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INVESTIGATION OF BASE EXCHANGE EQUILIBRIA

I. INTRODUCTION

The phenomenon of base or cation exchange has been known
since 1850, when Way (1) observed that when'a salt solution
is passed through soil, a pbrtion of the cations remeins in
the soil, while other:cations, originally in the soil, appear
in the solution. A few years later, Eichorn (2) showed that
under these conditions the cations are mutually exchangeable.

These two discoveries resulted in numerous subseguent
researches involving a large number of naturally occurring
substances. Decaying organic matter, for instance, was
found to exhibit ion exchange properties (3)(4) to a marked
degree. Further, it was found that the ion exchange capac~
ities of these substances can be increased by treatment with
sulfuric acid or other oxidizing agents (5)(6){(7). Sulfon-
ated coal, one of the best of these materials, 1s still being
used to soften ﬁater (8), although it has been largely super-
seded for this purpose by more efficlent synthetic materials.

Naturally occurring zeolites, as well as humus substances,
were found to possess the capacity for lon exchange, and this
property was soon applied in a process for the softening of
water. Since these minerals are nearly 1nsolub1e; hard water .
can be softened by passing it through a ﬁed of zeolite which
has previously been treated with a sodium salt fo convert it
to its sodium form; by this means, sodium ions are exchanged

for the calcium and magnesium ions contained in the hard
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water, and water is obtained which no longer exhibits the
property known as hardness.

411 of this early work was based upon naturally occur-
ring organic and inorganic substances of ill-defined .chemical
constitution. The first’truly synthetic organic ion exchange
materials were the resins synthesized in 1935 by Adems end
'Holmes (9)(10). They discovered that when a polyhydric
phenol is condensed with formaldehyde in a basic solution
of sodium sulfite, an insoluble polymer with cation exchenge,
properties-is’formed. Similarly, they found that if amino
groups are present on one of the components of the polymer,
the latter substance exhibits anion exchange properties.

In the first<synthetic cation exchanger, the active
center at which the exchange took place was found to be the
phenolate group. Numerous other active centers have sigce
been employed in exchangers; among these are the Rsoz‘,
RCHgsoz;,land RCOO™ groups. One or several of these active
groups may be incorporated into the polymer to yleld a
product mtailor-made" for aﬁy particular purpose.

The objeet of the present research project was to
attempt to determine the léws which govern cation exchange
on synthetic resins: containing the RSOz group. Considerable
research has already been done in this field, and several
types of correlation between the concentration of ions in
solution and the composition of the solid phase have been
proposed and tested. Austerweil (11) suggested an analogy

t0 the distribution extraction of the cations between the



two immiscible phases, water and the solid resin. More
commonly, adsorption isotherms (12)(13)(14)(15) and the Mass
Action Law (8)(14)(16)(17)(18){19)(20)(21) have been applied.

Inasmuch as Boyd and his coworkers (14)-have derived
both a Langmuir adsorption isotherm and a lMass Action equa-
tion and in the case of cation exchange on synthetic ex-
changers have claimed formal equivalence of the two, and
since the present author is of thg opinian that an appropri-
ate equation based upon the Law of Mass Action can be applied
with a considerable degree of success, only the Mass Action
approach to the problem will be considered in this disser-
tation,

ficcordingly, let it be assumed that the ion exchange
process is a simple metathetical reaction in a heterogeneous
system composed of two phases, solution and solid exchanger,
and that at equllibrium the Law of Mass Action applies. For
an exchange reaction involving two monovalent cations, AT
and B¥, the following equation may be written:

A+

4+ BRes 4= ARes + BY

where Res denotes the insoluble anionic portion of the solid
resin phase. The thermodynamic equilibrium constant, XKg,
for this reaction is expressed by the squation.

- (BY)(ARes)
Kg = (A*+)(BRes

where (BY) and (A") are the respective activities of the two
ions in the solution, and (ARes) and (BRes) are the activities

of the two componenﬁs in the solid pﬁase. If the above



assumptions are valid, a variety of compdsitioﬁs of the
system-shduld'iead to = constant value of K, when the appro-
priate vélues*for*the=severa1-activities:are substituted in
this equation.

Before the equation may be applied to experimental data,
further consideration of the activity quantities is necessary.
The activityfofieach‘offthe two ions in solution may be de-
fined ms the product of its concentration (experimentally
determinable) and 1ts ionic activity coefficient, The ionic
aétivity coefficient, in turn; may be related, by means of a
familiar cOnvention, to the mean activity coefficient of the
electrolyte in solution. Thus if the hypothetical activity
coefficient of the two cations € and G'* are represented by
Yo+ and ié”';l respectively, and thatﬁéfithe common anion, A"
byJ/A- ) then since I :m and }g'a =/ Yo'+ Fa- s the
ratio )i+ , is, in terms of experimentally determinable

FoFE [y \e g |
quanti@ggs, _Zig%f), Sich mean aectivity coefficients have
usually been &Eigfgined’for”pnré‘éqﬁaéus solutions; the
values required, however, are those for mixed electrolyte
solutions, which values are rarely evailable‘in the litera-
ture. This'diffioulty may be avoided'by-the assumption
first made by G. N. Lewis {az) that in any dilute solution of
a mixture of strong eiéétrdlytes of the same valence type,
the activity coefficient of each electrolyte depends solely

upon the total 1onic:strength of the solution.
The problem of the evaluation of the activities of the

two components of the solid phase is much more diffioult,



and, in fact, has not been satisfactorily solved. If the re-
action A + BRes % B + ARes were analogous t0 a chemi-
cal reaction in which BRes and ARes are independent solid
phases, their activities could be taken es constant and

equel to0 unity. As reported by Kerr (23), and confirmed by
Vanselow (18), this aSsumptioﬁ is experimentally valid. As
pointed out by Vanselow, inasmuch as the exchanging.cations
freely substitute for one another throughoﬁt the solld phase,
it would be more appropriste to consider that the two com-
ponents of the solid phase are completely misciblé; that is,
that they form a solid solution. Further justification for
this hypothesis is to be found in the fact that X-ray diffrac-
tion measurements on the solid phase (14) reveal a completely
random arrangement of the exchanging cations. If the ions

in the solid solution are botﬁ singly charged snd of approx-
imately the same slze, the solid solution may be considered
to be 1dea1, and the activities of the two components of the
solid phase may accordingly be set equal to their respective
mol fraotions.‘

The expression for the equilibrium constant now becomes

*
£ = (B") Xppes . (B”) nypes
13 F
8 (A7) Xgpeg (A7) nppeg

where XARes and X -are mol fractions of the two components

BRes

of the solid phase and D res and nBRes are the number of

moles of A and B 4in the solid phase.
In cases where the exchanging cations differ widely in

size or are of different valences, the solid solution may no



longer be expected to behave as*an.ideal'solution. The devi-
ation from iaeallty may be detected by the non-linearity of
a plot of log {-:T vs. log: (ﬁigzz . In this case somewhat
more elaborate methods must be employed to estimate the
activity coefficients of the solid phase. Kielland (24)
has proposed an empirical method for evaluating the activity
coefficiénts.of the two components of the solid phase. This
method is in harmony with the Duhem-Margules relation which
stateS‘

X8lndy + Xdlnk, =0
where is the activity coefficient and is defined as the
activity divided by the.mdle fractiod} i. e.,

I -
= X

2
Let log ),AROS 'C?IBRGS

- 2
and log yéRes = chRes

where-c.ié a constant for any particular system and may assume
either plus or minus values, but more commonly varies between

0 and 1. Returning to the original expression of the equi-

librium constant X, = {B*}%ARes;
: ' AT){BRes

we may write

log K, = log (BY)(iRes) = log (BN Xspes ViRes
(47 ) (BRes) 5 %pp0s YRes

log (BM)X;pes YhRes = 198 (B')Xjpes 108 )jpes =

(A7) XBRes ¥BRes ATl Appes Y BRes

log (Bt )XARes +108 )ﬁﬁes" log )_?BRes *
(4 )hBRes :



Substituting from the Kielland formulation, we have
(shHx 2 -2 ,
log (B")Xjpes - CXBRes - CXARes log Ka
18" gpes

log Ky = 1og (B )Xppes + C (XERes = XiRes) *

ATl XpRes
Let log (Ii%*')}g,m'es = log Kb, ‘then from the above equation
AT ) XpRes
log K = log K, - G(xZ g‘xiﬂes).
Thus it may be seen that, if the empirical hypothesis is
correct, log Kc'; must be a linear function of (Xgneé XﬁReé)

with a slope equal to C, and log IKC = log K when Xgpoe =

Xines® The values of log Kc may be plotted against the

corresponding values of (:{%Res - Xﬁ ), and the constant C

Res
mey then be obtained from the slope of the resulting straight
line. With this value of C, the activity coefficients of

the components in the solid phase may then be obtained from

the equations

- 2
108 ¥hpes ~ CXBRes
and 108 YhRes = CxiRes .

Krishnomoorthy, Davis end Overstreet (25) have recently
adopted a method first suggested by Fowlerand Guggenheim (26)
to arrive &t an expressionvfor tﬁé equilibrium constant for
an exchange reaction. In this method, the activities of the
solid components are related to the numbers of mols by equa-
tions which can be derived from relatively simple statistical
mechanies. The derivation need not be given‘here'but the

final result is presented in the following form. For any



system containing the 16nio~species A, B, C, D, ¢sesy the
equilibrium for the exchenge reaction of any pair, for ex-

ample A end B, is given by the expression:

A) 72 ry-r, , {B)T1
Kipp) = TOTT @b + agB+ 950 +.0)™1772 (3973

where T3, ra,-rg;jglf. are the valences of ions A, B, C;, eeee}
‘the terms in brackéﬁé are the number of moles in the solid
phase; the terms in parentheSié are the activities of the
«ibns in solution, and

-Eln_i_i ..
Qn = S

For a univalent-univalent exchange, this equation reduces to

(A A) (B*
Ko+ * 76 +° {5 'g“ﬁ"%ﬂ‘}

which is exactly equivalent to the equation f;ist derived
for a simple ekchange whe:e_the solid phase might be con~

sidered to bs an ideal soiution. However, for the divalent-

L]

univalent exchange of A *+and B*, where
rl = 2;}r2 =1

and .
1+ 1

2 + 1
s ag=" 3 =1

q1: 2 =

wlea

we have

K(ar*,B%) '&13 (s/24 + B) {'IT“LT 'L%TCM{T‘%

Hence it is evident that for other than univalent-univalent
exchanges, this expression is no longer equivalent to the

simple mass action equation.

Krishnamoorthy and Overstreet have tested the relation

experimentally on an exchange involving lanthanum, cesium,



and hydrogen ions with Amberlite IR 100 as the synthetic
exchanger. Their results, treated in the manner Jjust
described, yieid an average value of K(La.‘f cst) of 367,
with an average deviation of -14 or 3.8%, which is some~
what lower than average deviations of 5.£e.10% reported
elsewhere. Additional merit must be eccorded the expression
of Krishnahoorthy, Davis, and Overstreet when it is con-
sidered that the experimental test involved ions of widely
different valeﬁces; as well as the effect of the presence of
a thira ion in the exchanging solutien.

Reasons for the limited success of theaapplication of
the Law of lMass Action to cation exchange reactions have been
iﬁdieated by Boyd (14). Among these reasons, he suggests
that the equations written to represent the exchange reaction
may not necessarily be stoiehiometricelly correct, either
because the cations may be subjeeﬁ'to‘partial hydrolysis,
giving rise to the adsorption of partially hydrolyzed frag-
ments with reduced positive charge, or because the electro-
lyte may be incompletely dissociated, in which case not only
would the caloulated ion concentrations be erroneous, but
additional errors would result from adsorption of the inter-
mediate ions. TFurther, it has frequently been assumed that
the synthetic exchaenger contains active centers of only one
species., If the exchanger were polybasie, the adsorptive

capacity would be dependent upon the pH of the equilibrium
mixture, since the several varieties of exchange centers would
be expected to become active progressively, accordiné to the
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strength of the acid«grouping.ifnecentqdevélopments,1n the
synthesis of organic exchangers, however, have.resulted in
resins. whioh contain only onse: structurally bound anionic.
grouping, so that the adsorptive capacity is independent bf
the pH at which the exchange reaction%is carried out.~ At
the same‘time, the acid strength of the.actife centers now
employed is sufficiently high so that exchanges may be
carried out at low pH values, at which the hydrolysis of
the cations in the solution is negligible.

Undoubtedly an error of considerable magnitude is intro-
duced by'the assumption of the=valid1ty of the ionic~strength
principle in the less dlilute solutions (those in which the
ionic strength is greater: than 0 1) used by most investigators.
If this principle is employed, it must be regarﬂed,only as
one which approaches validity only as the solution approaches’
infinite dilution.

From the experimental stendpoint; the most serious
error lies in the evaluation of the composition of the solid
phase. Of necessity, the composition of the solid has in-
variably been calculated from changes in the concent?ations
of the ions in the solution before and after exchange, for
direct analysis of the solid phase is rendered impossible by
the foiioWihg_oircumstanoea In order that such an analysis
might be carried out, it would be necessary first to wash the
adhering equilibrium solution from the resin. During the
washing, the ionic strength of the solution surrounding the
solid phase would constantly be changing. But the equilibrium
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constant has been found to vary with the ionic strength of
the solution., For example, Bauman and Eichorn (19), in
studying the ammonium-~hydrogen exchange upon Dowei-so, found
the following relation between the ionic.stréngth and the
equilibrium constant

S K
0,01 1.20
0.1 1.20
1.0 1.15
2.0 0.83
4.0 0.51

Thus during the washing the equilibrium would be shifted in
accord with the change in the equilibrium constant. Hence
any enalysis of the solid phase would not yleld the concen-
trations prevailing at equilibrium. When the calculation of
the composition of the solid phase at equilibrium is dependent
upon small differences in the concentrations of ions in the
solution, the results ere lnevitably subject to considsrable

exrror.
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IX. ' 'SODIUM-HYDROGEN EXCHANGE ON DOWEX-30

The first exohanger selected for investlgation was
Dowex»BO a sulfonate-type resin manufaotured by tne Dow

Chemical Bompany. Its approximate structure haa been given

as g (27) It may be seen from this fprmula that there

SOBH _X
are'hwo‘funotiOnal groups present on'thé‘unit structuré, but
these two acid groups are of widely different strength, the
phenol group- beooming active only in alkaline solutions. Thé
substance as received, is a moist mlxturg of sodium end hydrg-
gen resins, possibly containing traces bf other cations. The
particles are ofiirreguiar shape, but auffiqiéntly uniform
in size aopthat‘no>aqvantage is to be gaine& by a preliminary
screeding.

The first exchange system 0 be studied was the sodium-
hydrogen exchange. Pure hydrogen reéin was prepared by
placing the resin, as received, in a glass column 5 cm. in
diameter, and 70 cm. long. Constant boiling hydrochloric
acid was then refluxed through the column until the effluent
was free of sodium ion, as indicated by a flame test. The
resin was then removed from the column and washed until free
of chloride ion, after which it was alr dried for a day, then
oven dried at 110° C., and stored et this temperature until
used. The equivalent weight of the resin was first deter-
mined by maintaining a weighed quantity in contact with a

large excess of saturated sodium chloride solution until no
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further exchange took place. The 11b§ratéd hydrogen ion was
then titrated with a standard alkali solution. The time re-
quired to liberate all the replaceable hydrogen ions was in-
conveniently long (4 to 5 days); consequently a more rapid
method was desiréble. If the only sulfur contained in the
resin is in the active sulfonate group, an anaiysia for sul-
fur should yield the same value of the equivalent welght as
did the titration of the liberated hydrogen ion. For the
sulfur analysis, the resin was'decomposed by evaporation with
a mixture of concentrated nitrié and perchloric aclds. The
sulfate ion was precipitated as barium’sulfate, which was
filtered off, ignited, and weighed. This determination gave
a value of 295 for the equivalent weight'of the resinate ion,
as compéred to 297 from the hydrogen titration method. It
was assumed that this diffgrenoe was sufficiently small to
warrant the use of the sulfur analysis for the subsequent
determinations of the equivalent weight of hydrogen resin.
Pure sodium resin was prepared from pure hydrogen resin
by placing it in contact with a very large excess of satur-
ated sodium chloride solution. Sodium hydroxide was then
added to the solution until the pH of the mixture was approxi-
mately that of a saturated sodium chloride solution. As in
the determination of the equivalent weight of the hydrogen
resin, this conversion was extremely slow in the latter stages,:
agaln requiring 4 to 5 days. The sodium resin was washed
and dried in the same manner as the hydrogen resin. For the

determination of the equivalent weight, the decomposition of
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~the7resin'waé:accbmplished as before with nitric and per-
ohloric acids. Two ml. of concentrated sulfuric acid was
added to the rGSi&ue, and the whole evaporated to dryness.
Thevsampies were then ignited anﬂ~weighed as sodium sulfate.
The equivalentwﬁéight of the resinate ion by this method was
fdhnd to be 298, which is in close agreémeht with the values
obtained from the hydrogen and sulfur determinations..

All equilibrium studies in this investigation were
carried out batchwise. Welighed quantities of resin were
plaoed;in glaSS'stobpered'Erlenmeyer flasks in contact with
100 ml. of aqueous solutions of compounds of the two ex~
changing catibns with a common anion in yarioﬁs proportions,
the total ionic strength of each'solution‘being unity. These
reaction flasks were shaken in a 25° C. thermostatically con-
trplled Wgtér bath for a period never less thgh two hours,
in order to'insure sufficient time for equilibrium to be
reached. Aliquot portions of the equilibrium effluent were
then removed and gnalyzed for the two exchanging catiogs.
All pipets used were calibrated in the usuel manner, water
being used as the calibration liquid.

‘The 100 ml. exchapge solutions were prepared-by'one of
the two following methods: a) For univalent-univalent ex-
changes, 1 N stpck solutions o: the two exchanging cations
were prepared and analyzed. The 100 ml. exchange solutions
were then made up from aliquot portions of these stock solu-

tions. b) For divalent-univalent exchanges, and for cases 1in

which a coptraotion in volume upon mixing was observed, each
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of the exdhgngé solutions wés prepared individually, and was
analyzed prior to the exchange reaction.

'The hydrogen ion concentrations were determined’by'tltra-
tion with standard sodium hydroxide solution; sodium ion was
determined by welighling as sodium sulfate after evapbration
with sulfuric aoiﬁ,‘and ignition to 750° C. to insure com~
plete removal of the excess sulfuric acid.

If simple exchange is the only reaction involved, solu-
tions placed in contactﬂwith the hydrogen form of the resin
should undergo a decrease in sodium ion content exactly. equiv-
alent to the gain in hydrogen ion. Likéwise, in experiments
with the sodium form of the resin, the loss in hydrogen lon .
from the solution should be equivalent to the galn in sodium:
ion. However, the large deviations from equivalent exchange
that were observed clearly'indioated.that'some reaction
other than simple exchange was ihvolved in these preliminary
exchange studies.

