciable when 

the amount of silver and halide ions in solution is reduced 

by lowering the temperature* fhe increased solubility of 

silver bromide and chloride in solutions containing excess 

halide has already been referred to in connection with the 

purity of the precipitate (page 6)* If this effect occurs 

at the concentrations of excess halide present in the nephelo¬ 

metric suspensions* then the amount of silver halide sus¬ 

pended in the *excess XH solution will be less than in the 

"excess Ag" even though the concentrations of silver and 

halide ions in the solution tested are the same* fhe effect 

which this would have on the turbidities of the two suspen¬ 

sions is obvious* the "excess XM turbidity would be less 

than the "excess Ag" and the resultant ratio would be greater 

than unity* indicating that the concentration of chloride in 

the solution tested is greater than that of silver ion* 

although they are in fact the same* 

Recent experiments by Johnson2®indicate that such 

an effect actually occurs* His experiments showed that sat¬ 

urated solutions of silver chloride in nitric acid and sodium 

nitrate (the "extra compound") show, by their nephelometric 

ratios, an apparent excess of chloride over silver when 
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cooled, in ice* Experiments in which the sodium nitrate was 

replaced by potassium nitrate yielded similar results. It 

may be inferred then that the correct endpoint for titrations 

made at 0° is not one of equal-opalescence, and that by 

bringing the titration to the equal-opalescence endpoint more 

that the Btoichiometrical amount of silver will he added. 

finally, the question of the sensitivity of the equal- 

opalescence endpoint to additions of silver and halide must 

he considered. At least four estimations of this sensitivity 

22 
have heen made for chloride titrations. Richards and Wells 

concluded that the endpoint determined hy this method is 

accurate to about 0.02 mg. of silver per liter. Weatherill2^ 

states that when the analytical solutions are cooled, the 

addition of 0,2 mg. of silver causes a perfectly definite 

change of the endpoint from one side to the other, Baxter 

and Alter5*4 found, in a single experiment, that the addition 

of 0,1 mg. of silver per liter causes a change of about 10;£ 

in the nephelometric ratio, Johnson2® reports that the sen¬ 

sitivity of the endpoint is no better than 0.57 mg, of silver 

per liter when the equal-opalescence method is used. If the 

last estimate is the correct one, then the precision of 

atomic-weight ratios obtained by the titration method is not 

better than 5 parts in 100,000if a 10 gram sample of silver 

is used. In any case, the sensitivity of the endpoint is a 
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possible source of error not to be overlooked 



AH' EXPERIMEHTAL STUDY OF THE EQUAL-OPALESCENCE E1IDPOIUT 
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AN EXPERIMENTAL STUDY OP THE EQUAL-OPALESCENCE ENDPOINT 

Reagents. The silver chloride used in the following 

experiments was prepared from sodium chloride and silver 

purified for atomic-weight research* It had "been washed at 

least five times with 0.16 molar nitric acid. The precipi¬ 

tate was two years old, 

The standard solutions of sodium chloride and silver 

nitrate used were carefully prepared from salt and silver 

which had also been purified according to procedures used in 

atomic-weight work. The water and nitric acid used were puri¬ 

fied by distillation and were tested for possible silver or 

chloride contamination at frequent intervals. Portions in 

which the slightest contamination was suspected were discarded. 

All mechanical operations were carried out with care to 

avoid the introduction of impurities, particularly dust, 

and the vessels with which the various reagents and test solu¬ 

tions came in contact were cleaned and washed many times be¬ 

fore use. In many cases their cleanliness was assured by 

testing the water with which they had been washed for the 

presence of chloride, the most likely impurity. 

Nephelometric Tests. Nephelometric comparisons were 

made with a nephelometer of the Richards* type. The nephelo- 

meter tubes were cleaned by rinsing several times with dis¬ 

tilled water and finally by steaming for a few minutes. They 

were occasionally rinsed with ammonia in order to remove any 
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silver chloride which might have adhered to the walls. 

The suspensions were prepared by the "uniform1* method 

18 
of mixing as described by Scott and Hurley, using 20 ml. 

portions of the test solutions and 2 ml. portions of the 

precipitants> which contained 1.000 gm. of silver or its 

equivalent of sodium chloride in a liter of solution. The 

nephelometric comparisons were made one hour after the sus¬ 

pensions were prepared. 

