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I. INTRODUCTION

The compound ethylenediaminetetraacetic acid (EDTA), in
the form of its d4i-, tri-, and tetra- sodium salt, has been
in industrial use for a number of years as a sequestering
agent in textile proceseing and dyeing; for the prevention
and removal of boiler scale; as a water softening agent in
many preparations of soaps, inseoticides, germlcides, etc,;
and for many other applications where metallic lons need to
be effectively removed from solution, For these purposes 1t
is 5014 under various trade names, of which Trilon B, Se-
questrene, and Versene are the most common,

In the last three or four years EDTA has also become an
important reagent in analytical chemistry. Wide acceptance
has been given to a rapld complexometric titration method for
determining the total hardness of water in whioh the disodium
salt of EDTA gerves as the titrant. The remarkable ability
of EDTA to form very stable complexes with a large number of
common metals has resulted in the development of a wlde var-
lety of other uses in the field of analytical chemistry for
this reagent,



In view of the versatility and growing importance of
EDTA as an analytilocal reagent it seems likely that similar
compounds should also prove of interest to the analytical
chemlst. One such compound, cyc¢lohexenedlieminetetraacetio
acid (CDTA), has already been shown to form more stable com-
plexes with calcium and magnesium than does EDTA, The pre-
sent study was made to investigate the stability of complexes
of CDIA with other metals and examine its possible use as a
reasgent in analytical chemistry. The stabllity constants of
complexes of CDIA with a number of bivalent metals were deter-
mined, a rapid method for the proximate analysis of brass em-
ploying the disodium salt of CDTA as a titrating agent was
developed, and some comparisons of CDTA and EDIA as analyti-

cal reagents were made.



II, BREVIEW OF LITERATURE

A. HNature and Structure of Metal Complexes of
Ethylenedianminetetraascetic Acid

The preparation of ethylenediaminetetraascetic acid, which

has the structural formula

HOOC - CHa _ _CHg - COOH

N - CHy - CHy = N__

HOOC - CHg CHa - COCH
was first described by F%ck and Ulrioh [30] in 1936. A mixe
ture of ethylenedismine, hydrogen cyanide, and formaldehyde
in aqueous solution was found to react to give a tetra-
nitrile which could be converted to EDTA or 1ts tetra-sodium
salt by simple aclid or base hydrolysis.

Shortly thereafter the ability of EDILA to form stable,
water soluble complexes with metal ions was reported by Ender
[28], who desoribed i1ts use as a sequestering (water soften-
ing)} agent for the textile industry. The preparation and
pPhysical propertieg of the complex compounds and salts of
EDTA with the alkaline earth metals and copper have been de-~
scribed by Pfeiffer and co-workers [76, 76, 77]. Similar



studies were made by Brintzinger and co-workers [10, 11, 12]
for most of the heavy metals, some of the rare earthas, lith-
ium, beryllium, uranium, and thorium, Both of these investl-
gators offered some hypotheses regarding the nature of the
complexes or salts, based primarily on such physical proper-
ties as color, water solubility, and stability towards vari-
ous precipitating agents.

The first significant attempt to eluclidate the nature of
these complexes was a study of the magnetic susceptiblility of
the nickelous complex by Klemm and Raddatz [62]. Their mea-
surements show that since the paramagnetism of the ocomplex
is of the same order of magnitude as the free nickel ion, the
complex 18 not of the covalent planar type, The complex is
thus presumed to be ionic, but may be either tetrahedral or
octahedral, Similar studies by Klemm [61] show that the
ferric complex is likewlse ionic, but that the cobaltic com-
plex appears to have covalent octahedral bonding. The mag-
netlic properties of the chromic complex were also studled,
but ne structural information was obtained since ocovalent
and ionic complexes of chromium have the same susceptibility.