As an explanation of these resul ts, adsorption of hydro-
gen chloride by the hydrogen resin and of sodium chloride by
the sodium resih was quickly descarded because of the magni-
tude of the deviations from equivalent exchange. Further,
chloride determinations before and after exchange revealed
no change in the chloride ion concentration, such as would
be the result if physical adsorption on the solid resin were

occurring.
A search for the anion accompanying the excess cation
revealed the presence of sulfate ion.” Quantitetive determin-



)G

ations showed that at equilibrium an emount of sulfate . ion
was present whiéh corresponded. to the difference between the
sodium ion gained and the hydrogen ion lost on the one hand,
and between the hydrogen ion gained and the sodium ion lost,
on the other.. A portion of the resin was then treated with
pure waterﬁg.Analyaisrof the resulting solution showed that
at equilibrium the sodium resin yielded appreciable and
equivalent quagtiﬁiesnof sodium and sulfate ions, while the
hydrogen resin yielded appreciable and equivalent quantities
of hydrogen and sulfate lons. Furthermq:e,}these amounts
were comparable with the previously observed deviations from
equivalent exchange that had been observed.

It was thought that the maintenance of the resin at
110° ¢. for a period of two-@pnths during storage may have
caused partisl decomposition of the sulfonate group in such
a manner as to yleld sulfate ion upon contact with water.
It»was]theretore decidgd to prepare some fresh samples of
resins_byfthe usual method,.bup to dry them in a vacuum
desiccator with either phosphorus pentoxide or "Drierite"
as the desiccant, instead of at an elevated temperature.
After drying for an arbitrary period of time, the resins
were stored in a gealed container.

From the resinsg which had been prepared in this menner,
a series of aamples-were brought in contact with aqueous solu-
tions of sodium chloride and hydrogen chloride of lonic
strength equal to unity,_and allowed to come to equilibrium.

Portions of the effluent were removed and analyzed'for sod ium



and hydrogen ions as before.

Table I contains the data for the exchange study on
‘hydrogen resin, while Table II contains the dat for the
sodium resin_exchaﬁge. In these and all subsequent tables,
(except Tables IV,.V, Vi, VII, VIII and X in which the order
was inadvertently reversed) the first of the two columns
headed A , is the inorease (number of moles) in the solution
of the catlon originally present on t he resin, while the
second column marked'ASOOmtains the decrease (number of moles)
in the solution of cation entering the resin. The column
head d4i§a—£%%§~ is the difference between the two observed

changes in concentrations divided by the number of equiva-

lents of resin originally presenmt..

AH ~ANa
(=1s I8 reS.
gein in hydrogen ion always exceeds the loss in sodium jon

Exemination of the values of shows that the
from the solution. This fact Indicates that even unheated
hydrogen resin is unstable in aqueous solutions, undergoing
partial hydrolysis of the sulfonate group similar to that en-
countered with the heated resin; the magnitude of the differ-
ence between the gein in hydrogen ion and the loss in sodium
ion, however, is appreciably smaller thuon in the case of the
heated resin. This deviation from equivalent exchange, sinoce
it seems to result from a hydrolysis reasction of some sort,
will be referred to hereafter as the hydrolytic effect.
Since, on the other hand, the corresponding quantities
HNe -AH  31isted in Table II are all negigibly small, and

ed. res,
since they assune both negative and positive values, it may

be concluded that they are attributable entirely to



Dowex-30 Table I HRes + NaCl + HCl
No, Original Weight of | Xquivalents + in+ (AH=- ANa 4
Solution Resin of Resin AH 4Na ege. res. NNaRes | ¥ec Ka
1. | Na¥=0.1953M .
Ht =047377M 5.0879 0.0l271 0.00336 0500203 0.104 0.180 | 0.91 | 1.37
2. | Na*=0,2923 v ‘
Ht -0.6473 4,3913 0.01098 0.003501{0,00243 0.097 0.245 | 0.82} 1.23
3. | Nat=0,3845 ; R
Xt -0,5596 4,5823 0.01148 0.00422;0,00343 0.069 0,320 | 0,86} 1.29
4. Na+t+-0,4846 . ‘
HY -0.4638 4,6683 0.01165 0.00509;0,00417 0.079 0.390 | 0,79 ] 1.19
5. | Na+=0.5780
HY =0.,3742 33,7668 0,00942 0.0Q%SO 0.00425 0,069 0.480 | 0,741 1.11
6. | Na+=0,6848 , _\ . .
H* =0.,2730 4,8149 0,01202 0.00715 0.00650 0,071 0.560 | 0.,72}) 1,08
7. | Na*=0.7755 '
n+ =0,1846 3.9473 0,00985 0.00643| 0,00590 0,054 0.630 | 0,60} 0,90
8e Pure
Viater 444806 0.01121 0.00029| ~~wee—- 0.014 | =-==- ————| ————-




Dowex =30 Table II . NaRes & HCL .y NaCl
No. Original Weight of | kquivalents| aNat*t AHT | ANa- AH Nyares| ~Ke | Kg
Solution Resin of Resin eq. res ‘
1, | HY 0,737 _
Na*=0,1953M 4,6430 0.00938 0.00668 | 0.00654 | 0.015 0.28 1.07]|1.61
2. | H* =0.6476 ' .
Nat-0.2923 4,5448 0.00918 0.00588 | 0.00571 { 0.019 0.37 0.98]1.47
3. H+ =0' 5594 o . . ) :
Nat-0,3845 4,3007 0.00868 0,00494 | 0,00493 | 0,001 0.43 0.,90|1.35
4, | HY -0.4638 o .
Nat-0.4846 4,69%1 0.,00947 0.00462 | 0.00456 | 0,006 0.53 0.84{1.26
5¢ | H¥Y =0,3742 ;
Na*-0,5780 5.2670 0.,01063 0.00420 { 0.00429 | -0.009 0.60 0.81[1.21
6o m* =002'250 ) ) v
Na*-0, 6848 545727 0.0112% 0.00336 | 0,00337 | -0,001 0.61 0.78|1.17
7e¢ H* =0.],;:846 . ‘ )
Na+-0.7755 4,8506 0.00980 .0.00249 | 0,00233 | 0.016 0.75 | 0.62/0.93
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experiméntal error, rather'than.tO'any'hydrolysis of the sul-
fonate group.

All“véluestf K shown in Tables I and II are for the
reaction

HRes + Na' &= “NaRes + H”;

K‘-;Y(H+)(N5Res;“
c HNa*)(HRes

where (E*) and (Na*) are the concentrations of the ions in

that is s

the Water‘phaae'and’(ﬁaﬁeé) and HRes) are the mol fractions
of the two components in the solid phase which are, of course,
proportional to the numbers of mols of the components. In
the'caSe'of the sodium resin study, where no hydrolytic.
efféct was. observed, the composition of the resig at-équi-
librium was established from the mean of the changes in con-
centration of sodium ion and hydrogen ion occurring in the
exbhangé-ﬁrpéess, In the hydrogen resin study, (H') is the
hydrogen ion cbncentration as determined by titration of a
portion of tpe-equilibriumteffluent; (Na*) is the sodium ion
conceﬁtration as determined by sodium analysis on the equi-
librium effluent. (NaRes) is equal to the number of equiv-
alents of sodium ion lost from the solution}' (HRes) is eéual.
to the number of equivalents of hydrogen resin originally
present, minus the quantity (A HY - ANa‘'), minus the number
of equivalents of sodium ion lost from the solution, or more
simply, the number of equivélents of hydrogen resin origin-
aliy present minus the increase in hydrogen ion concentration
in the solution. In using this method of establishing the
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composition of the solid phase in the hydrogen resin study,
it is assumed that a portion of the resin equivalent to the
excess gain in hydrogen ion over thef;oss in sodium ion,

has been rendered inactive toward éxéﬁange.‘ Values of Kg
are derived by multiplying the K, value by the ratio of the
aquares of the mean activity coefficients oflhydrogén chlor-

ide and sodium chloride at unit lonic strength; i. e.,

Kq = Kg o [-;3”?—("&—-
Vinaty

When values of the equilibrium quotient from Tables I
and II are plotted against the corresponding mol fractions,
the curves of Figure 1 are obpained¢

It will be notlced that:theavalueé of Kg increase with
increasing proportion of hydrogeh resin in the solid phase.
In order to use the Mass Action expression for Kg, two
assumptions were made. The first waa that the "ionle
‘strength" principle was valid in solutions of unit ionic
strength; secondly, in the absence of any method of evalu-
atingﬁactivity,coefficients'in the solid;phagé; this §ha§§
was assumed to be an ideal solid‘solutibn of hydrogen resin
and sodium resin, the activity of each of which was taken as
equal to}its:respective*mol_rraction; If is believed that
in this second assumption liés‘tpe,;argest.aourde of devie
ation from constancy of the values of Kg.

Juda (21), in making a similar investigation of several

carbonaceous exchangers,,noted that when the hydrogen form of

Dowex-30 was brought in contact with water, an appreciable
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amount of hydrbgen ion from the resin appeéred in the water
phase. A correction term was therefore introduced by him

into the Maéa.éétibn'eXpression. to tékefaccoqnt of excess
cation coming from the solld phase‘vfls~ﬁaé the case in the
present investigation, he did not obSérvg this same hydrolysis
when the sodium form was employed as thé initia1 exchanger.
Sodium resin was considered by him to be entirely stable in
aqueous solutions, so that no correction term in the Mass
Action equation was necessary.

The work of Juda is not exactly comparable to the
present investigation, in that solutions of ionic strength
varying from 0.001 to more than 1 were employed by him, while
the present gtudy was confined to solutions of unit ioniec

strength. His results are tabulated in Table III,



Table III

A B
i a WH lNa Xe | Xu/Na Kgi/Na _Fer | VH "Na ¢
1 1,16 0,080 104,.,9 Q.70 1.03 1.07 1.25 104.9 0.167 1.97
2 | 4,08 « 339 104,.9 2461 | 0.98 - 1.28 2.83 104.9 .278 6,04
3.] 9.19 .879 | 104.8 | 6.35| 1.12 1.00 | 6.18 | 104.8 .896 9.34
4.015.84 | .73l | 105.0 | 7.93 | 1.01 . -
S5¢ [49,0 2. 50 | 102.1 26024 | 1,03 -
6. | 1033 | 4,01 964,85 | 4846 0695 { 1.50 229.1 90,76 {18.82 2?4.2
7.]1188. 16,93 3348 570.6 _~6.9§;v Q;B? 345,5 89.24 [20,93 901.8
A = studies with HRes as the inifial exéhanger. |
B = studies with NaRes as ths initial exchanger.
a = millequivalents of NaCl/liter original solution.
c = millequivalents of HCl/liter original solution,
xﬁa = weight in grams of solid exchanger.
;ﬁf = volume in cc. of solution placed in contact with solid exchanger.
%@l} = hydrogen ion and sodium ion concentrations respectively at equilibrium.
Kﬁ}Na= “Concentration® equilibrium constants for the reaction

HRes + Nat —— H*

+ NaRes
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III. SILVER-SODIUM EXCHANGE ON DOWEX-30

The study of the exchange between silver ion and sodium
ion was next undertaken., The choice of this exchange pair
was made partially because of the application, during the
latter part of the war, of a silver ion exchanger to the
desalting of sea water, and partially in the hope of ob=-
taining data as to the effect of the radius of the exchang-
ing cation on the point of equilibrium.

An attempt was made to prepare the silver resin in a
manner analogous to that used for pure sodium resin. Pure
hydrogen resin was placed in a saturated solution of silver
nitrate, and the progress of the exchange was followed with
a pH meter. Freshly prepared silver oxide was added to the
solution as the exchange took place, in order to maintain
the pH at a level between 6.0 and 6.5. Suitable precautions
were taken to prevent the actinic féduotion of the silver
ion. The conversion to silver resin was considered to be
complete when no further change in the pH of the solution was
observed. Examination of the reaulting.resin and of the
supernatant'liquid,‘ndﬁever, clearly revealed the presence
of a considerable quantity of metallic silver, evidentlyﬁre—
sulting from the reduction of silver ion by the resin.

Such reduction of the silver ion was further demon~-
gtrated by treatment of a sample of sodium resin with a solu-
tion containing silver ion and sodium ion as nitrate, and

analysls of the effluent after 24 hours. The results are
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shown in the following representative data.

Wt. of'NaRes = 5,5362 g.

0.491 M
’0!494-M

Solution_placedfbn resin: (Ag*)
(Na*)

Equilibrium concentrations: (Ag*)‘¥.0,397 M
- (Na*) = 0.576 K

i

Decrease in concentration of silver lon = 0,094 mole per
. ’ liter

Increase in concentration of sodium ion = 0.082 mole per
liter

These data show that the loss of sgilver ion from golutioné,
in equivalents, exoeeded the gain of sodium‘ion by 14.6%5. A
discrepancy of this order would be expected only if a portion
of tha~silé¢r ion was being reduced by the solid exchanger.
From these considerations, it was concluded that quanti-
tative studies of eny equilibria involving silver ion and

Dowex~-30 are ‘not feasiblega



.IV. DONEX-50

Because of the instability exhibited by Dowex-30 toward
hydrolysis and oxidati;n, experiments on this resin were dis-
continued and attention was turned toward Dowex-50, a more
recent product of the Dow Chemical Company. In this resin,
as in Dowex-30, the suifonate group serves as the active
exchange center, but the unit structure of Dowex-50 does not
contain the phenol group; this differencé might be expected
to render Dowex-50 less susceptible to oxidation than is
Dowex~30.

The resin as received from the manufacturer is a moist
mixture of the sodium and hydrogen forms. The particles
are small and all approximately spherical in shape; thei:
color, however, ranges fram light amber tovﬁark brown. 1In
view of this variation in physical appearance, experiments
were undertaken to determine the degree of chemicel homo-
geneity of the different colored partioles.

The solid resin, as received, was air dried and screened
through a series of standard sieves. Major fractions ob-
tained were 12-14, 16-20, and 20-28 mesh. The portion larger
than 12 mesh was selected for the homogeneity investiéapipn;
since it seemed to contain a larger pioportion of tha ;iéht
colored particles. This portion was then converted'to_phre
sodium resin in the same manner as that described for Dowex~
30, The mixture was separated into light and dark ffactions

by flotation in a solution of sodium bromlde of such
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concentration that the lighter colored particles floated on
the solution, while the darker colored particles sank to the
bottom of the container. Each of the fractions was then,
washed free of sodium Brbﬁide and the two were dried simultan-
eously over phosphorus pentoxide in the same vacuum desiccator.
The sodium ion content of each fraction was determined by,def,
composition with sulfuric aecid in the presence of a small

amount of seienium as catalyst.* The sodium content of the

*In the case of Dowex-30, decomposition of the resin
could be brought about by means of heat alone, or by oxi-
dation with nitric acid, perchloric acid or aqua regia.
None of these methods proved satisfactory in the case of
Dowex-50, which, however, could be completely decomposed by
digestion with concentrated sulfuric acid, in the presence
of a few tenths of a gram of me“tallic selenium.

lighter particles was 8.57%, while that of the dark ones was
8.93%; the eQuiﬁaient weighis of the sodium resins calculated
from these sodium analyses are 269 and 232 respectively.

From this study, it was concluded that the light and
dark particles of,Dowex-so‘are not chemically identical, or
at least that they are sufficiently different physically that
they exhibit different rates of @rying'under the same con-
ditions of desiccation. However, since a complete separa~
tion would not héﬁe been practicable, the 16-28 mesh portions
were recombined andwﬁhoroughly mixed; the resulting product
was regarded as being homogeneous with respect to its ion-
exohanging properties. Justification for this assumption is
to be found in the reproducibility of results encountered in

later exchange studles.



V. 'SODIUM-HYDROGEN EXCHANGE ON DOWEX-50

The sodium and hydrogen forms of Dowex-so were prepared in the
manner already desoribed for Dowex~-30. _S;nce it had been
determined that oven drying was undesirabie, and since it did
‘not seem worthwhile to establish a stendard drying proeedure,
the equivalent weight of each batch of the sodium resin was
individually determined by analysis for sodium as described
above, The egulvalent weight ef each batch of the hydrogen
resin was determined by treatment of a weighed quantity of
fhe'resin with a saturated solution of sodium chloride;
Tollowed by titration of the liberated hydrogen ion with
standard alkeli. This method had elready been tried in the
work with Dowex-30, but had then been discarded because of

the inconveniently 1ongitime (¢ to 5 days) required for com-
piete'replacement of the hydrogen ionj; in‘the‘eeee.of Dewex-
50, howeﬁer,‘complete exchange ocourred within'thirty_@inutee.

As in the previeus study, & series of samples were
treated with aqueous solutions of sodium chloride and hydrogen
chloride, of ionic strengthlapproximqtely equal to unity,
Portions of the equilibrium effluent were removed and ana=-
lyzed for sodium and hydrogen 1ons.

Table IV contains the ‘data for the exchenge study on.
hydrogen resin, while Table v contains those for the -sodium
resin exchange.”,From the values of :%g%;%gg‘ contained in
Table IV, it may be obeerved:that, as in the case of Dowex-

30, the hydrogen resin is subjeot during exchange to a partial.



Dowex-50 . Table IV Hydrogen Resin (NaCl.+HC1)
No, Original lieight of ANa+ AHt AH ~ ANa N X~ K
Solution Resin eg.Tres. NaRes .c a

1, | Na*=0,9540M o | I

H* -0.0 .. 4.,0139 0,01223 0.01255 0,022 . 0.878 | 1.08 1.62
2¢ | Na*t=0,9604 : ]
_ Et =0.0429 4,3836 0.01264 - 0,01307 0.028 0,839 1.15 1l.72

HY. -0.09267 5,179%7 0.01373 0.,01455 0,045 0,784 1l.22 1.83
4, | Na*=0.8073 . ' , o
- H* -0.1401 3.9404 0.01044 0,01095 0.038 0.777 1.23 1.84
5. | Na*t=0,7624 - . . .

H¥ -0.1822 . 4,1732 0.01054 0.01095 0.028 0,735 | 1.23 1.84
6. | Na*=0,7100 ' - ' .