The equal-opalescence ratios ("excess Ag" to excess Cl") 

tabulated throughout this paper are the mean obtained from 

ten settings of the righthand jacket by alternately raising 

and lowering it until its field matched that on the left, 

which was held fixed. The equal-opalescence ratios are cal¬ 

culated so that a ratio above unity indicates an apparent ex- 

cess of chloride. The intercomparison ratios (e.g.."excess 

Ag" against another "excess Ag") are the mean of five nephelo- 

meter settings made in a similar manner. 

All the experiments were conducted in a windowless room 

lighted only by red light which had been proven to be without 

effect on silver chloride. 

Reproducibility of the Nephelometric Suspensions. Dur¬ 

ing the course of the experiments to be described later, addi¬ 

tional data bearing on the reproducibility of suspensions pre¬ 

pared by the "uniform" method were obtained. The tests of 
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the reproducibility consisted in the comparison of the equal- 

opalescence ratios obtained from two or more pairs of suspen¬ 

sions prepared within a few minutes of each other from the 

same test solution* Information was obtained for solutions 

of two sorts, those containing 0,16 mols of nitric acid per 

liter and those of pure water only. The relative as well as 

the absolute concentrations of silver and chloride in the 

test solutions varied over a rather wide range. The data 

summarised below were obtained by calculating the mean ratio 

and the average deviation in per-cent for each set of meas¬ 

urements (usually two) on the same test solution. The mean 

of all the individual average deviations calculated in this 

way was taken as a measure of the reproducibility obtainable 

by the use of the ”uniform” method. 

Type No, of Range of No. of Max. Reprodu¬ 
sets eq-op ratio exact checks A.D. cibility 

Pure water 13 1.40-1.00 3 8,5/5 2.1^ 

0.16 M HN03 9 1.50-0.92 5 3,3$ 0.6^ 

Since the error in setting the nephelometer jackets is 

about 2^, the above data show that the reproducibility of the 

suspensions is at least as good as that of the nephelometer 

settings. That the suspensions prepared from solutions con¬ 

taining no electrolyte are reproducible within about 2;l is 

of espeeial interest because Richards and Wells14 state that 
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they were unable to obtain concordant results for equal- 

opalescence ratios unless the test solutions contained enough 

electrolyte to stabilize the nephelometric suspensions. 

Another point of interest in connection with the repro¬ 

ducibility is the change in turbidity with time. Although 

the effect of this factor was more or less eliminated in all 

the experiments described in this paper by allowing all the 

nephelometric suspensions to stand a uniform length of time 

(one hour) before readings were made* a few experiments 

bearing on this question were performed. The equal-opales¬ 

cence ratios of suspensions prepared from saturated solutions 

of silver chloride in pure water and in 0,16 molar nitric 

acid were measured at intervals of one hour over an eight- 

hour period. The accompanying graphs indicate the changes 

observed for two pairs of suspensions of each type. It ap¬ 

pears from these curves that the equal-opalescence ratio 

decreases with time. For the acid solutions the drop is only 

2,5$ in eight hours$ for the solutions containing no elec¬ 

trolyte, the drop of 25$ over the same period. The results 

of a number of scattered measurements are also in qualitative 

agreement with these experiments, although there is some 

indication that the decrease for the acid solutions may some¬ 

what greater than that shown by the graph in some instances. 

In any event, these experiments serve to emphasize the impor- 
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tance of allowing a uniform time to elapse before making 

nephelometric measurements, especially when the test solu¬ 

tion contains no nitric acid* 

A Test of the Endpoint at 0°. The procedure of cooling 

the analytical solutions in ice has been a favorite device 

for increasing the sensitivity of the nephelometric measure¬ 

ments in chloride titrations for over twenty years. It is 

indeed surprising to find that no test of the endpoint at 

0° has ever been made by atomic-weight investigators who 

have used the equal-opalescence method. It has already been 

shown in the preceding theoretical study that the fact that 

the equal-opalescence endpoint appears to be valid at room 

temperature offers no assurance that it will be applicable 

at lower temperatures* The researches of Johnson in connec¬ 

tion with his "standard-solution endpoint" indicate very 

strongly that the correct endpoint is not one of equal-opales- 

PO PI 
cence when the analytical solutions are cooled. * In 

order to clarify this matter, a direct test of the equal- 

opalescence endpoint at 0° was made. 