Structural dlagrams of the metal complexes of EDTA al-
most always show these compounds as having an octahedral
configuration, with the chelating agent ocoupying all six
of the coordination positions of the metal, utilizing both



nitrogen atoms and all four ocarboxyl groups. Actually this
plcture i1s not supported by much of the evidence avallable
from the extensive work by Schwarzenbach and co-workers., The
calclum and magnesium complexes of EDTA were shown by Schwar-
zenbach [111] to possess some acidic character, forming
hydroxy-complexes in alkaline solution according to the re-

action
MY~® + OH- =— MOHY™3,

where M = oalcium or magnesium and H,Y = EDTA, Since this
reaction was found to be almost instantaneous, it seems likely
that the hydroxy-complex was actually formed merely by ex-
tracting & hydrogen ion from a water molecule already in the
coordination sphere of the metal ion, If all the coordina-
tion positions had been occupied by the chelating agent, a
rearrangement of the molecule would have to take place before
a free hydroxy group could enter, probably resulting in a
slow reaction., This interpretation then leads to a structure
for the normal complex ion in which the EDIA ocoupies only
five positions of the coordination sphere (leaving the EDTA
with a free carboxyl group) with the sixth position being

occupied by a water molecule,

lFor example, see reference [66], p. 146.



The trivalent metal complexes provide still better evi-
denoce for this sort of struoture, The color reaotions of the
MnY~, FeY™, and CrY~ complexes [12] upon the addition of base
can only be attributed to a change within the coordination

sphere of the metal lon; thus the reactions

FeY~ (pale brown) + OH™ —— FeOHY ? (dark yellow)
MnY~ (violet) + OH" MnOHY~? (yellow)
¢ry” (violet) + OH™ CrOHY™® (blue)

A

are asgumed to be of the same type as those for calcium and
magneslium, In this same study numerous examples were cited
oi the reactions of EDrA~métal complexes with oomplexing
anions such as ¢yanide, thiocyanate, and bromide, The ease
of formatlion of these hetero-complexes indicates that these
anions are simply replacing a water molecule in the complex
rather than displacing a carboxyl group. Further, at least
in the ocase of the CoYBr~2 complex, the presence of a free
carboxyl group can be clearly demonstrated by the production
of the cation CoHYBr~ upon ascidification. Crystalline sodium,
potasgium, barium, and tetramethylammonium salts of this ocat-
jonic complex were prepared and shown to behave ag acids with
a pK of about 9.

Later work on the ferric complex of EDIA by Schwarzen-
bach and Heller [119], however, indicstes rather clearly that

in the case of FeY  there is no free carboxyl group present



to take up a hydrogen ion on acidification., Although FeY™
does take up hydroxyl ions to form Fe(OH)Y ®, Fe(OH)g Y3,
and apparently even Fe(OH)sY~*, the equilibrium constants
for these reactions tend to indicate that this process ac-
tually represents stepwise decomposition of the complex,
with hydroxyl ions replacing the carboxyl groups in the co-
ordination sphere of the metal, In this one case, at least,
EDIA appears to serve as a sexadentate group.

Although many speculations have been made regarding the
structure of these complexes from consideration of their
physical properties and chemical reactions, no direct inves-
tigation has yet been reported using the technique of elec-
tron or X-ray diffraction. Until such studiesgs are made, the
true nature and structure of these complexes will probably

remain 1in dispute.

B. Methods of Determining Stability Constants
of EDTA Complexes
The stability of Metal-EDTA complexes toward dissocia-
tion in aqueous solution has received much attention in the
literature., The first and most extensive work on the deter-
mination of the stablility constants of EDTA complexes was
that of Schwarzenbach in collaboration with a number of co-
workers (1, 109, 111, 112, 117, 119, 133]. Most of the con-

stants determined by Schwarzenbach were based on data ob-



tained from pH measurements using a platinum hydrogen elec-
trode and sllver-silver chloride electrode potentiometric
system or a glass electrode pH meter, Other methods of de-
termining stabllity constants have heen employed by various
workers, as willl be noted below,

Since EUTA behaves as a tetrabasic acid, a knowledge of
the concentration of the various ionic species of EDTA is
essentlial i1f complex stablility constants are to be computed
from almost any sort of data., For this purpose the ioniza-
tion constants determined by Schwarzenbach [111l] are usually
employed, Schwarzenbaoh's procedura‘[IBO] for measuring
these constants was used in the present work to determine
the apparent lonization constants of cyclohexenediamine-
tetraacetic acid (CDIA), and a complete description of this
method will be found in Section III B. Schwarzenbach's
values are listed in Table 1 along with results of other
investigators using very simlilar methods.