HY =0,2323 4,4417 0,01070 0.01133 0.040 0.710 1.39 | 2,08
7¢ | NaT=0,6575 _ ' . .
___|H* =0,2851 4,3257 0.00995 0.01043 0,031 . 0.,671 1l.42 2,13
8. | Na'=0.,5783 , a '

HY -0.3644 4,4526 0,00909 0.00979 0.044 0,603 l.44 2.16
9, | Na*=0,4633 E o ' o

H* -0.,4771 4,2934 0,00734 0.00817 0.055 0.511 1.49 2.24
10. Na+=0.5704 R . . ) ’

H* =0,5730 4,1807 0,00611 - 0,00637 - 0,018 0,423 | 1.52 228
{11, N§*=0.2843 ' , B e E

H™ =0.6848 563770 0.,00579 0.00687 0.057 0.323 1.59 2.38
126 Na+=0.25'76 . ‘ : )

H* -0,7058 4,1057 0.00407 0,00479 . 0.049 0,295 1,60 2,40

HY =0,7965 . 4,4132 0.,00332 0.,00444 0.072 0.229 1,61 2.42
T4, Na®=0,1399 ' - | |

H* -0,8473 5,1289 0.00285 0.00385 0.035 0.166 -1 1.59 2038
15, Na¥=0,09581 : \ | ' :

H* -0.8960 4.1022 0,00160 0.00246 0,059 0.117 1.54 | 2.31
166t NaT=0,0447 _ ' ‘ e

Ht -0,9472 4,5867 0,00080 0,00182 0,063 0,053 1,49 | 2.24




Dowex-50 Table V Sodium Resin (NaCl + HC1)
No, Original Weight of AHY ANa+ ANa - AH N, K K
Solution Resin ~eqeTes. NaRes ~C a
1. |BY =0.9462 367209 g 0.01028 0.01124 0.071 0,175 | 1.57 2.36
2. |HY =0,9472
Na+=0,0441 4,0209 0,01027 0,01145 0.081 0.229 | 1.58 | 2.37
3, |H' =0,8960
Na*-=0,0958 346502 0,00887 0.00972 0.065. 0.280 1.63 2e44
4, |HT =0.8472 ’
Na+=031399 3,7534 0,00829 0.00942 0.083 0.333 l.62 | 2.43
5. |HT -0,7968 ' '
’ Na+=0.1885 2.8672 0,00590 0.00693 0,099 0.367 1.66 2049
6e |HT =0,7058 ’
Na*t=0.,2376 4,2538 0.00780 0.00884 0.068 0.455 l.61 242
7. |HT =0,6848 , ,
:§a+=0.2843 30509 000534 0.00625 0,082 0.471 | 1,62 2.4
B8e |HT =0,5735 ' , L
" |Na+t=0,3704 27249 0600407 0.00482 0.076 0.552 1,56 2034
9. [HT =0.4771 ‘ . , :
Na*-0,4633 3. 6991 000443 0.00551 0.081 0.640 1.49 224
10,1 H* =0,3644 ' B ‘ '
Na*=0,5783 4,3394 0.00404 0.00519 0.072 0,723 | 1,38 207
Na+-0,6575 95,9399 0,00420 0,00549 0,060 0,793 1,31 1,96
12, |B* =0,2323 .
Na*:Q,?IOO 44,7742 0.,00278 0,00380 0,059 0,829 1le31 1,96
15. H.l- =001822 . - F i E .
Na+;922§§g, 4,1405 0,00203 0,00302 0,066 0.854 1.20 1.80
T2, [H¥-0,1401 | NN
I Na "=0,8073 4,8073 0,00190 0,.00335 0.083 0.880 1,17 1l.76
15, HT =0,0927 . ’
| Na+=Q;§554 44,0362 0,00109 0,00232 0,084 0.918 | 1,05 1,58
16, [H¥ =0,0429 ‘ _
_ Na*-0,9069 4,6902 0,00067 0,00181 0,067 0.959 0.88 1,32
Qz;“ygfgo.954o 208296 ' 0 0.00047 0,046 - - -




hydrolysis, the extent of which, howe#er, is appreciably
less than in the previous study. It may be noted also that

therevis a marked difference in the magnitude of the values
f ANa -AH
Ol "Teq. res, &iVen
the sodium hydrogen exchange on the sodium form of Dowex-30.

- given in Table V, and those in Table II for.

In the 1atter case, therdirfergnoe between the gain of sodium
ion and the loss of hydrogen ion was negligibly smail,and
was attributed entirely to experimental error. In the case
of Dowex-50, however, the values of ‘%§%=§%§7;are so large
as to indicate‘that a reaction other than sigplé exchange is-
taking,plaoe. This behavior 1s anaiogous to the hydrolytic
reaction found to occur in studies involving the hydrogen
formS'of;both_Dowex—30 and Dowex-50. In the case of Dowex-
30, the anion corresponding to the loss of cation from the
resin was readily found to be sulfate ion. Attempts to
iﬁentiry-the anion assooiated,with the cation lost from
vbowex-50, however, were unsuccessful.

The‘iaiues of K shown in Tebles IV and V are for the re-
action

HRes + Na' & NaRes + H ' ; that is,

_(NaRes) (57)
Ky = _%ﬁﬁng%éE?T- .
The data of Table IV were treated in the same manner as those
of Table I, while the data of Table v,were treated in an en-
tirely analogous manner; that is, (H*) and (Na') are the hy-
drogen and sodium ion concentrations, respectively, &s de-

termined by analysis of the effluent. (HRes) is equal to



AH+

, while (NaRes) is the number of equivalents of sodium
resin initially present, minus the increase in sodium ion
concentration in the solution. Values of Ky are derived

by multiplying the K, value by the ratio of the squares of

the mean actiﬁity coéfficients of hydrogen chloride and sodium

chloride at unit ionic strength; i. e.,

tion were obtained from two sources: a) Harned, H. S., and
Owen, B, B., "The Physical Chemistry of Electrolytic Solu-
tions, " Reinhold Publishing Corporation, New York, N. Y.,
1943, b) latimer, W. M., "The Oxidation States of the
Elements and their Potentlals in Aqueous Solutions, " Prentice-
Hell, Inc., New York, N, Y., 1938.

Values of the equilibrium quotient are shown plotted
against the equilibrium mole fractions of sodium resin in
Figure II. It is apparent from this plot that the values of
K, increase with increasing mole fraction of hydrogen resin
to a8 maximum of epproximately 2.4 when NHRes is about 0.7.
Further increase in the proportion of hydrogen resin in the
solid phase is accompanied by a slight decrease in the values
of K,o As stated before, it is believed that the largest
source of deviation from consﬁancy of Ké;iies in the assump-~
tion that the solid phase is an iQeal solid solution, in
which the activities of the two components are equal to their

respective mole fractions. It may be seen from Figure II
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that no apparent hystéresis was encountered in this study;
i.e., that the values of K, derived from hydrogen resin and
from sodium resin are in good agreement with each other
throughout the range of the investigation.

In an attempt to discover whether or not the magnitude
of the differences between the gain of hydrogen ion and loss
of sodium ion might be diminished by previous treatment of
the resin, a sample was "conditioned" by recycling ten times,
and the investigation of the,sodium—hydrogeniéxohange re=-
peated with the "conditioned”" resin. The resuiténéré7given
in Tabie VI and are shown graphiecally in Figure II, Instead
of being decreased, the magnitude of the differences was
actually considerably increased by the recycling procedure.
Howgver, when the values of Ky are calculated and plotted as
béfnre, the curve obtained coincides with that for the ™un-
conditioned" resin.

A study of the effect of anions . upon the sodium-hydrogen
exchange was next undertaken. Hydrogen resin was employed
for the exchange studies in bromide media, and sodium resin
for those in nitrate media., A series of batech studies in
solutions of approximately unit ionic strength were made as
described previously for the chlorlde medla. Results of
these two lnvestigations aré presented in Tables VII and VIII,
and are shownggraphically in Figure i1, :FTOm these experi-
ments, it was concluded.that the resultn sodium~hydrogen ex

change on Dowex-50 are independent of fhe anion present.



Dowex-50 : Table VI Recycled Hydrogen Resin (NaCl 4+ HC1l)
No,| Original Weight of ANat AH* AH" - ANa* | Npapes| Ko Ky
Solution Resin ede T'€S, A
1, |Nat-=0,0503M ; -
Bt =0,9476 4,3903 0.00095 0.,00224 0,076 0,061 1,53 2430
2. |Nat=0,09556 | - , ‘
H* =0,8976 4,6859 0.,00189 0,00327 0.077 0,128 | 1.55 2032
3 . Na f:o.:. 843 . ) . 1
- |HY -0.6848 4,4536 0.,00524" 0.,00664 0,082 0.333 1s62 2.43
Ht =0.5677 4,5168 0.,00700 0.,00807_ - 0.062 0.429 | 1.57 | 2.36
5. |NaT=0,4633 ‘
H* =0.,4771 4,3078 000767 0.00922" 0,094 0.511 | 1.54 231
6e |Nat=0,5724 < - '
Ht 063785 4,0508 0400932 0.01026 0.056 0,583 1,47 2520 .
7o |Nat=0,5783 . T : ' '
HY —0.3644 4,4310 0.00964 0,01072 0.063 - 0,604 | 1,49 | 2.24
8e | Na*=0,6575 ' ' A ‘ L '
E+ =0.2851 5.1796 - 0,01225 0,01329 0.052 0.649 1,45 2.18
9, |Nat=0,7155 ‘ | "
Ht -0,2386 4,3157 0,01080 0.01166 0.064 0,695 1.34 201
10, [ Na*=0,7554 ‘ o S : ’ :
HY =0,2494 44,6102 0+01154 0.,01266 - 0,063 0,695 | 1,34 201
11| Na+¥=0.8073 . - ' '
B =001401 44,5420 0,001242 0,01351 . 0,062 0,759 | 1.26 1,89
12, Na¥=0,9540 ‘ ' '
H* =0,0 4,3922 0,01393 0,01469 0,045 0.864 | 1,14 | 1,71




Dowex~50 Table VII Hydrogen Resin (NaBr + HBr)
i0o| Original Weight of ANat AHY AH - ANa N X
b Solution Resin eGs Tres. NaRes ¢ Ké
lo N&“:loCZS M . _ ’

H* 0.0 3. 5003 . 0,01117 0,01209 0,068 0.887 | 1.03 | 1.66 |
20' :Na.:.z,._gozs i )

H* 20,0 4,6809 0,01480 0,01564 0.046" 0,858 1,08 1.74
3e | Nat=0.0828 ) )

ov =0,1005 4,3975 0.,01270 0.01385 0.068 0.802 1,12 1,81
Z, | Na+=0,8796 R )
. {HY =0.2009 4,6704 0,01256 0.01348 0,051 0.733 1.22 1,97
Se |NaT=0,8250 _ :

H* -0,2508 4,5934 0,01174 0.01272 0.055 0,701 | 1l.25 2402
6e |Nat=0,7156 : - ‘ . '

Ht -0,3014 4,1780 0.01004 0,01099 0.059 0.663 1.31 2,11
7 o Na+=0 P 61 29 .

H'Y -0,4021 4,4148 - 0400934 0.01046 0,066 0.585 | 1.38 2.22
8e [Na¥=20,5115 _

H* -0,5010 4,4649 0,00820° 0,00939 0.069 0,511 1.45 2.34
9. |Na+=0,4092 ' ) '

H* ~0,6018 4,4291 0.,00684 0.00787 - 0,060 0.425 1,48 2038
10,.) Na+=0,3074 ' . '

H* -0.7010 4,2375 0,00512 0.00634 0,075 0.338 1,52 2.45
11, Na+=0,2558 v _

H+ -0,7523 4,5050 0.00455 0.00595 03080 0.284 1,53 2647
126 Na“'=001534 . )

H* -0,8585 4,8218 0.00294 0.00447 - 0,082 0.172 | 1.51 2.44
13, | Na+=0,1023 :

H* 20,9090 4,6321 0.00188 0,00361. 0,097 0.116 1,49 2040
14,] Na*-0,05096 ! N

H* -0,9521 4,3232 0.,00088 0.00276 0,112 0,059 l.46 236




Dowex =50 Table VIII Sodium Resin (NaNO=z.+HNO=)
Oe Original Weight of AHY ‘ANa+ ANa - AH N K, K
Solution Resin ) €Qe TresS. “NaRes ¢c 1 °
1, |EY —0,9847 | 3.0912 g 0.00890 0.00978 0,079 0.132 | 1,39 | 2,38
"Be [HT =049355 | ' - _
. INa+=040495 3.8709 . 0,01029 0.,01116 0,062 0,214 1.40 2e4dl
3. |Ht =0,8861 ‘ ' . " o
Na¥=0,0992 4,9538 0.01155 0,01301 0,087 - 0,304 1.46 2449
___ (Na+-0,1990. O¢1452 0.00673 0.00760 0,077 0,359 | 1l.42 2e44
5. BT =0,6860 - o '
Nat-0,2968 33,3461 0,00593 - 0.00698 0,087 0,463 1.48 2652
6s |HT =0,5868 , '
Na+=0.3971. 3,2125 0,00481 0.00589 0,093 0e 543 1.40 2.40
7. |H+* =0,4898 , _ ' ' ’ -
B Na*=Q£§953 4,1183 0,00508 0.00625 0,078 0,629 1433 2.27
Be |L' =03927 R
Na+-0,5935 33,1027 0.,00323 0,00416 0,083 - 0.686 l.24 212
Qe (HY =042449 _ ' B " t
. Nat=0,7431 3.8757 0.,00258 0.00376 0,085 0,798 leoll 1.90
lO. H+ =O.l469 )
: Nat-0,8420 2495873 000113 0.00196 0,089 - 0.869 1.03 le77
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, AH- BANa ANa- AH
Further, since the values of ~gq. rpes, 804 ~eq. res, DAV

approximetely the same values as those previously observed
in the chloride media, it may‘bé assumed that the hydrolytic
effect is not in any way related to the anion employed. It
‘"may also be noted that whereas Dowex-30 is partially oxi-
dized by 1 M nitric acid, as evidenced by the odor of oxides
of nitrogen observed in the reaction flask, Dowex~-50 is
entirely stable toward this reagent.

In order to determine whether or not the magnitude of
the hydrolytic effect is dependent upon the lonic strength
of the solution, an investigation of the ammonium-hydrogen
exchange on hydrogen resin was undertaken at ionic strengths
of approximately 1, 0.75, 0.50, 04375, 0.25, and O.l. The
emmonium ion concentrations in the exchange solutions were
determined by the addition of concentrated.sodium hydroxide
solution to the sample, followed by distillation of the liber-
ated ammonia into a sample of standard acid. The excess acid
was then titrated with a standard sodium hydroxide solution.
Hydrogen ion concentrations were determined as before. These
results are contained in Table IX; a plot of the average
values of 4%%?—%%%5— against the average lonic strengths is-
shown in Figure III., From this ourve it may be observed
that the hydrolytic effect does indeed vary in the same direc-
tion as the ionic strength. From the highest value of 0.091
equivalsnts per equivalent of resin when the ionic strength

is approximately 1.1, the hydrolytic effect decreases slowly



g = 1,0933 ____Table IX . HRes + NH401 4 HC1
No. Orlglnal Wt.of "{Equivalents AHt AH-ANH4 | Ny X X
Solution Resin | of Resin oG, Tes. | | 4ReS ¢ a
1. |NH,+=1,099M | | |
. HY = 4.3446} 0.,01860 0,01641 0.,01459 | 0.,0978 0,869 1.15 | 2,38
2. |NH, 7=0,8247 | | - . I B
H+" =0.,2594 4,3834| 0.,01877 0,01376 0.01225 00,0805 0.710 1.38 | 2.86
Ze |NH;¥=0,5498 ~ T | - i |
H+*  -0,5188 44,4177 0.01891 0,01107 0.00953 0.0814 0,549 1,68 | 3.48
|Ze [NE4T=0.2749 | t T
HY _-0.7782 4,3596| 0401866 0,00762 | O. 00570 - 0,103 0,340 2603 14,20
AVe,=0.0907 i
1. |NH,*=0.8266 | ' T
HY" = 3.1102| 0.01332 0,01186 0,01111 0.,0570 0.884 1,25 | 2,19
e +=0,6200 1 , ' ‘ o h
L_ H* -0.1929 3+0375| 001300 0,00976 0.00862 0.0878 0.726 le44 | 2,52
13« |NHg+=0,4133 ' ‘ o ' - ’
- H* =0,3858 3.2444 1 0,01389 | 0.00828 0.00707 0,0872 0,557 -1le72 | 3,01
4:. NH4+-00 8067 . ’ . ) T ) ) ’
_|{H¥ =0,5787 30313 | 0401298 0,00551 0,00424 00,0986 0,362 2,19 | 3.83
- . ' aveo,=0,0826
= 005434
1, |[Nbg* =0.5481 ‘ . - ’ '
- |HY = 2.2501 | 0,009633 0.00851 0.00789 0.0645 0.876 1428 [1e92
2. |NHzT=0.4111 ' ‘
H+ 20,1292 21623 | 0,009257 0.00687 0.00609 0.0843 0,718 le44 | 2.16
Be |NHy =0, 2740 DR S '
H* -0.2580 21120 0,009042 0,00539 | 0,00468 0.0786 0.562 177 | 2.66
%o |NH,7=0,1370 ' » , - 1
E*T -0.3875 237331 001016 0.00395 | 0,00319 0.0748 | 0.340" 2.09 | 3,14

ave,=0.0755




aVee=0.0155

n = 043740 Table IX  (continued)-
INoo| Original Wt.of |Equivalents| AH* ANH,* | pH-AH, |N K K
Solution Resin | of Resin 4 eq.res. NH4R35 ¢ a
1, |NHqt=0,3687 . | '
HY = 1.6211 | 0,006940 0,00610 0,00552 00,0836 0.867 1.28 | 1.71
2e |NHy =0,2766 | i ‘
_ H* =-0,0928 1.6699 | 0,007149 0,00519 0,00499 00,0280 0,719 1,62 | 2,16
3. | Nt '=0,1844 ' e
H* -0,1856 l.6464 1 0,007049 0,00403 0,00352 0.0724 0.538 1,76 | 2635
HT" -0,2784 1.6045 | 0,006869 0,00258 0.00213 0,0655 0,332 2.13 1 2,84
' ' ave,=0.0624
N = 00,2663
1., |NHy*=0.2736 | B | | |
; H+ = 1,127 | 0,004825 0,00429 0.,00424 0.0104 0.889 1.49 ]1.89
2. |NHg =0,2052 ' T ) ‘
1 Ht =0,0648 12,0826 | 0,004635 0.00345 0,00344 0.,0022 0,740 1,65 | 2.09
Be |NH,7=01368 < ‘ |
Ht -0,1296 1,0946 { 0,004686 |[0,00275 | 0.00258 0.0363 0,571 1,88 | 2,38
Z. |NH,7-0.0684 A '
JH+ =0,1944 1,1373 | 0,004869 0,00180 | 0,00163 00,0349 04347 2416 | 2.74
ave.=0.0356
n = 00,1026
1. |NH,%=0.1026 ,. L | o
HY = 0.4411 | 0,001889 0,001654 | 0.001596 0.0306 0,872 1,30 {1.50
2o |NH;+=0,07701 S R _
H+" -0,02537 00,4302 | 0,001842 0.001337 | 0.001348 | -0,0060 0.729 1.64]1.90
30 NH4+=0.05154 '
Ht -0,05074 0.,4256 | 0,001822 0.,001028 | 0,000997 0,0170 0.556 1,85 | 2.14




AH=-ANH,
eq. res
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with decreasing ionic strength. At an lonic strength of
approximately 0.5, the curve turns rather,sharply, however,
and the magnitude of the hydrolytic effect decreases more
rapldly, attaining 2 value of only 0.015 equivalent per
equivalent of resin at an ionic strength of 0O.l.