Three samples of silver chloride were covered with 0.16H 

nitric acid and allo?/ed to become saturated at room tempera¬ 

ture. The saturated solutions were then treated in the fol¬ 

lowing manner, 

(1) Samples of each solution were withdrawn at 31.5° 
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and filtered through a sintered glass filter directly into 

small hottles. 

(2) , The solutions were then placed in a hath of crushed 

ice and allowed to stand with occasional shaking for a period 

of 19 hourst after which samples were withdrawn and filtered 

as before. The temperature at the time of withdrawal was 

0.5°. 

(3) The solutions were then frozen by means of an 

alcohol-carbon dioxide mixture, and allowed to melt. As soon 

as they were completely liquid, they were again placed in the 

ice bath and allowed to stand for Ijr hours without agitation. 

Samples were then withdrawn and filtered into bottles. The 

temperature at the time of withdrawal was 0.7°. 

(4) The solutions were removed from the ice bath and 

allowed to stand overnight at room temperature. Samples were 

then taken as before. 

The bottles in which the sampies were collected v/ere 

always rinsed with a small amount of the sample to be collected. 

All the samples were allowed to stand two days at room tempera¬ 

ture before nephelometric measurements were made. The samples 

of (2) and (3) were clear to the naked eye immediately after 

withdrawal, but when placed in a strong beam of nan-actinic 

light gave a pronounced Tyndall cone, showing that a portion 

of the silver chloride precipitated from the solution by cool- 
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ing remained suspended in the liquid* After the samples 

reached room temperature* no cone was observed* indicating 

that the suspended silver chloride had redissolved 

The equal-opalescence ratios of the various samples are 

given in Table I. A ratio greater than unity indicates an 

apparent excess of chloride. 

Table I 

•Equal-Opales'c enc e-Ratlo-of-Sample s- 

(8) 

(3) 

(4) 

saturated at 
room temperature 

0,5° 

1.07 

1.52 

0.5°, after freezing 

same as (1) 1,05 

1.05 

1.24 

1.79 

1.03 

1.00 
1.00 

That the solutions at the conclusion of the experiment con¬ 

tained practically the same concentration of silver and 

can be seen from the intercom- 

and (4). 

1.02 1,02 1.00 

1,05 1.02 1.02 

"Excess Ag” (4 

"Excess Cl" (4 

The high nephelometric ratios of samples (2) and (3) 

show that saturated solutions of silver chloride in the 
7 c( 

tf3 ^ 
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neighborhood of 0° do not give equal opalescence, but instead 

indicate an apparent excess of chloride over silver,• This 

is in complete accord with the findings of Johnson. 

A consideration of the postulates on which the equal- 

opalescence endpoint is based., —namely, 

(1) Turbidity (excess Ag) *= concn., of Cl* 
Turbidity (excess Cl) = K*?• cone., of Ag* 

(2) And, K-j- = E2 

suggests two possible explanations for the apparent excess 

of chloride in the cold saturated solutions: (a) The concen¬ 

tration of chloride actually is greater than that of silver, 

or (b) Ei is greater than K9« The first alternative is 

hardly likely, for it is difficult to Imagine that cooling 

a saturated solution will cause the concentration of one ion 

to be reduced more than that of the other,. The only way this 

might happen would be for the silver chloride to adsorb sil¬ 

ver ion strongly when the solution is cooled, or for the 

silver chloride which is precipitated from solution by the 

cooling process to contain more silver than chloride in a 

complex ion, A much more probable explanation is that the 

proportionality factors are unequal. 

A Test of the Endpoint. In order to ascertain 

whether or not the apparent excess of chloride found for 

saturated solutions at 0° represents a real excess, brought 

about by the adsorption of silver by the precipitate, a test 
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of the endpoint in the absence of precipitated silver chlo¬ 

ride was made* Standard solutions containing measured equi¬ 

valent amounts of silver nitrate and sodium chloride were 

made up to cover a wide range of silver chloride concentra¬ 

tions* Three series of standard solutions containing differ¬ 

ent amounts of nitric acid were used* The equal-opalescence 

ratio obtained for each solution is given in Table II* Each 

figure represents the mean of at least two determinations. 