The methods used for determining the stabillity constants
of EDIA complexes may be divided into five general types:
potentiometric (pH), potentiometric (redox), polarographic,
radiocactive exchange, and spectophotometric, There are, in
addition, variations of procedure within these broad types.
No attempt will be made here to analyze completely all of
these methods, but a brief description of each is given be-

low,



Table 1

Apparent Ionlzatlon Constants of EDTA

Temp. Ionic Electrode -
pK; pKs pKa PKe °C. strength system Reference
2.00 2.67 6.16 10.26 20.0 0.1 | hydrogen-Ag, AgCl [111]
2.24 2.95 6.2¢ 10.32 20,0-20.4 0.12 glass-calomel [15]
2,30 2.86 6.20 9.97 25.0 0.12 glass-calomel [36]

5.8° 6.47 10.1 25.0 0 glass-calomel [17]

8KC1 used as the inert electrolyte.

b

Value of pK; + pKj.

(Individual constants not determined.)
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1, Potentiometric (pH)

8. Method l(e). In the presence of an excess of a 80l-
uble salt of a metal with which it forms a stable complex,
the third and fourth hydrogen ions of EDTA are liberated in

a more aclidlc reglon., This inorease in acldity according to

the reactions

M*? 4+ HaY"® ==~ MHY- + H' (a)

Mt® + HY-3 == My-* + gt (v)

formgs the basis for the method by which Schwarzenbach deter-
mined the stability oconstants for the complexes of EDTA with
the alkali and alkaline earth metals [111].

A pH titration curve of EDIA with KOH in the presence
of a fifteen-fold excess of a salt of an alkaline earth metal
was interpreted in terms of two complex stabllity oanstahta,
Ky, and Ky, which were defined as the equilibrium constants

of the reactions

M*? o+ HY"® == NHY-

M o+ Y4 == Myd

respectively. A graphical procedure for computing these con-

stants from the total concentration of EDTA, the total con-



11

centration of the alkaline earth, and thé amount of KOH added
was developed by Schwarzenbach, Willi, and Bach [120]. Since
this method was used in the present work to determine the
cyclohexensediaminetetraacetic acid-alkaline earth metal com-
plexes, the complete derivation of the equations employed
will be found in Section III B, The only difference is that
in the case of EDITA complexes the ionic specles H,Y and HsXY™
may be neglected since EDTA is8 a stronger acid than CDIA,

Schwarzenbach found this procedure to be satisfaotory
providing the complex formed was of low or intermediate sta-
bility, For very strong complexes the equilibrium in equa-
tion (b) was found to be too far to the right to permit ac-
curate interpretation of the pH measurements in terms of the
various lonic speciles of EDTA, Use of this procedure was
thus limited to the alkali and alkaline earth metal com-
plexes.,

b, Hethod 1(b). A modification of the above procedure
was used by Vieckery [131l] to determine stability constants
for rare earth EDTA complexes., The method seems to be based
on a pH titration curve of a solution contalning EDTA and a
rare earth salt in what appears to be a molar ratio of 5:1.
Unfortunately the paper contains s0 many obvious errors
(possibly typographic) for which no corrections have as yet
appeared that a oritical evaluation of the method is not pos-

sible at this time., Since the constants reported are of
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about the right order of magnitude, it seems probable that
the method itself is of value even though the described cal-
culation procedure contains much obvious confusion.

g, Method 1l{(c). A procedure for determining the sta-
bility constants of especially stable EDTA complexes has been
described by Schwarzenbach and his co-workers [1, 117, 133].
This method 1s based on the competition between EDIA and a
polyamine chelating agent for ions of a heavy metal (M). A
second, auxiliary getal (Me) which does not form a stable
complex with the polyamine must also be present to compete
with M for the EDTA, As the polyamine, Schwarzenbach used
trisminotriethylamine (tren) in the form of its trihydro-
chloride (HstrenClz). When such a system is titrated with
base, hydrogen ions are liberated according to the equation

MY-3 + Me'? + Hytren™ —= M tren*? + MY”"~* + 3H'

where Vv = 2 or J.