The evldence presented by this study seems to indicate
that the method of correction for the hydrolytic effect used
by Juda and Carron (21) is in error, since the magnitude of
hydrolytie effect which they_uéed was determined for the
resin in pure wéfer instead of in solutions of electrolytes.

The values of the equilibrium constants for this series
of exchanges, calculated in the same manner as that used in
the sodium~hydrogen exchange on Dowéx-so, are shown graphi-»
cally in Figure IV. The results appear as a family of curves,
in which the highest values of K; ocour at unit loniec
strength. An exception to the‘forego;ng statement must be
made for the series at lonie strengthé of 0,25 and 0.375,
the curves for which are in reverse order. This fact may
possibly be due to the increased validity of the ionic
strength principle at the lower ionic strengths. The assump-
tion regarding the activities of the two components of the
solid phase remains the primary cause for the lack of
constancy in the valuesvof‘Ka.

It has been observed that although the method of
preparation of the pure resin has no effect upon the value

of the equilibrium constant, Ky, for a particular exchange,



Figure IV

HsRes
© o o)
/y// .

H=03740




‘-':31.-

the magnitude of the hydrolytic effect is greater for re-
eycled resin then for resin which has ndt received such ex-
tensive conditioning treatment. This increased diserepancy
was considered to be due to the repeated tfeétmenﬁS'with 6 M
hydrochloric acid, which might conceivabiy have ‘exerted some
deleterious effect on the stability of the resin. Accord-
ingly, a sample of resin as received from the manufaciurer,
with no prelliminary treatment other than size screenipg, was
chenged to the pure hydrogen form by treatment with 1 M
hydrochloric acid, reconverted to sodium resin by means of a
saturated sodium chloride solution, and finally changed back
to hydrogen resin with 1 M hydrochloric acid. A series of
exchanges of sodium and hydrogen ions at unit ionic strength
was studied as in previous work.

As before, it was observed that_this mode of preparation

of the resin had no effect on the value of the equilibrium

AH- ANa -

constant, Kz« The value of the hydrolytic effect, ~o—7oo7

however, was no lower than those encountered préviously,’but
assumed approximately the same magnitude. It:was concluded,
therefore, that treatment with 6 I hydrochloric acid wes not
a contributing cause of ihe hydrolytic effect.



32

VI. SILVER-HYDROGEN EXCHANGE ON DOWEX-50

Inasmuch gé'powex—ﬁ@’does:ﬁot contain the phenol group
_which’prgsumébiy-ﬁfings,aﬁouﬁ éhe‘reductipn of silver ion
to metaliic siiyer by Déwex-so, énd sinée.Dowexg5O is not
noticeably attaékéd by 1 M nitriec aqi&,fit was'decided to
gttempt'agéin_the.investigétion of the-silver-hydrogen ox-
éhangé,-with”bqwex-SO as the solid exchanger. The approach
td the problem:was essentialiy thai'employed in the sodium~
hydrogen exchange. |

The hydrogen resin was prepared and its equivalent
'weight'determinéd.as before. For the preparation of pure
silver resin, pure hydrogen resin was placed in a column
5 cm. wide and 70 cm. long, and a 1 N solution of silver
nitrate was passed through it. The liberated hydrogen ion
in the effluent solution was neuﬁraliéed:by vigorous agita-
tion with an excess of freshly prepared silver oxide. ,After
filtration, the solution was thus ready for another péségge
through%thé columh. When the pH of the effluent solution
showed no more then a negligible decrease from thaﬁ of the
influent solution, the conversion to silver resin was con-
sidered to be complete. The resin was then removed from the
column and washed with distilled water until free of silver
ion, as evidenced by the fact that the addition of chloride
lon to the wash water yielded no precipitate, The resin was
then dried in the usual mﬁnner;- The equivalent weight of the
silver resin was determined by placing a weighed quantity of
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resin in a amall“column, through which a saturated solution
of sodium nitrate was passed to displace the silver ion, An
aliquot portion of ;hémeffluent:soiﬁtion.was then titrated
with a stendard sodium chloride solution to the potentio-
metric equivéience<point.

As in previous studies, a series of samples. were treated
with aqueous solutions of silver nitrate end nitric acid of
totel ionic strength approximately equal to ﬁnity. As a
precaution against the photochemical reduction of silver ionm,
the reaction flasks were painted black. Portions of the
eqpilibrium.splutions were removed and analyzed for hydrogen
‘agd silver ions as before. |

Table X contains the data for the silver-hydrogen ex-
change on hydrogen résin, and Table XI contains the data for

the silver-hydrogen exchange on silver resin. Examination

AAg=- &H
of the values of A%%—‘%%%— in Table X and of ‘ga%';ggj in

Table XI reveals that in neither of these studies may the

data be treated in a manner similar to that used for the

AH~ ANa
eq. res.

always assumed positive values of approximately the same mag~

sodium-hydrogen exéhangé. Whereas the quotient

nitude, the values of f%%——;;g— range from positive at the

lower concentrations of silver ion to the rather large nega-

tive quantities found for higher concentrations of silver
Ahg=- ANa
6d. Tres.

listed in Table XI. It is to be expected that the hydro-

jon, The same is true as well for values of

lytiec action on the hydrogen resin, as previously disoussed,
would be encountered again in this study, and the 1nitial



Dowex~50 Table X HRes (AzNO= + HNO=)
No, | WiteResin{ Original Ja\: o OAgt LAH- aAg | NpgRes! XKg K, !Eg.Ag*Ads,
Solution €d. Ires. o eq. Ies.
le | 3.7911 4g+=0,9869 | _ .
Ht = 0.,01326 0.01405 -0.058 - 0.976 § 6,50 21.0 0.118
2. | 4.6133 g¥-0,9871 , : ,
HT = 0.,01607 | 0.,01691 | -0.051 0,964 [ 6.73 | 21.8 0,111
Se 4,4872 Ag™*=0,8884 - ‘ '
H* -0.,0979 [ 0,01535 | 0,01604 | -0.043 0,954 | 7,10 23.0 0,103
4. 44,3197 Ag+=0,7403 ' : . '
L. H+ -0,2447 | 0,01425 | 0,01490 | -0.042 0.918 } 7.27 | 23.5 0.102
Se 44,9700 ﬂ§+=0.7402 ‘ : , .
H" =0.2442 | 0.01624 | 0,01685 | -0.034 0.909 | 7.03 22,8 | 0.094
6. 445225 Ag7=0,5922 N ; ' R o o
' H* -0,3914 | 0,01405 | 0.01419 |-0.0086 0.860 ! 7,22 | 23.4 0,069
7 367737 Ag+=0,4935 | - :
: H+ =0.4894 | 0,01122 001123 0.0000 | 0.821 | 7.22 23.4 0.060
e 4,2694 A§*=0.5946 : ’ : '
H* =0,5873 | 001134 | 0,01118 40,010 0.727 | 6.58 21l.3 0,050
e 4,0480 Ag¥=0,2959 z ’ ~ - )
i a H*+ =0.6852 | 0,00927 000890 +0.025 0.617 | 6.06 19.6 0,035
Po., 4.8175 | Ag¥=0,2467 | ' | ‘
H* =0,7341 : 0.00940 | 0.,00879 | +0.036 0,530 | 5,88 | 19.0 0.024
11, | 4.0853 Ag+=0.1975 N
H* =0,7828 | 000727 000663 +0,044 0,465 | 5,67 | 18.4 0,016
124 | 445548 Ag¥-0,1450 , ) - A
H* =0,8319 | 0,00618 | 0,00546 +0.046 0,358 .| 5.33 | 17.3 0.,014
13, | 444174 A§+=0.0988 _ ' o
' HY =0,8807 | 000466 ; 0.00381 +0.,054 0.250 | 5,10 | 16.5 0,006 _
T2, | £.4643 | Ag’=0,0492 | ,
H* -0,9299 | 0,00295 ! 0,00198 | +0.060 0,132 | 4.96 | 16,1 0,000




Dowex=50 “Table XI Silver Resin (4gNOz + HNO=)
No. | Wt.Resin| Original nAg* pH* Adg- AH NagRes| Ko | Ko | Ed.Agtids.
Solution €Q. IeS. eg, TIes.
l. | 5.7802 Ht -0.9858
Agt= 0,01029 | 0,00909 | +0.074 0.394 |5.65 | 18.3| —~——— -
2. | 664970 H+ =0.9562
Ag*t-0,0279 | 0,01018 | 0,00888 | +0.071 0475 {6.05 | 1946 | —~——==—o
3, | 5e6798 H+ =0,9365 '
Ag+-0,0465 | 0,00878 | 0,00764 | +0.072 0.483 |5.98 | 19.4| ——ecee—
4:.. 5. 5989 H+ =0 ’9565 . )
v 42%-0.0465 | 0.00867 | 0.00756 | +0.070 0.481 |6.00 | 19.4| —==—ee—
5 | 645268 H* =0,8872 -
Ag*-0,0929 | 0,00839 | 0.00727 | +0.061 0.570. |6,07 | 19.6 0.0109
6e | 6e6207 Ht =0.8579 | ‘
- Ag+=0,1394 | 0,00732 | 0,00620 | +0,060 0.640 |6.48 | 21.0{ 0.0119
7o | 509497 Ht =0,8379 - o
Ag+-0,1394 | 0,00674 | 0.00563 | +0.066 0.636 |6.59 | 21.3 0.0060
8e | 76009 HT -0.8078 _ |
Ag*-0,1859 | 0,00714 | 0.,00600 | +0.054 0.695 |6.60 | 21.4 0.0183
9. | D.6986 HY =0.7394 | 4
i ' Ag¥-0,2323 | 0,00471 | 0.00392 | +0.049 0.735 [6.95 | 22.5 0.,0226
0. | 5.5129 H* =0,6901 ~ i
Ag*-0,2788 | 0,00378 | 0,00312 | +0,044 0,775 [7.13 | 23,1 0.0266
11, | 5,7115 Ht -0,6059 A B
Ag¥-0.3717 | 0.00307 | 0,00243 | +0,040 0.838 [7.40 | 24.0 0.0318
12. | 6.7308 HT =0,4929 '
Ag+-0.4647 | 0,00244 | 0,00182 | +0.033 0.895 [8.35 | 27.0 0.0392
13¢ | 664029 BT =0,4039 :
' Ag*-0.5576 | 0.00175 | 0.,00140 | +0.020 0,916 {7.39 | 23.9 0.,0525
14, | 567725 H* =0,2020 ' v ‘ '
Ag*_0,7434 | 0,00066 | 0.00044 | +0.014 0,970 |8.71 | 28.2 0.0581
15. | 6.6389 HT —0,1010 -
Ag*=0,8364 | 0,00046 | 0,00023 | 4+0.01l3 0.988 18,70 | 28.2 0.0597
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positive values of f%%?#%%g:.maytindeed:be'accounted'ror-in

this'ménner, “As the concentration of silver ion is increased,

‘however, a second deviation, opposite in sign, becomes the
AH=- AAg

8Q.« res.*
It was at first supposed that this latter deviation re-

rredominant teim in the value of

sulted from the reduction of an appreciable quantity of
silver ion to metallic silver in the more concentrated solu-
tioné; In order to test this supposition, investigations
were undertaken to reveal the presence of metallic silver,
either in suspehsionvin the equilibrium solutions or on the
resin itself,_after a typical bateh study of the silver=-
hydrogen exchaﬁge. Since all such attempts failed to yield
a quantitative silver balance, it was thought that finely
divided metallic silver might have been lost in the removal
of original equilibrium solution from the solid phase. A&
quantitative column study was therefore cgrried out, in
which a measured quantity of ﬁydrogen‘resin was converted
into silver resin in a miecro-column wrapped with,heating.wire
and with glass tape for;insulation agéinst loss of heat and.
entry of actinie rays. After the quantity of silver lon
taken up by the resin had been accurately determined, the
silver ion was completely eluted with saturated sodium nitrate.
solution., The quantity of silver lon recovered by this elu-
tion was found to be equel to that taken up by the resin.
Furthermore, if any finely dividedJsilvervhad been present,

it must ha%e‘been retained either on the resin or on the
fritted glass filter et the bottom of the column. Accordingly,



after the élutipn witp sgdium'nitrate,_the,column.was filled
with cpncentratéd nitric'aqid, which was heated to boiiiqg
by means of the column heater. This §itric‘acid was then
removed and tested for silvef:;on; thé-result was completely
negative. In view of thése experiments, it was concluded
that the new type of deviqtion encountered in éne silver-
hydrogen system could not be the result of-parﬁiai reduqtion
of the silver ion by the resin.

An explanation of the results in terms of adsorption of
silver ion by the resin was next comnsidered. In addition
to true exchange between the solution and the solid, it
appears to be possible also for adsorption of 1ohs from the
solution on the solid resin to take place. If this were
true, the number of equivalents of silver ion lost from the
solution might well exoeeé the number of equivalents of
hydrogen ion gained from the resin, It would be expecfed,
furthermore, according to this hypothesis, that the values
of 3%%?—%%5:-would be 1ncreasingly negative as the ;nitial
concentration of the silver ion was'increased. ?hié is pre-
cisely the trend observed in the experimental results pre-
sented in Table X.

In order further to test this new hypothesis, pure
silver nitrate solutions were allowed t0 stand in contact
with pure silver resin, and a deorease in silver ion concen-
tration in the equilibrium solution was observed‘ih;eVezy
case. Since the possibility of reduction of silver ion to

metallic silver has already been-elimihated, and since true.
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nexchange,13'obvi6h31yf?u1édfoub:byfthgfthditions of this
‘experiment, it was concluded that thibf&écreéﬁe'in silver
5ionvconcentratioﬁ mq§t*béfdué”fo'adébrbtions; With various
concentrétionsjbf7§£iver~1on in contact with the resin, the
decreaSé:in.silver‘ion5obneentraﬁionfﬁas~f0und'to inecrease
with increasihg;initial'donqéhtration. This fact is regarded
.aszfurther'evi&énce'Of the adsorption pf silver ion by the
~resin.

In view of these facts, the experimental results al~
ready presented were treated as if true equilibrium exchange
wérevaccompanied by adsorption of’silver ion. These caleu-
lations were oéfried out in such & manner as to distinguish
between the extent-of}exchangé and the extent of adsorption,
each of which separately could be quantitatively determined.

In this method of calculation, two phenomena, in addition
to true exchange, must be considered. First, the hydrogen
resin, when brought into contact with aqueous solutions of
electrolytes, has been shown to be partially decomposed by
some hydrolytie reaction. Since there is no reason to‘sup-
pose that this sort of effect would not ocour also in the,
silvei-hydrogen exchange, the positive values of'4%%f4%%§f
in the solutions of very low silver ion concentrations are
attributed to the hydrolytic effect. Secondly, the result
of adsorption of silver ion by the resin would be in the op-
posite aireotion, and thus, if the hydrolytic effect did not

exist, would make 4%%%‘%%§j,negative. The fact that, as the
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original»silver ion concentration is inereased, a progressive
decrease from positive-tornégative‘volues of the deviations
is observed, isvinﬂline with the hypothesis of combined
hydrolytic andfédoorption'effeofs; |

In the investigation of tho silvor-ﬁydrogen exchange on
hydrogen‘resin,“it.wao:assumedjthat no adsorption ocoufred
in the batoh-sﬁudy with the lowest or&ginai silver ion con-
centration. The extent of the hydroiytio_erfect may thus be
evaluated from the difference'betweah;tne‘numbor‘of°equiva;
lents of hydrogen ion geined by‘therolution and of silver
ion lost by the solution in this instance. .The“exient of
the'hydrolytio'effectvwas further assumed to0 be constant
throughout the series of solufions'with'ﬁnrying proportions’
of silver end hydrogen ions. This assumption seemed justi-
fied in view of the results obtained for the sodium-hydrogen
exchange. -

The quantity of hydrogen lon gained by the solution
through true exchange was calculated by subtracting the con-
stant hydrolytie effeet from the total gain in hyd;ogeo;ion.f
The actual hydrolytic effect deducted in any perticular mem-
ber of the series of experiments is the product of the hydro-'
lytic effect per equivalent of resin and the number of equiv~
alents of resin actually used in the experiment. Furthe:,x
as in the sodium-hydrogen exchange, a quantity of hydrogen
resin equivalent to the extent of hydrolytic decomposition

was assumed to be inactivated. The loss of eilver ion rrom



thé*solutionicén'tqén~bé;separated‘intO“thatidue'to‘true
exchange and that due to adsorption. The number of equivae-
lents ofvsilvér“ion“losﬁifrﬁﬁ'the'sdlution'byleichangezmust
be equal to the corrected number of equivalents of hydrogen
ion gained by‘the‘Sblution;Q.The'éxbeéé“loss of silver ion
over-ﬁhat“oorresﬁoﬁding'toftruelexChange represents the
amount of sil%ér”ionfadSOrﬁéda. It was further essumed that
the adsorbed silver lon should not be imcluded in the mol
fracﬁion @r'silveb;resinfin:the solid solution of silver:
andihydrogénrfesihs which results at equilibrium,

Ag shown ‘in Table X, sample 14, the value ‘taken for the
constant hydrolytic effect, obtained from the partieular ex-
change study in whieh the influent silver ion concentration
was a minlmum, is 0 060 equivalent per eqaivalent of original
hydrogen rasin,, quther support for the above assumptions is
gained from tﬁe”fact’that the everageﬂhydrolyt1c>effect for
this same batch of hydrogen resin;'whén employed for the
sodium—hydrogen ‘exchange study, was O 065 eqnivalent per equiv-~
alent of original hydrogen resin.

Similar reasoning may be used to explain the decraasing
‘positive values of -;E$~§%§~ for the silver resin, which are
presented in Table XI. In this case, the hydrolytic effect
alone would cause the gain of @ solutlon in silver ion from
ihe‘resin to be greater than its loss in hydrogen ion to the
resin, If it is assumed that this hydrolytic effect remains

constant, and further that increasing amounts of silver ion
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are adsorbed as the influent silver ion concentration in-

' sig- AH
eq_i res.

to decrease as the influent silver ion concentration increases.

creases, the over-all vslues of would be expected
The fact that in the case of silver resin the adsorption

effect never exceeds the hydroiytic effec%, may be related

to the observation that the hydrolytlie effect for silver

resin is greater than for hydrogen reEin. Also, in the
preparation of the silver resin,’there may remain on the

resin adsorbed silver ion which repeated weshing with distilled
water has falled to remove. This would decrease the adsorptive
capacity of»the resin in the batch studles.