Table II 

Equal—opa3.-escenee-~ftatios-of "Standard-Solutions 

of Ag* and Cl* 
Ag per liter 

Concentration 
0*32 M 0.16 M 

of HNQ*\ 
0.0064H 

0.4 1.52 

0.6 1.47 1.47 1.77 

0.8 1.45 1.25 1.20 

1.0 1.18 1.23 1.20 

1.2 1.08 1,11 1.08 

1.4 1.10 1.05 

1.6 1.08 1.08 

1.8 1.05 1.05 

2.0 0.99 1.03 

It is obvious from these results that the apparent ex¬ 

cess of chloride in dilute solutions of silver chloride is 
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not connected with the presence of the solid salt* Since 

the solubility of silver chloride in 0,3 M nitric acid at 0° 

is equal to the equivalent of about 0,6 mg. of silver per 

liter, as determined by Johnson and Low , the equal-opales¬ 

cence ratios of the standard solutions containing this con¬ 

centration should provide a rough estimate of the ratio to 

be expected for saturated solutions cooled in ice. The ratios 

for samples (2) and (3) , representing such solutions, as given 

in Table I bear out this hypothesis, and the values obtained 

by Johnson constitute further evidence in its favor. 

The trend toward equal turbidity for the two nephelome¬ 

tric suspensions as the concentration of silver and chloride 

is increased is especially interesting. It is in agreement 

with the fact that saturated.solutions of silver chloride at 

room temperature (concentration about 2.2 mg. of Ag per liter) 

show an equal-opalescence ratio of unity. Moreover, it 

offers an explanation for the varying ratios obtained for 

samples (2) and (3) in the previous experiment, (Table i). It 

was noted that these samples contained colloidal silver chlor¬ 

ide immediately after removal, and that the particles dissolved 

when the samples were brought to room temperature. Although 

every effort was made to treat the three solutions in exactly ’ 

the same way throughout the experiment, there is no doubt 

that there were minor differences in shaking which might 



EXPERIMENTAL STUDY 

affect significantly the amount of suspended silver chloride. 

Doubtless some of the samples contained more suspended mater¬ 

ial than others? and these samples would, at room tempera¬ 

ture have a greater concentration of dissolved silver chlor¬ 

ide, and would, in consequence, give lower equal-opalescence 

ratios than the more dilute samples. The fact that all the 

cold samples contained suspended material shows the inefficacy 

of short cooling periods in obtaining colloid-free solutions, 

A complete picture of the variation of and Kp through 

the range of concentrations used can be obtained from the 

intercomparison ratios of the nephelometric suspensions. 

Table III shows the "excess Ag" intercomparison ratios for 

two sets of the standards. These ratios were obtained by 

comparing the "excess AgM suspensions of adjacent standards 

immediately after the equal-opalescence ratios ("excess Ag" 

against "excess Cl") of Table II were measured. The "theo¬ 

retical" values are calculated on the assumption that 

% = 1,00 throughout the range, and hence represent the 

ratios of the concentrations of chloride in the standards. 

By arbitrarily assuming a value for Ki for one of the 

solutions in each set, the relative turbidities and the rela¬ 

tive values of K>j_ for each concentration may be calculated 

from the relation— 
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Observed Intercom- _ Tf _ Kg * o , 
parison Ratio Tj[ o' 

where and Ti* are the turbidities and c and c* are the con¬ 

centrations of chloride in the standards compared* By using 

the equal-opalescence ratios given in Table II, the relative 

turbidities of the "excess Cl" suspensions and the values of 

Kp may also be calculated* Table IV shows the values of the 

turbidities and the proportionality factors calculated in this 

way on the arbitrary basis K^= 1.00 for the 2.0 mg. standards 

in each set. 