All of the quantities on the right-hand side of the
equation for the equilibrium constant of this exchange re-
action

K _ [M tren*?] [Mexv-+] [u*]?
ox [Hatren'®] [MNY-3] (Me'? )

may be computed for each point on the titration curve from

the initial concentration of the reactants, the amount of
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base added, and the measured pH.?
This equilibrium constant is related to the desired
stabllity constant by the equation

- KM tren KneY
?

Kﬂstren KH!

Kex

where Ky ynen 18 the stability constant of M tren~?; Kyey

b
and Kyy are the stability constants for MeY ~* and MY~?, re-
spectively; and Ky i.., 18 the overall ionization constant of
HatrenClgz. From known values of Ex tren’ KHeY' and Kﬂgtren'
the value of KMX was computed from the measured value of Kexe

The procedure was then repeated using the same heavy
metal (M) but a different auxiliary metal (Me') for which
the stablility constant was not known, From the new value

measured for K,y and the previously determined value of Kyy,
the stability constant of the new auxiliary metal, Kne'!

could then be computed., By successive repetition of this
procedure the stability constants for a number of metal com-

plexes were determined,

14 detalled explanation of the computations involved,
with the complete derivation of all pertinent equations may
be found in section III B,
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2, Potentiometric (Redox)

a, Method 2. A thorough study of the system iron-EDTA
was made by Schwarzenbach and Heller [119] to determine the
oxidation-reduction equilibria as well ss the stabllity con-
stants of the various ferric and ferrous complexes. Data
were obtained from a series of titrations of ferrous sulfate
in the presence of excess EDIA with ilodine using a gold elec-
trode to follow the oxidation level of the solutions, Vari-
ous buffer systems were used to obtain such titrations over
a wide pH range. By a complex mathematical analysis of such
data these workers were able to ascertain the stability con~-
stants for the normal complexes, FeY~® and FeY™, and the
equilibrium constants for the reactions by which FeHY™ is
formed from FeY"® and hydroxy complexes are formed from

FeY~.

S.  Polarographlo

8, Method 3(g). Matyska and Kbesler [70] found that
the complete polarogram of a solution of EDIA and a mercuric
salt contained both an anodic wave and a cathodic wave. The
anodic wave was attributed to the process of mercury from
the dropping electrode being oxidized to the mercuric-EDTA
complex, The step-height of this anodlc wave was found to
be proportional to the free EDITA concentration. The half-

wave potential was shown to be independent of the EDTA con-
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centration but was a function of pH.
From a oonsideration of the equation defining the sta-
bility constant of the complex HgY~?,

K = _Eigraj ’
HeY — ug*?] [x%)

the Ilkovie equation for the diffusion current, and the ion-
ization constants of EDITA, the Nernst equation for the Hg+’,

Hg half-cell was transformed to

2,303 RT
2F

Ey - By (log A - log KHE!)

where E; 18 the measured half-wave potential; E, is the stan-
dard reduction potential for Hg'®, Hg; A 18 a quantity calcu-
lated from the pH of the solution and the ionization constants
of EDIA; and R, T, and F have thelr usual meanings.

By using various buffers a number of polarograms were
obtained at different pH values, The values of Em - Eo from
these when plotted as a function of log A gave a straight
line for solutions with a pH from 4 to ©. Log Kﬁg! was then
determined by extrapolating this line to where Ey - Ej = O,
since from the above equation log KHgY must be equal to log
A at this point, The departure from linearity for solutions

more acid than pH 4 was explained in terms of a hydrogen com-
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plex HgHY™ for which the stability constant was also computed.
Similarly, the oconstant for the complex Hg(OH)Y™ was calcu-
lated from the non~-linear behavior of solutions asbove pH 9,
This method appears to yleld very satisfactory results for
mercuric complexes, but does not seem to be applicable to

the complexes of any other metal.