Calculetiéns of K, values for the true exchange on sil-
ver resin were made in a manner similsr to that used for the
same reaction on hydrogen resin. However, these calculetions
are here simpliﬁied’by the fact that the loss of hydrogen
ion by the solﬁtions is a direct measure of the quantity of
hydrogen resin at equilibrium. The quantity of silver resin
at equilidbrium was caleulated as the difference between the
number of active. squivalents of original resin and the num-
ber of equivalents of hydrogen resin at equilibrium. Once
agein, the original,weigheq quantity of resin was corrected
for that inactivated by the constant hydrolytic effect. The
equilibrium concentrations of silver ion and hydrogen ion in
solution were obtained by direct analysis. The qugntitative
estimation of the magnitude of the adsorption effect was ob-

tained from the difference between the hydrolytic effect and

the sctusl quantity,_¢%%5=§%§-. The constant hydrolytic
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effect per equivalent of original resin was again obtained

from the value of 4%%§=§%§7'for an influent solution of

minimum silver ion concentration. It is of interest to

note fhe surprisingly close agreement of the average hydro-
lytic effect for the sodium and silver resins; these values
are 0.073 and 0.072 equivalents ﬁer“éﬁﬁivalent, respectively.
Samples of the calculations of va;ﬁes of Ké contained in
Tables X and XI are presénted,ﬁeibw.

1. B8ilver-hydrogen exchange on pure hydrogen resin.
(a) Data of item 7, Table X:

Wt. resin used = 3.7737 grams =« 0,01350 equivalent

Original silver ion concentration = 0.4930 M

Originael hydrogen ion concentration = 0.4894 I

Equilibrium silver ion concentration = 0.3812 M

Equilibrium hydrogen lon concentration = 0.6016 M

(b) Determination of Ky and Kg:

(1) TotalaH* = 0.6016-0.4894 = 0.1122 mole per 1l.

Actual hydrogen ion gained in 100 mls.= 0.01122
. equivalent ' ,

(2) Hydrolytie gain in hydrogen ion = 0.060 x 0.01350
= 0.0008 equivalent . o

(3) Effective number of equivalents of resin =
0.01350 - 0,00081 = 0,01269 .

(4) Hydrogen ion geined by true exchange = 0.01122 -
0.00081 = 0.,01041 equivalent ‘

(5) Number of equivalents of AgRes = number of equiv-
alents of Ag® lost from the solution by true
exchange = gein of hydrogen ion, in actual equiv-

, alents, by exchange = 0.,01041 equivalent

(6) Number of equivalents of hydrogen resin = 0,01269 -
0.01041 = 0.00228 eguivalent

AsRes)(ET) _ 0.01041 _ 0.6016 . n o
(7) Ko = {"&Hzmes AgTT = 0.00328 * O.z818 - (28
= k. y \FHNOs in 1 molar sol.)® | o (o.vz)a
a = %¢ ¥ {7, AgNOgz in 1 molar sols)2 - ¢( 0,40

= 23.4

(o) Quantity of silver ion adsorbed:
(1) Total Ag” concentration = 0.3812 - 0.,4935 = -0,1123 M
= -0,01123 actual equivalent in 100 mls.
(2) Ag? lost by the solution through true exchange =
0.01041 eqe. - '
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(3) Number of equivalents of Ag? lost by adsorption
= 0. 01123 - 0 01041 = 0.,00081 eq.

(0.,00081 x 279
= 0.060 eq. e 4757

2. Silver-hydrogen extchange on pure silver resin:
(a) Data of item 12, Table XI:

Wt. resin = 6.,7308 grams = 0.,01882 equivalent.

Original silver ion concentration = 0.4647 M

Originel hydrogen ion concentration = 0.4929 M

Equilibrium silver ion concentration = 0,4891 M

Equilibrium hydrogen ion concentration = 0.4747 M

(v) Determination of Ko and Kg:

(1) Total AH*= 004929 - 0.4747 = 0.0182 mole per liter
Actual hydrogen ion lost by the 100 mls = 0.00182
equivalent

(2) Effective equivalents of resin = 0,01882 - 0.072

. x 0.01882 - 0,01882 ~.0.00135 = 0.01747 equivalent

(3) Hydrogen resin at equilibrium = equivalents of
hydrogen ion lost by solution by true exchange =

- -aectual equivalents hydrogen ion lost = 0,00182 eq.

(4) silver resin at equilibrium = 0,01747 - 0,00182
= 0,01565 eq.

: _ 0.01565 _ 0.4747

(5) K¢ = §,00182 * 0.4891 - 8435

: s LtHNOg in 1 molar sol..}z2 o
Ka = Ko x (737 2eN0z in I molar sols)~ - Ko x
e 2
8 Zg = 27.0
(o) %uantity of silver ion adaorbed
1) Total Agt =.0,4891 - 0.,4647 = 0,0244 M
= 0.,00244 actual eq. in 100 mls,

(2) Ag? gained by the solution through hydrolytic
effect = 0,00135 equivalent '+

(3) Actual excess of AAg*‘over AH"1in the exchange
= 0.00244 - 0.00182 = 0,00062 equivalent .

(4) Number of equivalents of Ag*‘adsorbed by the
resin = 0.00135 ~ 0.00062 = 0.00073 equivalent

(5) Number of equivalents of Ag*‘adsorbed eq, resin

0.00073 x 357
= e " 0.039 equlvalent

The values of K, contained in Tables X and XI are for
the reaction
HRes + 4Ag' &= AgRes + ;o

where ) (AzRes
KG - Ag HRGE .
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The' quantities in parentheses have the same significance as
‘in the case of the sodium~hydrogen axchange. Values of Kg
are presentedein Figure V as a function of the equilibrium
_mole fraction of silver resin. 'Except'ﬁhen theimole fraot1on
of AgRes at equilibrium exceeds 6“90;5£he two sets of data
.agree within 3%. This agreement it 1s believed, is suf-
ficiently good to 1ené ooneiderable support 10 the several
aseumptione upon whioh the above’ caloulations are based.

In Figure VI the qnantity of silver ion adsorbed per :
equivalent of - original resin is expressed as’ a8 ‘function of
the equilibrium silver ion ooncentration for the studies
both withesilver and with hydrOgen resina. Both curves have
the general ehape of adsorption 1sotherms, approaching con-
-stant adsorptien with 1ncreasing equilibrium concentration
of silver ion. A possible explanation for the smal;er amounts
of adsorptionjobsefved with gilver resin mey be found in the
hypothesis that some adsorbed silver ion still adheres to
the resin after thorough washing during the preparation of
the pure silver resin. Further evidence for this hypothesis
is the fact that a minimun initial concentration of silver
ion is required_before,adserptioﬁ on_the silver resin‘begins,
whereas pure hydiogen resin exhibits adsorption even from
the influent solutions of lowest silver ion concentration.

As was iilustrateﬁ by the sodium-hydrogen exchange, the
actual hydroiytic effect of the resiﬂs'involved is not con-

stant, and in order to obtain the}most accurate value of the
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equilibrium quotient, the individual hyﬁrolytic effect in
each separate experiment should be employed in the calou1a~
tion. In the silver-hydrogen exchange, however, such
individuallhydrolytio effects.canpot‘bé measured; hence the
use bf a single value was*adbptedfas,the best possible
approximetion. .Thése‘fixed values in the silver-hydrogen
exchange as desc:ibed above are not far from the average
of the individual values of the sodium, emmonium, and
hydrogen'resins., It is believed, therefore, that values
of K, in the silver-hydrogen exchange are nearly as reli-
able as those failing‘on the smooth curve obtained in the

other two systems.
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VII. - AMMONIUM-HYDROGEN EXCHANGE ON.DOWEX-50.

A more extensive investigation of the ammoniumphydrogen
exchange was next undertaken, in which equilibrium was
approached from both direotions 1.8., hydrogan resin and
ammonium resin ‘were each treated with solutions containing
ammoni um and hydrogen jons.

The ammonium resin.was prepared by immersing the pure
hydrogen resin in a saturated solution of ammonium chloride,
and adding ammonlum hydroxide solution until the pH of the
entira mixture remained eonstant at 7 for an indefinite
period. The resulting resin‘was washed until free of: chlor»
ida»ion, and dried~in the usual menner. The equivalent
weight of the ammonium resin was detennined by bringing a
weighed quantity of the resin in oontaot with e saturated
solution of sn@ium,chloride. An excess of concentrated sodium
hydroxide solution was then added, and the displaced ammonia
was distilled over into a known volnme’of standard acid,

The excess acid naa titrated with stendard alkeli solution,
and the equifalént&waight of the resin was then obtained from
the number of‘aquivalents af,atandard‘aoid(neutralizad by
the ammonia.

The eqniiibrinm studles were conducted in the samaﬂmanner
as the previoﬁéiinfestigations. A series of samples were’
treated with aqueous solutions of ammonium chloridé and ‘hy-
drochloric acid, of total ilonic strength approxinately equal
to unity. Portions of the equilibriun effluent were then
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removed and analyzed for hydrogen and ammonium lons as be-
fore.

Table XII contains the data for the study in which hy-
drogen resin was used as the starting meterial, while in
Table XIII are tabulated data for thé;study involving ammon-
iun resin es the initial exchanger. Examination of the
values of é%%%é%%%%- in Table XII reveals that the values
are nearly constant, with no obvious .trend. In contrast
to the conclusion drawn from the silver-hydrogen exchange
studies, this deviation is attributed entirely to a reaction
resembling hydro}ysis of the resin; i.e., there is no ad-
sorption of ammonium ion on the resin. The average value
of the hydrolytic effect is 0,063 equivalent per equivalent
of resin, This figure may be éompgred with the value of
0.065 obtained for the hydrogen resin used in the sodium=
hydrogen exchange studies, and with the wvalue of 0,060 ob~-
tained from the silver-hydrogen exchaenge studies. It may
be noted that the previous investigation of the emmonium-
hydrogen exchange on hydrogen resin, made for the purpose
of determining the relationship between the hydrolytic
effect and the ionic strength, ylelded a value of 0.091
equivalent per equivalent of resin. This last wvalue, how-
ever, is the average of results obtained on four sgmples
only, and may thus be considered less signifiqant than the
three values reported above, each of which was the average

of results obteined on about sixteen samples. Another



Dowex=50 Table XII Hydrogen Resin (NH4Cl + HC1)
No.| Original Vleight of ARt ANHy + AH- ANHy4 N. K X
Solution Resin 4 TeQ.TeSe NH4ReSq c a

1. |HY = T o ;

NHy *=1.0350 4,5590 0,01434 0.01360 0,045 - 0,874 1,11 | 2,24
2. |H+ +;O.1000 ‘ , . ' T

NHg4 "=049313 363908 0,01018 0,00940 0.066 0.827 1,15 | 2,32
3. H+ =0.l4:97 » ) : )

NH,4 *=0,8797 345560 0.01021 0.00937 0,066 0.789 1,19-{2.,40
4, |H* -=0.2000 ' '

NH4 +-0,8276 543056 -0,01410 0.01295 0,060 0.726 1,30 | 2,62
5. |H* =0.2992 N o

NHy +=0, 7247 442654 0.,01073 0,00968 " 0,069 - 0.680 1.38 | 2.78
) 6-0 H+ =O'D 3992 ) Cos ’ . ’ . 2.

_|NH,; +=0.6210 3.8984 0,00896 0.00787 0.078 04611 1.42 | 2.87

7. H"' . =0.5992 ‘ A » ) . . ’ '

NH&*:O.GBlO 565629 0.,01197 0.01092 0,054 0,602 1.53 | 3.08

NH, *=0, 5175 4,2920 0.00884 0,00785 - 0,064 0.546 1,61 | 3,24
9, |H+t =0,4991 , i A K ' o
‘ NH4+=0,5175 - 5.3532 0,01068 0,00931. 0,071 0.524 1.58 | 3.19
10. H+ =0. 5993 . . : ’ v
:: .N§4f=0.4156 5.0965 0.00884 0.00781 ~0.056 0.454 1,70 { 3.43

e |[HY =0,7487 B o -

t‘ NH4 +=0, 2588 4,1981 0,00555 0.00467 - 0.059 0.330 1.88 | 3.79
12¢ |HT =0,7982 - ‘

NHy +=0,2074 4,6586 0,00534 0,00428 0,063 0,274 1.95 | 3,94
A3, |H+* =0.8485 ' . il '

NH4+=0,1552 4,4915 0.00439 0.00333 0,066 0.221 2,08 | 4.20
14, [H¥ =0,8982 - |

NH4+-0,1037 4,3245 0,00334 0.00231 0.067 - 0,160 2613 | 4,42




Dowex-50 Table XIII Ammonium Resin (NH4Cl + HC1)
No. g:giﬁt;lgxli We}i{gh}; of AHY - ANH,*  |ANH, - AH NNHjRes | Ko | XK,
sin ege.I'eSe
:' §§4:=o 9982 | 2.2421 000620 0.00727 0.127 0.156 | 2,59 4.83
3" §;4+:o 9982 | 4.6208 0.01214 0.01346 0.076 0.243 | 2,09/ 4.22
" |E+* C0.8983 | 4.7031 0,01063 _| 0.01205 0,080 0.346 | 1.86] 3.76
e or5oes | 4,7565 | 0.00940 0.01057 0,066 0,437 1;75 3,63
> §§4+Zg:2%gg 4.4270 0.00734 0.00883 0.090 0.515 | 1.67| 3.37
’:: %;i,;ésgégé' 4.6435 0,00664 0.,00780 0066 _0,592 | 1.58} 3.19
- E§4+:8 2991 | 4.6607 0.00561 0.00692 0.075 0.653 | 1.42] 2.87
=0,4991 | 4,3484 0.00520 0.00633 0.069 0,656 | 1.48| 2,08
L NH4+:8 5502 | 4.5685 000437 0.00572 0,079 0.723 | 1.37] 2.76
12' §?4*;§.Z§§§ 4.3902 000326 0.00475 0.090 0.782 | 1.25] 2.52
E: zzi ég:ggég 4.8256 0.00243 0.00389 0080 0.854 | 1.18| 2.38
H*  -0.0999 | 4.5936 0.00123 0.00265 0.082 0.921 ! 1.08| 2.18




pOSsible'cqﬁse for the difference is the fact thet in the
ionic strength investigation a different batch of resin was
used, of<somewhat‘8m§ller particleé size than that used in

the exchange studies.

‘Comparison of the values of'z:§?4;ézn in Table XIII

with those of i%%%:ﬁ%%f obtaineq'from.the-sodinm-hydrogen
exchange on sodium resin shows that the behavior of the
ammon ium and,the-sodiﬁm resins is very similar. The aver-
age value of the hydrolytic effect for eammonium resin is
0.077, as against 0,073 for sodium rééip.

In view of these marked similarities, the equilibrium
constants were calculated exactly as previously described
for the sodium-hydrogen exchange. The values of the equi-~
librium constant are for the‘reactioﬁ

HRgs.4—-NH4+ e 'ﬂH@Res + HY

_ (H")(NH4Res)
K = g+ {AnosT

where the quentities in parentheses havé’theiusual signifi-

that 1s ’

cance. Values of K; vary from 2.2 to 4.8, a range which is
almost the same as that covered by the equilibrium quotient
for the sodium-hydrogen exchenge. In Figure VII, the values
of K, are plotted_agéinst:the mole fraction of ammonium
resin in the solid phase. It vill be noted that the
hysteretic effect is very small, experiments in which hydro-
gen resin was used as. the 1hitial exchanger yielding, s in

the case of the sodium-hydrogen exchange, slightly lower
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'values¢of'Kg.e~Thevlackrof?constanoy‘in*ths%vdlues of K-
must . be :avt’;'!;:c‘fi.lmisac‘i,,‘_a..'ssi before, to the absence of accurate
activity data for thé~solid.phase;«
fA.surveyﬂqfﬁexisting~ion»exchange literature fails
to reveal<any;§§idence-thatvpreﬁiousiwbrkgrS'have en-
counterad a'laék’ofﬁéonstancy of the gétivity quotient for
‘an exchange reaction. On the contrery, single values of
the equillbrium constant mey be found for a large number
of i"on-exchanééfba,irs. With the exception of the state-
ment noted in the work by Juda and Carron (21), no mention
has been made in the literature of the hydrolytic effect.
In fact, one wﬁfker (19) bas specifically stated that
equivalent exchange was observed for the ammonium-hydrogen
reaction on Dowex-50 at all salt concentrations;

The major point of difference bétween the investiga=-
tion and those reported by other workers, is that the
present work (with the exception of the superficial study
of hydrolytic effect as a functlon of ionic strength) has
been confined to solutions of unit ioniec strength, while
the investigations of other workers have in general involved
solutions of ionio[streng:hs from 0¢001 to 0.1 only. Accord-
ingly, experiments were ﬁndertaken;toLdetermine-whether or
not the conflict'between.the.data of present and past work
might correetly be asceribed to a difference in the behavior
of the resin in two solutions of different ionic strengths.

Because of the relative ease of the analyses involved, and
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because of the precision of the previous data on this
system for~sol§tions:of unit ionic strength with whieh
the results to be acquired were to be compared, the ammon=-
ium-hydrogen exchange in solutions of total ionic strength
approximately O.1 M was selected for this study.

The pure resins to be used as initial exchangers were
prepared as pre#iously described. The methods of analysis.
were likewise similar, except that a micro-buret was em-
ployed in order that the use of 0.1 N standard solutions
for titration might be continued. The equilibrium samples
were prepared as before, except that the total ionic
strength of the solutions was 0.1 M instead of unity.