Table III 

Standards 
Compared 

0.8 
0.6 

1.0 
0.8 

1.2 
1.0 

1.4 
1.2 

1.6 
1.4 

1.8 
1.6 

2.0 
1.8 

"Excess Ag" Intercomparison Ratios 

Theoretical 
Ratio 0,0064 

Observed 
M HHOs 

Ratios 
0.16 : 

1. oo 1.38 1.34 

1.25 1.43 U44 

1.20 1.39 1.25 

1.17 1.21 1.34 

1.14 1.18 1.24 

1.13 1.08 1,17 

1.11 1.16 1.09 
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Table IV 

Relative Turbidities and values of K% and Kj> 

Goncn* of Ag 0.0064 H HNO3 
and Cl in mg "Excess Ag" "Excess Cl" 
Ag per liter *1 % 

2.0 (2.00) (1.00) 1.94 0.97 

1.8 1,72 0.96 1,64 0.91 

1.6 1.59 1.00 1,47 0.92 

1.4 1.35 0.98 1.29 0.92 

1.2 1.12 0.93 1.04 0.87 

1.0 0.81 0.81 0.72 0.72 

0,8 0,56 0.71 0,43 0.54 

0,6 0.41 0,68 0,23 0.38 

0,16 M HH03 

2.0 (2.00) (1.00) 2.02 1.01 

1.8 1,84 1,02 1,75 0,97 

1.6 1.57 0,98 1.45 0.91 

1.4 1.26 0.90 1.14 0.82 

1,2 0.94 0,79 0.85 0.71 

1.0 0.75 0.75 0.61 0.61 

0.8 0.52 0.66 0,41 0.52 

0.6 0.39 0.65 0.27 0.44 

A graph of the relative turbidities, Ti and Tg, against 

the concentrations of silver and chloride in the standard 

solutions is shown in Pig* 2, The dotted lines indicate the 
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“theoretical" relative turbidities* 

The marked decrease in the proportionality factors with 

decreasing concentration shown in the above table is particu¬ 

larly noteworthy, because it indicates the unreliability of 

intercomparison analyses for solutions having very different 

concentrations, a fact which may have serious consequences 

in the "standard solution" method of determining the endpoint* 

The fact that the rate of decrease of Kg is greater than that 

of Ki is the most probable explanation of why the equal-opales 

cence ratio increases above unity as the concentration of sil¬ 

ver and chloride in the test solutions is decreased (Table II) 

An interpretation of the observed changes in Ki and K2 

is suggested by a consideration of the relationship between 

turbidity and concentration (p. 14 et seq»). That both fac¬ 

tors should decrease is understandable in view of the change 

in degree of supersaturation, That Kg should decrease more 

than K*p is probably due to the greater solubility of silver 

chloride in excess chloride than in excess silver. At the 

higher concentrations, the total amount of silver chloride 

precipitated by the two reagents would be large enough to 

make the difference between them inappreciable, but at low 

concentrations this difference would become noticeable, and 

the "excess Cl" suspension, having less silver chloride in 
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suspension because of the greater solubility, would he less 

turbid than the "excess Ag". 

The results of the two tests of the endpoint show defi¬ 

nitely that at 0°, the condition of equal-opalescence is not 

valid, but instead, the endpoint is one of unequal opalescence 

indicating (according to the convention) an excess of chloride 

over silver. The apparent excess of chloride is due not to 

any adsorption of silver by the precipitated silver chloride, 

but comes about as the result of the failure of the postulate 

that turbidity is proportional to the concentration of the 

ion precipitated when the concentration is very much reduced. 

This postulate fails to hold for very dilute solutions pre¬ 

sumably because silver chloride is more soluble in excess 

chloride than i,n excess silver. 

Solutions of Silver Chloride in Pure Water. Prom the 

results of the experiments described above it may be predicted 

that solutions of silver chloride containing the equivalent 

of 1.0 mg, of silver per liter will have an equal-opalescence 

ratio of about 1,20, Since saturated solutions of silver 

chloride in pure water at room temperature contain approxi¬ 

mately this concentration of silver and chloride ion, they 

should give equal-opalescence ratios of about 1.20, indica¬ 

ting an apparent excess of chloride. This prediction is 

borne out by the data obtained from the following experiment. 
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Three saturated solutions of silver chloride containing no 

added compound were prepared. After occasional shaking to 

hasten the solution of the solid salt* the solutions were 

allowed to stand without agitation for a month before the 

tests were made. Three determinations of the equal-opales¬ 

cence ratio were made for each solution, and the following 

values were obtained: 