Table XIV contains the date for pure hydrogen resin
as the initial solid phase, while in Table XV are tabuleted
the datae for pure ammonium resin as the starting material.
A comparison of the values of Lo-21C4- in Table XIV with

, Of Table

values of the corresponding quantity, LMy 08
XV is illuminating. In Table XIV, this quantity assumes

eq. res.
various positive values, indicating that ?hé hydrolytig
effect exists even in these more dilute solutions; the
magnitude of this effect, however, is now appreciably
smaller. In the study of the ammonium-hydrogen exchgggqt
at unit ionic strength, hydrogen resin exhibited an‘avéfage
hydrolytic effect of 0.063 equivalent per equivalent of
resin; in the present study at ionic strength 0.1 M,hthé
average hydrolytic effect was only 0.033 equivalent per



Dowex =50 po=0.1 Y Table XIV Hydrogen Resin (NH,Cl .+ HC1)
O Original Wte of Equivalehts AHt CANH;t  [AH- ANH, N :
*h#, ¢ Solution |Resin of Resin 4 eG. res. ‘.M_{‘@e% Kc_ | K
l. |BE* = 1 | N
NH, =0.1112M 0.4526 0,001610 0,00146 ]0.00136 0,062 04800 1,36 | 1.64
2. |H* =0.01000 : T .
NHA+=0.10Q; 0.4320 0.001528 0.00130610,001239! 0,044 0.845 l.44 | 1,74
5o H+ =0002000 . B ) V ' v : o - o :
NH, +-0,08897 10,4704 0.001675 0,001310{0,001251} 0.035 - 0,774 | 1.48 1.79
4. |HY =0.02997| 1T T 1
: NH,*+-0,07787!0.4840 0,001724 0.,00123310.,001175| 0.034 - 04712 - 1.58‘ 1,91
5, |H* =0.04998 | | | n -
NH&f=0.05567 0.4447 0.001582 0.000933 ]0,000919| 0,009 0,585 | 1l.80 | 2.17
60- H+ =0.05998 ‘ ) ’ A o
: NHy +-0,04447{0,4507 0.,001603 0.,000834]0.,000801} 0,021 0.509 1.95 2.37
7. |H* =0.06998 | ‘ . ‘ o |
NHs *=0,03335]| 044464 0.001589 - 0,000671{0,000649| 0,013 . 0,414 | 2403 245
8s |Ht =0,07995 ' - ,
NH4+=0.02225 0,4335 0.001542 0,000532]0.,000461| 0,046 0.316 2,20 2466




Dowex-50 _n=0. Tabls XV Ammonium Resin (NH,Cl + HC1)
No.| Original Wte of Equivalent% ANH, * pH* OAH-ANH, | N
| Solution Resin | of Resin Lt eq.Tes. NHyRes Ko | Ka
n, (H* =0,09998M | :
NH,¥= 1044063 | 0,001520 |-¢,001154 | 0,001163 | ~0.006 0.237 2.38 | 2,87
2. |H* =0,08995 . RS :
NH,¥-0.01113 ]0.5036 | 0.001884 | 0,001152 | 0,001155 | -0,002 0.388 2,19 | 2.64
3e |Ht =0.,07995 _
. |NHa*=0,02225 |0.4651 | 0.001740 | 0,000907 | 0.000913 | -0.003 0.478 2.06 | 2.48
4. |HY =0.06998 i ' _ = »
__|NH4+-0,03335 ]0,4914 | 0,001838 | 0.000833 | 0.000808 | 0,014 0,554 1,84 | 2.22
5 |HY =0,05998 . o ' -
NH, t=0,04448 " |0.4876 | 0,001824 | 0,000653% | 0,000682 | =0.016 0.634 1,80 | 2,17
6o |HY =0,04998 | ' _ '
NH,+=0,05560 |0.,4834| 0,001808 | 0,000549 | 0.0005%6 | 0,007 04700 . 1.70 | 2,05 -
7e Ht =0005997 4 ' ‘ : o
NH, *=0,06674 |0,4753 | 0.001778 | 0,000431 | 0.000414 | 0.010 0,762 1,62 1.96
NH4 +=0.07787 _|0.4334 | 0,001621 | 0,000290 | 0.000280  0.001 0.822 1.55] 1.87
9, |H* =0,02000 N 5 ‘ ) ’
NH, ¥=0,08897 |0.4416 | 0,001652 | 0.000230 | 0,000197 | 0,020 0.870 1.33 | 1,61
10, |H* =0,02000 _ 1 ]
NH4+=0,08897 | 0.4626 | 0,001731 | 0,000154 | 0.000213 | -0.040 0.891 1.61}] 1.94
1l.|H* =0.,01000 | | . 1
NH;*-0,1001 | 0.4594 | 0,001719 ! 0,00010 [ 0,000103 | 0,000 | 0.940 1,42 1,71




?equivalentvof“rgsiﬁ;for~11ttleémore‘than*one~hélf that
;previously.obsérved}* In the study of hydrolytic effect as
8 function of ipnicVStreﬁgth;ian“aVGrage'hydrdlytié;éfféct
of 04015 was prerved,Whehzthe £Onicf§trengthﬁhad'a‘vﬁlue.
of 0.1 M. As has=aiready been‘pointéé’out,'h&Wévér,‘the
.latter'figure.13~théﬁaverage.bf7r65ul£s‘bn’é:véry‘émall"
number of samples only, and is therefore probably less
reliable than the larger value.

In Table XV;:the<quantity nnder.dis¢ussian,takés on
bOth‘negativaiénd“positiva.values, none of which deviates
very far'from_zerb.. The average value Hr the eleveﬂf“
samples cited in Table XV is only;~0.0015 equivhlent“per
equivalent of resin. Thus it may be concluded that the
hydrolytic effect has dissppeared in the case of ammonium

resin in solutions of ionic strength 0.1 M. This absence’
of hydrolytic effect is especially'surprising in view of
the fact thatf;h solutions_Of‘unit,iop;c strength ammonium
resin exhibite&'é“hydrolytic effect of 0.077 equivalent per.
equivalent ofﬂresin;~an even larger value than that found
for hydrogen resin in so1utionsfof:the same iOnié'étféhgth.

The'values-orﬁthe*equilibrium~constant'given iﬁ*wdvxes
XIV and XV are far the reaction as written in the discussicn
of the study of this exchange pair at unit ionic¢ strength.
The eguilibriumnquotients for the hydppgen resin study were
calculated in the menner employed whenever the hydroiytic

effect constitutes the: only departure from equivalent
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exchange, For the ammonium resin study, since no. correction
for: the hydrolytic effect need be:applied, calculations

were made dizjeétljrr:f,romft-het mean:. of the AH' and ANH,:
values. The values of K, range from 1.61 to 2.87; these:
figures are to be compared with the values of 2.2 t0 4.8:
obtained at the ,higher concentretion, In Figure VIII, the
values of Ka are plotted against the mole fraction of ammon-
ium resin. As in the unit ionic strength study, the
hysteretic effect is amall, Furthermore, the slopes of

the corresponding curves in Figures VII and VIII are a;mOSt
the same: This fact lends further support.to=§per-hypothesis
that the lack‘of' constaney of the eQuilibrium-dﬁotient is
due solely to the error resulting from the identification
of the mole fractions of the components of the solid phase
with their actlvities.
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VIII. THALLOUS-AMMONIUM EXCHANGE. ON DOWEX-50

In order to provide further support for the velidity

of the assumptions made regarding simultaneous adeorption
and hydrolytic effects in the silverohydrogen study, in—
vestigations 1nvolv1ng thellous ion, the properties of
which are similar to those of silver ion, were next under-
teken: As in previous studies, equilibrium in the thallous-
ammonium exchange was approaehed from both direotions' liesy
pure ammonium resin and pure thallous resin were each
treated with aqueous solutions of emmonium and thallous salts.

‘ The ammonium reein used was the same. es that prepered
ror the ammonium-hydrogen exohenge. Pure thallous resin
was prepered by placing pure hydrogen resin 1n the column,

and passing over it a saturated solution of tha;lous nitrate.*

~ *The thallous nitrate was prepared from Eastman
thallous formate (90%). The salt as received was dissolved
in water and filtered to remove forelgh material: Sodlum
carbonate was added to the clear solution to precipitate
thallous carbonate, and this precipitate was washed free
of carbonete and sodium ions. The thallous carbonate was
then dissolved in 'dilute nitric acid and the solutlon was
‘concentrated and cooled, whereupon the thallous nitrate
erystallized out, ‘ SRS \

When the pH or the effluent solution showed only a negligible
decrease from that of the 1nf1uent solution, the conversion
was considered to be oomplete. The resin.was then weshed
until free of thallous ion, es indioated by the absence of

a precipitate when potassium iodide solution was added to



the wash water. The resulting product was dried in the.
uSnai'manoéfoo

The equi#alentaweight~oﬂFthe;thallous.resinvwasldeter-
mined from the amount or exchangeabletcation in the resin.
The: thallous ion in a weighad qnantlty of resin was dis~,
placed: by means - of 500 ml. of:a saturated: sodium nitrate
solution. Thg;conoentretion;of,thallouS:ionainftheaefflue
ent-Solution'Qéé;then determined by making the solution 2 N
“withﬁrespéct toohydiogonrion; andttit:atiog direotiy’to.a A
poténtiﬁmetricvend-point witnfa=stand§rd solution of potas-

sium bromate*, platinum serving as the indicator electrode.

*The potassium bromate solution was stendardized
against Bureau‘of Standards arsenious oxide.

. A series of samples were treated with aqueous solu-
tions of‘ammonium nitrate and thallous nitrate, of total
ionio strength approximately equal to unity. Thallous
nitrate was found to heve a somewhat limited aolubility,
so that when the solutions were adjusted to unit ionie
strength with ammonium nitrate, thallous nitrate wes pre-
cipitated at so".._c.., from all solutions _above 0.30 X in
thallous 1on.;fﬂowever. it was found that a 0.30 i influent
solution was soffioiently concentrated to yield a solid'
phéase in which the eqpilibrium mole fraction of thallous
resin was approximately 0O.8. Consequently, the solutiona
were so adjusteﬂ'that néither initially nor at equilibrium

was the thallous ion concentration allowed to exceed 0.30 M.
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After equilibration of the exchange mixture, a portion was
removed and anslyzed fcrzam&pniumgand-thallous~ion$;as
p:éViouSly ﬂeécribed,

The data for the exchange study with ammonium resin -
as theginitiglfsolid,phase mayfbeffonnd iniTable XVI,
while the dataffor the study with thallpué resin as the -
initia; exchanger are found in Table XviI}

‘Examination of the values of i%§¥4§§§¥l~,in Table XVI
reveals that for solutions low in thallous ion concen-
tration, this quantity assumes a‘normﬁl positive value for
@ hydrolytic effect. As the thallous ion obnoentration is
increased, the quantity decreases and,eventually_assumes
a negative value. Since this behevior is exactly analogous
to that observed in exchenge studies involving silver ion,
the adsorption effect, as wellvasfthe‘hydrolytic effeoct,
mus’ be taken into account in.the;caloulatibn of the equl~-
librium constant. Accbrdingly, the caleulations were made
in the same manner as for the silver;hydrogen exchange bn
hydrogen resin; an illustration of this method’haélalregdy
been presentéda»vfnasmnch as it is impossible separately
+to0 evaluste the hydrolytic and the adsorption effects, the
use of this method requires that a constant hydrolytie
effect be assumed. The fixed value chosen in this case
was the averagé of all previously observed hydrolytic ef-.
fects for this batch of resin, namelj‘0.077ﬁequiValeht;pér

equivalent of resin.



Table.XVi

Dowex-50 Ammonium Resin (NH4NO3 + TINO3)
No. | Original lityof |Equivalents| ANH,?* ATL*  |ANH,- AT | N Ke | K
Solution Resin of Resin 4 €Qe TES. T1Res Va‘
l. Tl+ =0.05406‘~, ) - S
NH,*-0,9165 | 4,4346 0,01667 0.00316 | 0,00195 | 0,0725 | 0.125 | 3.96 | 7.57
20 |TLY =0,05406 | | |
NHg+=0.9165 | 4,3719 0501643 0.00340 | 0.00194 | 0.089 0.130 4,08 | 7.81
Do T1+ =0,1088. N v : '
NH4+=048711 | 4.6909 0401763 0.00430 | 0,00388 0.024 0.181 2.88 | 5.50
4, |[TL¥ =0,1627. o | | ' .
NH4 *-0.8306 | 4.8414 | 0.01819 0,00577 { 0.00560 0.009 0.260 2.92 | 5.58
5e. |TL* =0,2171 | : , - —
NH4*-0.7745 | 4.7861 001799 0.00709 | 0.00719 | ~0.006 0.343 3,04 | 5,81
6o |TL+ =042774 - | | | b ‘
. |NHg*=0.7454 | 5.0146°| 0.01884 0,00845 | 0.00940 | -0.,050 0.402 | . 3,04 | 5.81
7. |TLY -0,3258 | - , , ' ' -
KH,t=0,7103 | 4,7627 | 0,01790 0,00942 | 0,00971 | -0.016 0.485 3,32 | 6.35
B. |T1+ =0,3258 N | C | |
NH4*=06,7103 | 4,2630 0,01602 0,00866 | 0.00890 | -0.,015 0.502 3,38 | 6.46




Dowex-50 Table XVII Thallous Resin (NH4NO3 + T1NOsz)
No.| Original | Wt.of |Equivalents| ATL* ANH,* | ATL~ ANHs | Nppes | Ko | Xa
Solution Resin of Resin €Q. IES. '
T,R|TLY =0,0458% | . . ~ — e ' .
NHy+=0,9302M | 5,1028 | 0.01207 | 0,00667 | 0.00589 0.063 0.479 4,18 | 8,00
2. |TLt =0,09080 | | : ‘
. |NH,*=0.8865 | 8.6718 0.02051 0.,01039 | 0,00997 | ©0.022 |o0.482 3,76 | 7.18
3e |TL* =0,1364 T | o f
NHy*+=0.8377 | 9.3722 | 0.02216 | 0,00965 | 0.00943 0.010 0.546 3,83 | 7.33
4, |TL* =0,1862 ' ' | '
- |NH4*=0,7913 | 847494 | 0,02069 | 0,00754 | 0.00794 | -0.019 |0,590 | 3.93 | 7.51
Se Tl+ =0.2253 R ] ) ’ o
NH,*-0,7435 | 7.8753 | 0.01862 | 0,00641 | 0,00647 | -0.003 | 0.629 3,99 | 7.63
6e |TL* =0,2691 . ' ’ o . ' | : '
- |NH,+=0,6923 | 8,0190 | 0,01896 | 0,00553- | 0,00559 | -0.003 [0,685 | 4.27 |8.15
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‘Examination of thevalues of é%%%:53224~ in ‘Table XVIII
~shows the sameltrendffromvpcsitive to negativeigs‘th§~con~
~centration"of7fhallous-icnninftheﬂinitialrsoldtion‘is in-"
creased; the range traversed, however, is not so great as
“for amronium resin. This evidence of deoreased ‘adsorption
may be ‘accounted for in terms of the plausible hypothesis .
that-the»thallous resin might already contain some thallous
ion whioh ‘had been adsorbed during its’ preparation and which
could not be washed out with water; if this were true,

its adsorptive~capacity'would'be lower than that of ammonium
resin which contains no. adsorbed ion.

The ammonium-thallous exchange on thallous resin is
similar to the-silvar~hydrogen~ezchange on silver resing
ooerSpOndingly;fthe calculation of the equilibrium con~
stant was carried out in the manner described for the
analogous case. The constant hydrolyt;c,effect was Obe
tained from sample‘IR by assuming that in this sOlution,
dilute in thallous 1on, no adsorption ocourred, so that
the whole of the difference in inorements eg; ;:s.
might properly be ascribed~to the hmdrolytio.effects

The values of the equilibrium constant recorded in
Tables XVI and XVII are for the reaction

MHgRes + T1' & TiRes + NH,
that is, S
X = NH4' ) (T1Res)
T17) (NHgRes

where the guantities in parentheses have the usual
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significance. In order to convert Kc'values.to-Ka, Ko
must be multiplied by the square of the ratio of the ac-
tivity coefficients of NH4NOz and TINOz in solutions of
unit ionic strength; i.e.,

ex e (J/mmog)z
Xa K e ‘)ﬁ,TlNOsiz

Since thallous nitrate is soluble only to the extent of
~0.3 M, the value of the mean activity coefficient of this
salt in 1 M solution is unavailable. In order to arrive

at an approximetion, existing data for solutions up to

0.3 M were extrapolated, by ¢ omparison with the mean ao-
tivity coefficients of other similar salts, on a plot of
log )i vs. 7m. The approximate value so obtained,
nglNCs = 0.34 when 4« = 1, is believed to be fairly
accurate.

A plot of the equilibrium activity quotient against
the equilibrium mole fraction of thallous resin is presented
in Figure IX. Because of the magnitude of the constant,
and the limited solubility of thallous nitrate, no direct
camparison between ammoniumheéinfand thallous resin as
initial exchangers can be made. The points of the curve
for the thallous resin appear on a slightly displaced con-
tinuation of thet for the emmonium resin. Extrapolation of
either curve indicates the existence of approximately the
same degree of hysteresis as has been encountered in other
systems. Over the range of conoentrationa studled, the

values of Ky range from 5.5 to 8.1, with an average of 6.91.
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IX. THALLOUS-HYDROGEN EXCHANGE ON DOWEX-50

As in all the previous investigations, equilibrium in
the thallous-hydrogen exchange was approaohed from both
directions, 1, €., pure hydrogen resin and pure. thallous
resin were each treated with aqueous solutions of hydrogen
and thellous ions. Both resins employed’wqfe from batches
which had been used in previous exchenge spudiqé; Thel
mixture vas aliowed;to come to equilibrium, and éliquot
portions of the solution were removed and analyzed:for
thallous and hyﬁrogeh ions as already'deséribed;‘ As
previously stated, the IOW'solubilitﬁ;of thallous nitrate
limited the initial thallous fon concentration to 0.30 M.
The equilibrium studies were"cafried out at 30° C. in the
same manner as has been descriﬁed for previous investi-
gations involving thallous ions. The data and results of
this exchange are presented in Tables XVIII end XIX.

An examination of -the values of A%%:{%%%_ in Table
XVIII again reveals the ogcurrence not only of true ex-
change, but also of the hyarolytic.effect»and of physical
adsorption of thallbus-idﬁ on the equilibrium resin. Con=-
sequently, the method employed in'the ocalculation of the
equilibrium constant was that illustrated for the silver~
hydrogen exchange on hydrogen resin. Throughout this. seriea
of samples, the hydrolytic effect was assumed to be con-
stant at the average value for this batch of hydrogen resin

as found in other exehanges.
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Dowex—50 Table XVIIT _ HRes (HNOz + TLNOx)
No,| Original | Vitsof |Equivalents| .AH" ATL* | pH- ATL | Neoo Ko | XK,
Solution Resin | of Resin : €G. TIeS, } es

1. |H¥ =0,9675M | R g : |
TL+-0,0500M | 4.3589 0401554 | 0,00344 | 0.00219 | +0.0675 | 0,151 | 6435 | 28.5

2e. |H* =0,9675 _ ’ } , - » -
T1L¥=0,0500 | 449449 0,01759 | 0,00324 { 0.00238 |- +0.049 0,142 6.35 | 28.5

A TL%-0,0482 342135 0.01143 0400223 | 0,00157 | +0.058 | 0,146 6418 | 27.7

4, |H+ =0.9109 ' ) ’ ‘ .
TL*=0,1081L | 4.4475 0,01583 0,00501 | 0.00437 | 0,040 | 0,272 5.56 | 24,9
TL+=0.1498 3.8710 0.01379 0.00558 | 0.00529 | +0.021 0.368 5.50 | 24.6

6o |H* =0.81L08 ' ; S R N S

| T1%-0.1997 4,4860 001599 0,00744 | 0.00731 | +0.008 - | 0.432 5.32 | 23.8

7. |H* =0,7621 | ) | S - ;
T1%-0.2495 | 4.4185 0.01576 0,00842 | 0.,00847 | -0.003 -| 0,506 5.26 | 23.6

8. (HY =0,7160 : ; N . ~ »
T1+-0,2754 4,2323 | 0.,01508 0.,00869 | 0,00869 | 0,000 0.551 5.22 | 2344

9, |E* -0.7097 , . : , ; . :
TL*=0,2993 443393 - 0,00930 | .0.00948 0.577 5436 | 24.0




Dowex-50 Table XIX TlRes (TlNO3 + HNO3)
No.| Original | Wt.of |Equivalents| AT1™ OH* ATL- AH | Nppoo Ko | Ka
~Solution Resin of Resin €Qe.Tes,.
l. | H+ -0,9612M
T1+-0,0482M | 8,0898 0.01908 0,00982 | 0,00867 | +0.0602{ 0.518 6444 | 28.8
2e H+ =0.9120 ) , . » ) '
T %-0,0961 745676 0,01786 0.,00807 | 0.00718 | +0.0495| 0.574 6442 | 28.8
3e |HY =048632 ' '
T1+=0,1437 7,7981 0.01840 0,00715 | 0.00633 | +0.0444| 0.636 6449 | 29.0
4, |HY =0.8112 S
- | T1+=0,190% 7.7558 0,01831 0.00621 | 0.00547 | +0.0406| 0,684 6.51 | 29,2
5, |HY =0.7616 ' : " | |
T1+=0,2%24 842098 001939 0.00569 | 0.00501 | +0.0350| 0.725 6.52 | 29.2
6o |H* =0,7160 « - o
| TL*-0,2754 7.8031 0.,01840 0,00455 | 0.00426 | +0,0157| 04756 .48 | 29.0




ATl AH
6Q. res.

shows . a trend,fram-positiVQ;tp negative“values, onbe~again'

Examination of the values of in'Tab;e XIX
indicating that physical adsorption of théilous‘;on is ine
volved in~the.overQali.exbhaﬁge»feactipn; The’cﬁnstant
hydrolytie effect for this batch of thallous resin was
téken as the avefége value for three seamples in whieh the
initial concentration of thallous idhfwas}0905<@, at which
low-concentraﬁion little adsorption is to’be BXpQQtedo

This average value was 0.058 equrvélent per equiﬁalent“éf
resin..

In order to convert K, to Ky, thevalue of /% for
thallous nitrate at a total ionic strength of unity was
required.- As pointed out previohsly, solubiiity limita-
tions necessitate an approximation, the details of;which
have already been explained; the #élue ¥ = 0.34 was.again
used in these‘calculations; 5 plot of thevalues bf'Kg vs.
equilibrium mole fractions orﬂthgilous'resin is presented
in Figure X.- 4s in the previouéiy reported ammonium-
thallous System; a hysteretic effect is observed in this
study. Howevér, £hq'displa9ement of the curve is accom=-
panied in this case by a changé in‘éhape, and for thé'firsp
time the valuéS’or‘Kg-aré‘fouhdfté befQOnstanthVer“a don<
siderable range ofvcompositions;éf Qbﬁétant ionio strength..
No explanation is offered atﬂthiésfihé either for the
hysteresis or for this dnexpe¢te¢ constancy. The range

of K, for the thallous-hydrogen exchange is from 23,4 to
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29.2, thchuﬁfient beingrformulafed'with the equilibrium
concentration of thallous resin in the numerator. The
over-all average for this equllibrium constant is the
largest so far reported, 26 9.ﬁ Once again, the lack of
absolute constancy is attributable to the absence of
activzty data for the two components of the bolid phase,
as well as’ to the aasumption that the activity ooeffieient
of a 'salt in a mixed eolntion at an ionic strength as

high as unity is a function of total 1cnic strength only.
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X. LOGARITHMIC ADDITIVITY OF EQUILIBRIUM CONSTANTS

If the lon exchange prooese fesults in a true equi--
librium, thds behaving in the manner deac:ibed.by the Law
of Mass Aetion, then it should be possibie to céloulate
the equilibriuﬁ constant for a given exohange,reaotion-from
those of two other reactlons, as in the case of other chem-
ical changes. Thus, let;us consider the three exchanges

represented by the equations

LRes + MX = MRes + LX (a)
MRes + NX = NRes + MX (B)g
LRes + NX = NRes + 1X (c).

For convenience, we shall refer to a trio of three exohénge
reactions so related as a "triangular® system of exchanges.
Now if K, K, and Kg are the respective equilibrium con-
stants, the following relationships should be valia:
;pg Kg = log KA“fklog KB
K, = K, x K |

(¥ B*
With the completion of the exchange studies of emmon-
ium ion with hydrogen ion, and of thallous ion with ammon-
ium ion end hydrogen ion, data are available whioh permits
an experimental test of the validity of this relationship
for a "tr;angular" system. The system of exchanges involv-
ing ammonium, thallous, and hydroéen iohs and the cor-
responding resins is, in faot,nespecially suiltable because
the constants for each pair are different at least by a fac-

tor of two. Agreement between the observed value of the
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equilibrium-conéﬁant.for one of the‘qxohanggs aé&,the~ca1cu-‘
lated value}(thékproduct of the other two~equilibrium con-
stants), would provide strong additional support for our .
hypotheses of hydrolytic and adsorption effects, and for
the oorrectness of our method of application of these hy-
potheses in the caloulation of the equilibrium constants.
Mean values of K were used in thia “triangular" compari» +
son, but since the data for the thallous ‘ion systems were
limited by_thevsolubility of thallous'nlprata to equilib- 
rium mole ffactions of‘057 in the heavie§ ion résin, the
average value of K for the ammoniumuhydrcgen system was
based only upon values of K correspondlng to equilibrium:
‘mole fraotions Qf_ammoniumu(tbe heavier_iop) resin up to

0.7. Caloulations were made as shown below.

_ (NH,Res) (')
Ka, = TERaT(NE,7T = 234

K (T1Res) (ME,*)

Fag = (Wi Res) (@) - &%

3

. ; 4y -
Ky, = toenoli) = 26.9 (observed)

K, xK, =K, = 24.4 (caloulated)

The fact that the deviation between the observed and cale-
ulated values of K, 1s°less than 10% of the observed value,
may be considered as‘additiqpal confirmation of the validity
of'ﬁhe several fnew gdnoepts;and assumptions which are in-

volved in the determination of the individual values of'Ka



for the three systems.

-§1-
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XI. NICKEL-HYDROGEN EXCHANGE ON DOWEX-50

The study of exchange reactions between representative
univaledt'iohsvhaving been completeé; our atteniion was
turned to’exéhaﬁgevreactions invo;ving one univalent and
-ohe bivalent iogg” Nicksl, a typical memberwor the first
transition-aeriééxof elements, was seleoted ag the bi-
valent ion becaﬁqé ;t‘iends itself readily to accurate ana-
lytioceal detanmidationp

As in previous ‘exchange studies, equilibrium in the
nickel-hydrogen exohange reaction was approached from both
directions, i,e., both pure niekel and pure hydrpgen resin
were used as the initial exchangers. Thé nickel resin was
prepared by passing a oonoentrated solution of nickel
ohloride through a quantity of pure hydrogen resin con~
tained in a oalumn ' The pH of the effluent solutlon was
brought back to a value of 7 by the addition of golid
nickel carbonatg,hanq after-tiltration the solution was
recirculated théough the column. Thevconversion_was con-
sldered to be complete when there.was no more tﬁén a neg-
ligible difference between the pH values of the influent
and effluent solutions. The resin was washed and dried as
before,

‘Because of the prohibitive amounts of salt solution
required to achieve complete rebiacement of nickel ion,
attempts to determine the equivalent welght of'tpe resin by

removal of replaceable cation with a saturated solution of
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sodium nitrate .or a concentrated solution of caleium chlor-
ide were unsuccessful., Instead, weighed quantities of the
resin were decomposed bj means of a sulfuric acid digestion,
with powdered selenium as catalyst. The nickelébontent-of
each sample was then determined by the usual gfnfimetrio
method with dimé&hylglyoxime as the precipitating reagenf,_

Inasmuch as the ionic strength of an exchenge solu--
tion containing a bivalent cation with & univalent cation
does not rema;n‘obnstnnt, but changes as the exchange reac-
tion proceeds, it was necessary to fix the initial concen-
trations of the exchange solutioas in sudhva,manner that
the effluent solution at equilibrium would have an ionic
strength approximately equal to unity, This was desirable
in order that a comparison might be made between qnivalent-
bivalent exchanges and the previous univalent-univélqnt
exchanges. | o

Table XX contains the data for the exohanges involving
pure hydrogen resin as the initial golid phase, while 1n
Table XXI are tabulated data for the study based on pure

niokel resin as the original exohanger. Sincs the values

of é%%::%%%_ in Table XX and the oorreaponding quantity
ANi-AH |

TP TR of'Téble ¥XI are all positive with no obvious

trend, only the hydrolytic effect need be consinered in the
calculation of the eq&#linfium oonstgnﬁ._.Desbiﬁé tne_presq
ence of a bivalqnt ion, the hydrolytio éftect is'expreasedi

as before, as the number of equivalents per QQuiialent of



Dowex-50 o . Table XX Hydrogen Resin (Nidip 4+ HC1)
NOo| Original | Wte.of Eq. of N ANL ¥ [AH-ANi | Ny p equi-| XK
Solution | Resin | Resin eqores.| RS | \ibrium| © fa
1, | H¥ =00 _ : : o
Ni+*-0,3434M| 4,6987 | 0,01674 | 0,01529 |0,01490| 0.023 {0.912 | 0,9596 | 2.73 | 11.5
2o |H*Y =0.1301 ' | | -
Nit+t=0,3011 | 5,0667 | 0401805 | 0,01520 |0.01438| 0,045 |0.834 | 0.9697 | 3.09 | 13,0 .
2e | HY =0.2813 ' - ‘ R
Ni**-0.2524 | 4.5984 | 0.01638 | 0,01257 |0.01192| 0.040 {0.757 | 0.9854 | 3.44 | 14.5
4, | HY =0.4188 ‘ ” . o ‘ i o "
Ni+t-0.2015 | 4.5256 | 0,01612 | 0,01102 | 0.01048| 0,034 10.673 | 0.9763 | 3.92 | 16,5
Oe H+ =0.5706 » } : ‘ j p " -
Ni*+%-0,1504 | 4,4425 | 0,01583 | 0,00930 |0,00854| 0.048 [0.567 | 0.9867 | 4442 | 18,6
6o | H* =0.7166 ‘ : | : ; , ’
' Nitt-0,1004 | 4,6388 | 0,01653 | 0,00765 | 0,00680| 0,051 {0,433 | 0,9923 | 5,02 ] 21,1 °
7. | Ht =0,7166 o . _ : B i - :
Ni++-0,1004 | 4,5695 | 0,01628 | 0,00763 {0,00674| 0,055 [0.435 | 0,9936 | 5407 | 21.3 ~
8.. H+ =0.8595 . ’ . . o ’ P
Ni++t=0,05181| 4.6362 ! 0,01652 | 0,00490 | 0,00427| 0.038 10,269 | 0,9997 | 5.90 | 24.8




Dowex=50 Table XXI | NiRes _ (NiCl, + HC1)_
Noo| Original | Wteof | Eq. or | ANi++ AH* | ANi-AH |Nyjpes | B equi-| K, | X
Solution ‘Resin ‘Resin €Q.TeSe| librium

1, |HY =0,1014M | .

-~ |Nit*-0,2911M | 5,8277 | 0.,01863 | 0.00216 | 0.00163| 0,028 {0.909 |0.9908 | 0,73 |3.08

2. |H* =0,2013 »‘ v . :
Ni*t*=0,2573 | 5.6417 | 0,01804 | 0.00292 |0.00251| 0,023 {0.858 |0.9919 | 1,38 | 5.81

3o |HT =0,3519 - ‘ -

. INi**20,2068 | 504681 | 0.01748 | 0.00422 | 0.00368{ 0.03L |0.783 |0.9988 | 2.24 | 9.41

4, |H* =0,5008" _ L | ‘ ' o " '
Ni*¥=041559 | 5.4480 | 0401742 | 0,00566 | 0.00510| 0,032 (0,698 |1.,0024 | 2,71 |11.4

|5e |HY =046499. | | ' '

- | Ni**20,1036 | 5.8551 | 001872 | 0,00774 | 0.00683| 04049 [0.617 [1.0085 | 3.44 |{14.5

6o {H* =0,8026 | , | ’ T

| Ni+*=0,05076 | 5.8179 | 0,01860 | 0,00954 | 0,00907| 0,025 [0.,499 [1,0073 | 3,85 |16.2

7o |H' =0,9489 1 | - .
Nit*oemeeoe | 5.5544 | 0.01776 | 0,01158 {0.01067! 0,051 |0.367 |1.0159 | 4.58 ! 19,3
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resin. The average value Of the hydrolytic effect for the
hydrogen resin study is 0.042. Thie figure is appreoiably
lower than thoae previously encountered in hydrogen resin
1nvestigatione, posaibly beeauae the previous history of
this bateh of reein was different from that of the hydro-
gen reein used in other exehange studies. The average .
\hydrolytie efreet for the niekel resin study is O 034
equivalent per’ equivalent of resin.;

The values of K ‘listed in Tables XX and,XII are for
the reaction

2HRes + Ni+* = 2" + NiRes,;

that is, .
_ (B)“(NiRes,)
(Ni¥+)(HRes)? .’

where the quantities in parentheses have their usual signif-

Ka

lcance. K valuea .are derived as the produeb of. Ko and the
| +HCL

ratio, . s de.,
tm_biélz. o
R e

Valuea of Ky in Tablea XX end, XXI are represented graphi-
cally in Figure XI as a funotion of the equilibrium mole
'fraotien of niokel resin. It nay be noted that the range
of velues is much wider than in any exochange previouely
studied, In the niokel-hydrogen exchange, also, there is
encountered for the first time a eyetem,shewing marked
hysteresis. No ekplanatien for this phenomenon can be

offered at present.
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--In the case of“a~bivalent-univalent~exohange; the
equilibrium expression developed by Krishnamoorthy and co-
workers., (25) is not equivalent o the Mass Aotion expres~
sion; heocezthe n;okol—hydrogen exohangquyatem:afforda
the first Opporoﬁoity in this work for an experimental
.test.of=oheirweqoatioh.»uA:briefadiscosaioh of the equation
preaented'oy Krishnamoortﬁy ﬁay;oe.found in\thé.introductofy
section ot'thioﬂoiSSertation, As applied'to,the.niokel-a
nydrogen exchange, the axprossion<£o::the1equxlibr1um eon~
stant for the. reaetion»

. 2HRea + Ni“"" 4 NiRes # 20"

reduces . to tne following

%g_:_% { 3/2/NiRes7 + [FRes] } {%3'*7 +HCL

dee 2
+NiClz~_
| [ﬁiRes] [ uneg
Kg = {3/2 [fRes/%_ * WRes {m‘% beeld

where the terms 1n braokets represent numbers of moles of

or

replaceable 1ons in the solid phase. Terms in parentheaes
are the equilibrium eonoentratione of the two axchanging
cations in:the solution phage. ’Whe;;thig;equation is applied
to the data. of the niokel-ﬁydrogen’oxohange the. resulta are
those given in Table XXII. It may be. observed that the
values of the quotient (laet column) exhibit exaotly the

same trend as when oalculated by the Mass Aotion expression.
moreover, the range of values 1ls greater than_the range of.

the oonventional quotiehts, as previously presented, The



Table XXII

Dowex ~50 ___HRes + NiCls 4+ HC1
No, NNiRes, Ka(equiv,) Ka (mols) |
1, _0.912 61,7 16,3
2R 0,834 63,0 17,6
3, 0.757 6445 18.9
4R _0.673 66,3 20,6
5. 0.567 6645 22.3
& 0,435 _ 67,0 24,5
74 0.269 64.8 26,7

NiRess + NiClo + HCL
| No. NyiResy Ka(equiv.) Ka(mols)
1. 0.909 1645 4,78
2. 0,858 55,2 __7.98
3. 0,783 42,1 12.2
4q 0.698 47,3 14.5
5, 0,617 54,9 17.8
6y 0.499 49.8 19.3
7y 0,367 5549 21.4
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apparent hysteretic ‘behavior of this exchange pair, like--
wise, is not diminished by this method of caloulation..
From this evidence it was oconcluded that no ‘advantage was
to be gained by the use of this more camplioated €xXpres~ .
sion in place of the Mass Aection equation. |

The values of Ka(eq) oontained in the third column of
Table XXII were also obtained from tne Krishnamoorthy eX~-
pression, but the aumber of equivalents of exchangeable
cation in the solid phase was aubatituted for the number
of moles. This deviation from,the equation as developed
by Krishnamoorthy is difficult to Justity in view of the
relationahip between mole quantities and aotivities. How-
ever, one might consider the - reain matrix as being composed
of inactive areas and active exohange sitea. The number of
equivalents, rather than the number of moles, of nickel in
the resin would then be a direct measure of the' number of
‘exchange sites oocupied by ‘the nickel 1on in the solid
phase, and thus would ?e‘a.mgasure of the activity of the
nickel resin oompdnent, corraébbndigg to thatagf the other
°oomponent, hydrogen reain. |

As may be seen from Table XXII, the equilibrium con-
stant for the niokal-hydrogen exohange on hydrogen resin,
calculated in this manner, has an average value of. 6a 8.
witn an average deviation of only 2. 3% - The equilibrium
quotient for the same exohange on hiokel resia, however,

does not exhibit the game degree of constanoy. ‘Sample I



being’ omltted the average value ig 50.9 with an average
deviation -of 8,8%. 'Very little. diminution is noted in the
apparent?hySte#et;o behavior when the constants are cale-
ulated in this manner,.

Aithough tﬁé intarpretation-of thevdata accorﬁing:to‘
this modifioation of the Krishnamoorthy expression yields a
more nearly. constant value 0f the equllibrium quotient,
further-experimgntalvevidenge-seems necessary‘bgfore=it=is
postulated as the expression best suited to .deacribe the

bage exchange reaction.



XII, - CALCIUM-HYDROGEN EXCHANGE ON DOWEX~50

Slnoe the atudy of the niokel-hydrogen exohenge showed
thls exchange palr to exhlblt marked hysteretio behavlor,
it seemed of interest to investigate the exchange of hydro-
gen ion with another bivalent ion, and partioularly with
one of approximately the same size but of less oomplex
»eleotron nonflguratlon than the transltlon element. With
thls oonsideration in. mind, as well as tne ease and acour-
'aoy of the analysis involved, caleium ion was eelected for
the second.lnvestigation of a blvalent-unlvalent ion ex-
change;

As 1n previous stuﬂies, equilibrium was approached
from both directions, i.e., both pure hydrogen resin and
pure oalclum resin were employed as the lnitlal solid phase.
Pure oaloium resin was prepared by placing pure hydrogen
resin in a- oolumn, and pasaing througn it a: conoentrated
solution of oalolum ohloride. The effluent solutlon was
neutrallzed'with solid oalcium carbonate, filtered, and re-
oiroulated throngh tne oolumn When the effluent solutlon
showed only a negligible deorease in pH after passage through
tne column, . the conversion was oonnidered to be oomplete.
The resinwas then washed free of ohloride ion and drled in
the usual manner. o

caloium‘ion concentratldna wefe"denermlned by the
standard gravimetrio method the oalolum‘was precipltated

with ammonium oxalate, filtered in a poroelaln filter,



(3O

ignited at 660°"C,.1n an atmosphere of carbon diexide}
and weighed as calcium carbonate.