Test No. Soln* 1 Soln, 2 Soln. 3 

1 1.22 1.26 1.18 }'H\ 

2 1,18 1.26 1.18 f, 5 (> 

3 1.16 1.24 1.16 / f 6 0 

Mean 1.19 1,25 1.17 

These values for the equal-opalescence ratios bear out 

the prediction made on the basis of the standard solution 

tests and are in qualitative agreement with the findings of 

Johnson®*2®, His explanation of the apparent excess of 

chloride as being due to a retention of silver by the preci¬ 

pitate can hardly be correct in view of the results of the 

previous experiments showing-that such an apparent excess of 

chloride is unconnected with the presence of precipitated 

silver chloride. 

The Effect of Suspended Silver Chloride. The mean value 

of the equal-opalescence ratio of saturated solutions of sil¬ 

ver chloride at room temperature is approximately 1.00, 
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Individual measurements of this ratio may* however* deviate 

from the mean by a considerable amount . A general idea of 

the range of the individual measurements may be obtained from 

the following series of determinations* which is typical of 

several made in the present study. 

Days 0.16 M HNG* 
Soln, A Soln. B 

1 1,08 0.93 

2 1.02 1*02 

7 1.07 0.98 

14 1.00 
1.02 

16 0.92 
0.92 

17 1.00 
1.00 

The simplest way of accounting for these variations is 

to charge them to poor reproducibility of the nephelometric 

suspensions, but this scarcely seems correct in view of the 

concordance obtained for the individual measurements of the 

three pairs shown above, and of the.other evidence showing 

that the “uniform" method of preparing the suspensions 
*1 Q 

satisfies the requirements for reproducibility . For these 

reasons it appears that the variations represent changes in 

the solutions themselves* rather than vagaries of the nephelo- 
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metric suspensions. A consideration of the various estimates 

of the sensitivity of the endpoint (page 29) shows the impor¬ 

tance of understanding the cause of these changes, for they 

may represent concentration changes of 0.1-0.57 mg* of silver 

per liter in an actual analysis. 

A possible cause, hitherto unrecognized, of variations 

of this sort is the presence of suspended particles of silver 

chloride in the saturated solutions2^. The amount of suspended 

material would depend, to some extent, on the variations in 

room temperature. Thus, a drop in room temperature would 

cause a small amount of silver chloride in solution to be 

precipitated, due to the decreased solubility at the lower 

temperature, and this precipitate would probably be so finely 

divided that it would remain suspended in the solution for 

some time. The presence of these suspended particles in a 

saturated solution might easily cause an alteration in the 

nephelometric ratio of the solution by affecting the mechanism 

of formation and the particle size of the nephelometric sus¬ 

pensions prepared from it. A large number of experiments 

were performed to test this possibility. Although the results 

obtained are hardly conclusive, they are at least suggestive 

enough to merit a brief summary. 

In one experiment six saturated solutions of silver 
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chloride, three in 0.15 M HNO3 and three in water only, were 

warmed on an electric hot plate for an hour to about 70°, 

then allowed to cool at room temperature without agitation. 

After an hour of cooling, they were tested for the presence 

of suspended particles by means of a strong beam of non- 

actinic light. All solutions gave a pronounced Tyndall cone. 

The equal-opalescence ratio of the solutions was measured 

over a period of several days and the following results were 

obtained. 

Time after Pure Water 
heating Soln, 1 Soln. 2 i Soln, 3 

1 hr. 1.18 1.03 1.06 

1 day 1.12 1.03 1.26 

2 days 1.00 1.30 1.42 

4 days 1.07 1.36 - 

13 days ta§ mm 1,03 

0.16 M HNOs 

Before heating 1.01 1.00 0.93 

1 hr. 0.90 1.05 1.00 

1 day 0.95 1,08 0.81 

2 days 0.98 1.08 0.92 

5 days 0.95 1.15 1.00 

20 days 1.00 m 1.02 

In another series of experiments, solutions containing 
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suspended silver chloride were prepared hy mixing equivalent 

amounts of silver nitrate and sodium chloride solutions such 

that the resulting solution contained a concentration of sil¬ 

ver chloride equivalent to 4.0 mg. of silver per liter, a 

concentration greater than the saturation value ( about 2.2 

in dilute nitric acid and 1.0 in water). In one series of 

experiments, no nitric acid was present; in another, the 

solutions contained 0.16 mols per liter. All preparations 

gave Tyndall cones an hour after preparation. The equal- 

opalescence ratio of these sols was measured an hour after 

preparation, and for several days thereafter. The results 

of these measurements may he summarized as follows? 

Series I, no acids Of ten solutions prepared, five 

gave a mean ratio of 1.08 one hour after preparation and the 

other five a mean of 1,35. The mean of all subsequent meas¬ 

urements on the first five was 1.35; on the second five, 1.45. 

Series II, 0.16 H HNO3: Of five solutions prepared, the 

mean of all measurements was 1.03 and no time effect was 

noticed. 

An attempt was made to determine the effect of the pre¬ 

sence of suspended particles by means of centrifuging. In 

these experiments the equal-opalescence ratio of samples of 

the solution tested was compared with that of another sample 
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which Mad "been centrifuged for an hour. Solutions contain¬ 

ing 0.16 M HNOg showed no change, hut those containing no 

acid showed that centrifuging caused an increase in the 

ratio. Perhaps the most interesting example of the latter 

type are the following solutions? 

Sample Soln. 1 Soln. 2 Soln. 3 

Uncentrifuged 1.16 1.07 1.10 

Centrifuged 1,22 1.24 1.45 

The ratios of the first two centrifuged samples are about the 

same as those which were obtained for saturated solutions 

which had been standing without agitation for a month (page 37). 

The results of these experiments along with those of 

Johnson on the effect of shaking10 indicate that the presence 

of suspended particles may cause a change in the equal-opales¬ 

cence ratio of solutions of silver chloride, particularly 

when no nitric acid is present. Further investigation of 

this effect, especially in connection with the "drift in the 

endpoint" so often mentioned in atomic-weight papers, seems 

desirable, for it is possible that the "drift" does not repre¬ 

sent a real change in the amounts of silver and chloride ions 

in solution, but is due, instead, to changes in the amount 

of suspended silver chloride in the analytical solutions. 

Experiments now in progress seem to indicate that such is the 

case 
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SUMMARY 

A summary of possible sources of error in atomic-weight 

titrations has been made, with particular emphasis on those 

in connection with the determination of the endpoint by the 

equal-opalescence method* The principal point considered 

was the relation between the turbidity of the nephelometric 

test suspensions and the concentration of silver and halide 

ions in the solution tested* A number of factors which in¬ 

fluence this relation were discussed, including one not here¬ 

tofore recognized,—namely, the presence of colloidal parti¬ 

cles in the solution. 

A further test of the reproducibility of suspensions 

prepared by the "uniform” method of Scott and Hurley was 

made, and the results indicate that this method satisfies 

the requirements for reproducibility in atomic weight work. 

A direct test of the equal-opalescence endpoint at 0° 

was made and results in agreement with those of Johnson 

were obtained. 

By using standard solutions containing equivalent 

amounts of silver and chloride ions, a new test of the equal- 

opalescence endpoint was made over a range of concentrations. 

The results of this test show that the equal-opalescence end¬ 

point is not valid for atomic-weight determinations in which 

the analytical solutions are cooled in ice. Further measure- 
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meats in connection with this test suggest an explanation for 

the failure of the equal-opalescence endpoint at low tempera¬ 

tures. 

The equal-opalescence ratio of saturated solutions of 

silver chloride in pure water at room temperature was measured, 

and was found to he in agreement with the results of the 

standard-solution test. It-was shown that, on this basis, 

the high ratios obtained are probably not connected with the 

adsorption of silver or with the formation of complexes. 

Preliminary experiments on the effect of suspended par¬ 

ticles of silver chloride on the equal-opalescence ratio were 

summarized, and although no conclusive statement can be made 

regarding this effect, the results indicate that changes may 

occur due to the presence of colloidal particles, especially 

. when no nitric acid is present. 

The writer is indebted to Dr, Arthur P. Scott for his 

advice and helpful suggestions regarding the problems which 

arose during the course of this work. 
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