Because of the difficulties of manipulation resulting
from the insolubility of calecium sulfate, the sulfurie aocid
digestion method could not be used for the determination
of the equivalegt weight of the calclumi;eein, Instead,
weighed quantit;ee of resin were treated with 10 mi. por-
tions of 72% peeehloric aoid, and allowed to stand for 2.

hours at & temperature of about 50°.% After this period,

*Phe use of a relatively low temperature was
necessitated by the excessive "bumping"™ whioh took place
at normal fuming or evaporation temperatures.

the decomposition was aufficiently‘cdmélete g0 that the ex-
cess perchloric acid eould beaevapexated,vleaving caleium
perchlorate as the residue. This salt was dissolved in
water, and the determination of calcium was then carried
out in the manner previously deecribed.

As mentioged in connection with the nickel-hydrogen
exchange, the ionic strength of an exchange solution ocon-
talning a bivalent and a univalent ion does not remain con-
stant, but changes with the progress of the exchange reac-
tion. Consequently, it was neoessary to adjust the initlal
concentrations of the exchange solutions in such a manner
that the effluent solution at equilibrium would have an
ionio strength approximately equel to unity.

The data for the exchanges involving pure hydrogen
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resin are éontained in Table XXIII, while the data for the
study in whion pure calcium resin was employed ae the init~

1al exohanger are tabulated in Table XXIV. Examination of

the values of é%%_i%%%_ in Table XIIII and the“correspOnding'
values~or 5&25_5{&_ in Table XXIV. reveals that they are all

eq. res,
positive with uo apparent trend' henoe only the hydrolytic

erfect need be considered in the calculation of the equi~
librium oonstant. The average, value of the hydrolytie
effect for the hydrogen resin is 0. 036 equivalent per equiv-
alent of resin. As in the cage. of the nickel-hydrogen ex-
change, this figure ia somewhat lower than that ezpeoted
for hydrogen resin in solutione of unit ionio strength.
The average hydrolytlo effect for oaloium resin ia 0,078
equivalent per equivalent of resin.

The values of Ka contained in Tables XXIII and XXIV
are for the reaction

P
met ies (%)2(CaRess)
e ﬁ,(0a+t)ﬁﬁﬂeﬂ%?- 
and -
K, =K, - )’4 * 'Hol
Y+Caclgl°

where the quantitiea in parentheaea have their usual sig-
“nifioanoe. In Figure XII valuea of Ka are presented graph-
ically as a funotion of tne»equilib:ium mele,fraotion of
celcium resin. It may be seen that the Ké values:obtained

from the studies involving the two different pure resins,as
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Dowex-50 Table XXIII HRes + CaCls 3+ HC1
N-~e | Original Wteof [ Ega of n HY ACa++|pH~ACa {p Equi-|N » B
Solution Resin | Resin - (eq.) {eq.Tes.| librium CaRes Ke Ka
1. |Ca**=0,3504M : 3 | ‘ \
HY = 4,4951 | 0,01601 | 0,01508 |0.01480| 0.01L7 |0,9800 }0.888 . 9,86 25.8
2. Ca""“:O...")OOO v . . ) ) ) .
HY -0.1504 4,5633| 0.01626 | 0,01447 | 0.01406} 0,025 | 0.9842 | 0,798 7633 322
2R |Ca*+-0,3000 : i . :
H* -0.1504 4,.4300| 0,01578 | 0.01414 | 0.01342} 0.046 | 0,9905 |0.803 7«61 3345
3. [Cat**-0,2505 _ S _
|HY -0,2908 4,5471] 0,01620 | 0,01357 | 0,01318} 0,024 |0,9803 {0.716 8,65 28,0
3R {Cat*-0.2505
. H+ -=0,2908 4,8312| 0.01721 0.0l425 0,01398| 0,016 {0.,9751 | 0.703 8.25 56.5
4, {Ca*+=0.2001 | | o
) H* =0.4398 4,44381 0,01583 | 0,01230 | 0,01166] 0,040 {0,9882 [0.623 9.80 43.1
4R 1Ca**=0,2001 v A
al HY -0.4398 | 4,6185] 0.01645 | 0,01275 | 0,01200| 0,046 | 0.9873 | 0,618 9.75 42,9
HY -0.,5830 4,5399| 0,01617 | 0,01116 { 0,01073} 0.027 { 0,9900 {0,518 10.85 47,7
5R |Ca**=0.1521 | ', ' '
Hd+ -0,5830 4,2983 | 0,01531 | 0,01067 } 0.01022] 0.031 | 0.9927 |0.525 11,00 48,4
6R [Ca*++=0,0998L | | :
H* -0.7265 | 5,0078] 0,01784 | 0,01039 | 0,00932| 0,060 | 0.9911 | 0.383 12.9 56,8
17 C§f+=0.05051 ) : ‘
H =0.8676 0.01577 | 0,00643 | 0.00546| 0,061 | 1.006 0.226 14,2 62.5
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Dowex-50 Table XXIV CaReso 4 HC1 4 CaCls
NOo Original Wte.of |BEq. of | ACa** | AH+ !AH-ACa | p Equi- NCaR o i Ko Ka
Solution Resin . | Resin (eqe) , eGsTesS, | librium| Szl e

| H* -0,1028M | 5,0794 | 0,01967 | 0.00182 | 0.00068 ! 0.058 1.0005 0,929 5,68 | 25.0
2. [Catt=0,2571 | " ' |

HY -0.,2042 | 5.8878 |0,02280 | 0,00284 | 0.00138 | 0,064 | 1.004 0.879 7.95 | 35,0
3, |Catt=0.2021 ' , .

Ht =0¢3569 5.4732 {0.,02119 | 0,00388 | 0,00228 0,079 0.9986 | 0.791 9,20 | 40.4
4o Catt=0,1528.. . g » . o ' AR A

HY -0,5137 5.5855 | 0,02163 | 0,00504 | 0.00349 0,072 | 1.0128 0.705 1044 | 45.8
5R |Ca++=0,1027 | E

H+ =0,665O 53389 {0.,02068 | 0,00624 | 0.00453 0.083 | 1.0214 0.614 11.8 | 51.9
reo Ca++=0.04927 v » » ' S -

BEY -0.8168 | 5.5772 |0.02160 | 0.00857 [ 0.00645 0.099 1.0287 0,503 12,5 | 55.0
7o Cattz—eee—- - .q - o : '
' |B* =0,9737 5.,8218 |0,02255 0,00912 0.098 [ 1.0526 0.381 13,6 | 59.8




Figure XII
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starting materiéis 1ie on two nearly parallel lfﬁes:sépar-

ated by: but a. small distance from each other. The hysteresis

"exnibued m the ﬁrst. b:walent-univalent stuay., n:l.okel-
hydrogen - exchange, has all but dlaappeared in the calclump

hydrogen exchange.

It is of intérest to elassify the exchange pairs thus
far studied,: according to whether or not. they exhibit -the

phenomenon of hyst33351397

Hysteretic 'Noh~hy9teretic’
'Théllouhéhidrpgen sodium-hydrogen
-Théllous—amgghium ,ammonium-hydrogen
Nidkélﬁhyd;6gen 'silver-hydrogen

-calcium-hydrogen

There is some question as o the proper olasaification of
the silver—hydrogen,exphange. Ove:-moat.or the range
studied, this system exhibiﬁéd litﬁlevhjstefésis;'however,
when the equilibrium'solgd:phase.waSaQOmposed largely of
silver reain, the Ky values aerived‘from,the two . pure
resins as initlal exchangers were appreoiably.difrerent.
With.this exception, it may be seen that the exgﬁange pairs
exhiblting no hysteresis cohsiét;entireiy of those lons
which form electrovalent bonds only, and which have little
or no tendenoy to form coordinate bonds. On the other hadd.
one ion of each exchahgé-pair;exhibitigg,hyete:esis forms
coordinate bonds very"readily..uOf-thewionsylisted, nickel

ion has the greatest tendency to form coordinate bonds, and
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the:nickelshydrogenvexohange‘system”WQS‘qunQ,tg?exhib;t
hiéteresia'téfthe greatest\degreeg Thus;iﬁ_wouiﬁ seem'

thﬁputhe phenomenon of‘hystefesisris*inwshme ma&;er“re;
~lated. to the. types of lidkage which the ions of the ex-

change pair"éféfbaﬁable-6%5formihgg
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XIII, NICKEL-CALCIUM EXCHANGE ON DOWEX-50

As a finalwatudy,vgn investiéation of a bivalent-biva-
lent exchange wasvundéftaken, with hi§kel7and caleium as
the exchange pair. 'As in previous eioha@ges,,the equilib-
rium was apprq&&hed from both si&eé,fi.e., bothlbure cal-
cium resin and pure nickel resin were empléyed>as the
initial solid éiéhangers%\ In both caseéi the pﬁre resins
were those wnich had been used in;previoua studies.

Because of the error introduced»by oopreoipitatiog,
the separation of these two lons proved very difficult.

In the determination of calcium, attempts were made to

hold the nickel ion in solution by the addition‘or complex-
ing agents, while the calcium ion was precipitated'with
ammonium oxalate. Experiments made with ammonia and with
godium cyanide as complexing agents'were:unsuocessful.

The prooedure"finally:adopted consisted of the addition

of an excess of ammonium hydroxide to the sample to be
analyzed for calcium. After preoibitation of the calcium
oxalate, the supernatant liquid, which contained most of
the nickel, was decanted through a porcelaln filter. The
remaining precipitafe was dissolved with a few milliliters
of hydrochloric aclid, and repreoipitated'by the{addition
of an excess of ammonium Aydroxide. The filtration and
ignition of the preclpitate were then carried out as before.

Since the nickel dimethylglyoxime precipitate under-

goes deoompoaition when dissolved in hydrochloric acid,



some scheme other than reprecipitation had to be employed
for the determination of nickel, This was accomplished
by the eleotroiytic deposition of nickel metal on a
platinum oathode, from an ammoniacal aolution to which
had been added ammonium chloride to reduce the internal
resistance of the‘electrolytio cell.

A series of samples were treated with aqueoua solu-
tions of calcium chloride and nickel ohloride of total
ionic strength apprcximately equal to unity. Inasmuoh gs
there was an appreciable decrease in volﬁﬁe uponfmixing
gsolutions of these two salts, it was found neceééary to
prepare and analyze each exchange solution 1ndi§§dually,
before 1t was placed in contaot with the-resin.;“After the
mixture had been allowed to come to equilibrium, portions
of the effluent'ﬁere removed and anaiyzed}for oélcium and
nickel ions.

The data for the exchange study on pure calcium resin
are to be found«in Table XXV, while the'data based on the
study involving pure niokel resin are contained in Table
XXVI. Examination of the values of -208= ANL 4y Table

eq. res.
XXV reveals that they are all positive with no apparent

trend, thus indlcating that the hydrolytic effect is the
only departure from equivalent exchange that neéh be con-
sidered in the oaloqlation of Ko. The average value of
the hydrolytic effect for the stgdy on caleium resin is
0.059 equivalent per equivaleét of resin., This figure may



Dowex-50 Table XXV NiRes, + CaCls + NiCl,
io.| Original Wt, of |Equivalents| ANit++ ACa*+ | ANi- ACa NcaRes Ko K,
Solution |Resin | of Resin (mol)- (mol) eq.res. 2.
7R I\Ii ++= ------ A ’ - o : B
Ca++-0.3306M | 5.5400 | 0.01782 0.00769 '{ 0.00723 : 0.052 0.856 1,77 {1.85
6R |Nit+=0.4976 ' . | , .
Cat+-0,2756 | 5.2077 | 0.01675 0.,00657 | 0.00611 | 0,055 | 0,772 1.82 [1.90
15 |Ni**-0.1008 . o . - T '
Catt-0,2290 | 6,1380 | 0.,01974 0.00665 | 0.00651 | 0.014 0.669 2.06 | 2.15
4, |Ni*t+-0,1516 o
Ca**-0.1801 | 5.4541 | 0,01754 0.00513 | 0.00510 0.004 0.584 2420 |2.30
3. [Ni+t*-0,1988 , - N
Cat*-0.1314 | 5.2131 | 0,01677 10,00401 | 0.00403 -0,004 0.481 2.43 | 2,54
5. |Ni*tt=0,2478 , | ' _ )
Ca¥%-0,08157 | 5,5357 | 0.01781 0.00291 0.022 0.334 2,67 | 2,79

0.00311




Dowex-50 Table XXVI CaRess + NiClo + CaCls
No.| Original |Wt. of |Equivalents| ACa** | ANi++ [ACa- ANi |N K
Solution Resin | of Resin (mols) (mols) | eq.res. CaResy ¢ Ka
N, [ Ni¥*20,3330M | ‘ i _ 7 .
Cattommm e 5.,1922 | 0.02011 0,00648 | 0.00573 0.075 0,387 2.69 |2.81
2R i Nit*_0,2509 _ | - e : -
ca**-0.0800 | 5.4745 | 0.02120 0,00454 | 0,00367 0,082 0.624 2.82 | 2.95
3R | Ni*+-0,2028 | , | , R
Cat+-0,1310 | 3,9010 | 0.01511 0.00241 | 0.00222 0.026 0.699 2.46 | 2.57
4, | Ni++=0,1516 _ u | ' _
Ca*+t-0.1801 | 5.5869 | 0.02153 0.00265 | 0.00215 0.046 | 0.791 2.38 |2.49
5. | Ni++-0,1008 ' _ ' - ' f
Cat*-0.2290 | 5.6477 | 0.02187 0,00184 | 0.00130 '0.050 0.875 2.49 | 2.61
6. | Ni*t*=0,0505 | N " |
| Ca**-0,2792 | 5.5398 | 0,02145 | 0,00132 | 0.00055 0.072 0.944 2.64 | 2.76




w5

be compared to ﬁhet of 0.078'equivaleht'per equivalent
of resin, as obtained from the oaleium-hydrogen exchange

etudy on the same oalcium resin. The corresponding values

ANi- ACa
of eq. res.

oeption, likewise all positive with no obvious trend. The

oontained in Table XXVI are, with one ex-

exoeptional rigure is believed to be due to analytical
errore. In tne ealoulation of the equilibrium constant,\
this negative value was disregarded, and the data were |
“treated according to the suppoeition that ‘the hydrolytio
effect is the only deviation from equivalent exohange.
The values of Kq contained in Tables XXV and XXVI are

for the reaetioul

NiResp + Ca'*t 4=  CaResp + Nit*;.
that is,

K, = ABiT")(CaResp)

¢ (Ca¥*)(NiResp)

and

3
In Figure XIII, the values of K are presented graphically

as a function of the equilibrium mole fraotion or calcium
resin. The points lying on the smooth curve are the values
of Kgq for the exohange on nickel resin. K, values for the
exchange on calcium resin appear randomly distributed above
the smootheourve. Undoubtediy, with a largerlnumber of
experimente, these values oould be B0 refined as to place
them on a curve parallel to that ehown in the figure, but

limitations of time did not permit such further investigations.
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Because of thefinadgquacy of the data for the calcium-nickel
exchange,on,caléium-resin,,ibﬂiﬁwdirficult to decide whether
or not thisuexchange pa1r éxhibita the phenomenon of
hysteresise Theffé§§'that-ea6h*value of K, for the ex-
change on calcium resin is greater than the corresponding
value of Kj- for the exchange on nlckel resin would appear
to,indicate-thatéthereAis.somevdegrge;pf~hyste:gsis in

this aystem. Such behavior would be expected, also, on the
basis of the respgctive‘capabities of the ions fb form co-

ordinate linkages.



XIV. SUMMARY AND CONOLUSIONS

The exohange reaotions between a eynthetio ion ex-
change resin and a series of oetion pairs in solutions of
total ionio strength approximately equal to unity have been
investigated. The Law of Mass Aotion has been applied to
describe their behevior under equilibrium eondihions. Two
causes of departure frem simple equivalent exehenge, which
have been designated as hydrolytic and adsorption effeots,
respeetively, have been defined, and appropriate correc-
tions for theee erfeots have been made in the calculation
of the equilibrium eonstant. ‘The list of catlon pairs
atudied, with the range of the respeotive equilibrium quo-
tients is given belew. In each case, the quotients are
calculated for=h§e reeetion between a resin oontainieg the

first named ion and e'solutiog contalning the second.

Univelent-univalent
Bydrogen-sodium  1.3-2.5
Hyd;ogen-ammonium 2.2-4.8
Hyd#ogen-eilve?. 16-28
Hydrogen-thelloue 23-29
Ammonium-thallous  5,5-8,2
Univalent-bivalent
H?drogen-nickel 3-25
Hydrogen-calecium 2L-60
Bivalent-bivalent

Nickel-calcium 1.8-3,0
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The ammoniumshydrogensexchange'onvhydrogen,rasin has
been 1nvestigated at a series of ionic strengths varying
from 0.1 to l., The hydrolytic effect was found to increase
with increasing ionic strength. zcont:ary.to,the reports
of previousvinvegtigatiqns.;the equilibfigm constant was
found'to'incfea§e<with 1npreasing‘1oni6:étrength,

The'Kiellaﬂé‘formulation,‘ﬁhioh is derived from the
‘Duhem-Nargules equation, has been applied to a portion of
the data for the sodiumphydrogen exohange system, result~
ing, however, in no improvement in the constancy of Ka.

The Krishnamoorthy expression was applied to the data
of the‘hydrogensnickgl exchange study.}'No‘improvement over
the cbnventionél eipféssion derived from the Law of Mass
Action is aéhievéd when the compoéitioa of the solid phase.
is expresséd'invﬁerms of ‘mole fractiansfoftthe‘two‘compon-
ents; however, 1f the compositioa of . the ‘solid phase is
expressed in. terms of equlivalent fractions of the two com-
ponents, the;data_yield values of Ka:wiph.a aurprising de~
gree of constancy. |

In certaln Qases there was observed a marked divergence
in equilibrium conditions, according to which of the two
pure resins was used as the initial exchanger. A.augéestion
as to a possible explanation of thié phenomenon, which nas
been designated as hysteresis;‘haa been advanced.

It may be concluded that the ion exchange.process on

synthetic ion exchange resins cannot be expressed by a single
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stolchiometric equation. Depending upon the ionio'strength
of the,solutioniénd.the nature of the initial resin, the
exchange reaction may be accompanied by a hydrolytic reac-
tion‘or'by,physical-adsorptiqd;of.one offthe ions,bn'the
resin surface,nbr both of theSe‘anomalies*may occur
Simultaneonsly_élong with the exdhangq_readtion.t In
previous inveétiéations, ‘however, thé;é”effeots were fre-
quently overlooked because the equilibrium conditions were
deduced from the observed changes in concentration of a
single cation. It is belleved that the preaent investi-
gation, in which”concentratiqns of both exchanging cations
in the equilibriﬁm effluent were determined, has afforded
the best data so far available for the analysis of the
hydrolytic and adsorption effects.
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