b, Method 3(b). Blumer and Kolthoff [9] have investi-
gated the polarography of titanium complexes of EDILA, They
reported that complexes of both Ti(III) and T1(IV) form in
acidioc solutions containing EDIA, These complexes were
found %0 be reduced reversibly at the dropping meroury elec-
trode. From the decrease 1in the step-height of the cathodio
wave as the pH was varied from 0.5 to 2.0, a value for the
stabllity comstant of the Ti1(IV) complex was estimated., An
approximation for the Ti(IIl) complex was alsc made. NoO
description of how these values were computed was given,
however,

¢, Method 3(c). The stability constants of rare earth-
EDTA complexes have also been determined using polarographic
data [133]. In this method a buffered solution containing
the disodium copper salt of EDIA (NagCuY) and a salt of a
rare earth M in equimolar amounts was allowed to equilibrate.
The competition of the rare earth ion for the EDIA in the

copper complex produced the reaction
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cuy"® + MY* — cut?* 4+ My .

The amount 0f free copper in the solution at equilibrium was
determined polarographically, taking advantage of the fact
that the CuY~? complex was reduced only at a much more nega-
tive potential than the free copper ion.

From the above equation then,
(mx~] = [cu™)

and since equimolar concentrations of CuY~? and M*? were pre-

sent at the start,
[cux™®] = [*®] = ¢ - [a*h)

where C 18 the initial concentration of both reactants. The

equilibrium constant for this reaction may thus be written

c . [cu*®] [(MY"] [cu*?]® ,
eq [cuy 3] (M%) (¢ - [cu'"y)?

Substitution of the polarographically determined value of

[cut®] and the known initial concentration C in this equation
yielded the value of Keq.
Divislon of the equation defining Kyy,

N [MY~]
"Y M%7 (X %]
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by the corresponding equation for Kouys

[Cux~?)
foux [cu*®]) [Y-4]

glves

(Mx-] [cu*?)]
(M**] [cux~?]

. S
Kouy

which is exactly the same as K,q. Hence

K
Koq = ony
Kouy

log Eyy = log Koq + log Kguy -

This method was found to give good results for the heavy
rare earth ocomplexes, which have stabilities which are ap-
proximately the same as or slightly greater than that of the
copper complex., The complexes of the lighter rare earths
are less stable, however, and the amount of free copper ions
produced was comparatively small, resulting in a larger rela-
tive error in the measured ocopper ion concentration. This
increased uncertainty in Cu*?® made it necessary to assign

larger maximum limits of error for the caloulated values of
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Kyy for these elements.

4, Spectrophotometric
a, Method 4(a). The stability of the complex of EDTA

with ferrioc iron was determined by Kolthoff and Auerbach [54]
from spectrophotometric measurements at four different wave-
lengths in the spectral region from 370 to 400 m ., For so-
lutions at pH 3 (or higher) containing more EDTA than Fe'?,
virtually all of the ferrio iron was found to be in the form
of the complex. As the acidity of the solution was 1poreased,
the complex dissociated because of the lowering of the Y~*
concentration due to depression of the lonization of such
species a8 HY and HgY . By spectrophotometric comparison
of a solution oontaining sufficient perchloric acid to re-
duce the pH to 1 (or below) with the standard at pH 3, the
equlilibrium concentration of FeY™ in the more acidic solu-
tion was found. Using this measured oconcentration of FeY™,
the concentration of Fe'?® was then easily obtained from the
amount of iron initlally added to the solution. From the
known acldity, Sohwarzenbach's data for the ionization con-
stants of EDIA, and the total amount of EITA present in all
ionic forms, the concentration of Y~* was computed. The
values of [FeY~], [Fe*®), and [Y~*] were then merely sub-
stituted in the usual equation
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Tex [Fe 7] [T ]

to obtain a value for the stabillity constant.

This method of procedure is, of course, limited to
metals forming complexes which absorb strongly in the visible
or ultra violet. In the case of a complex as stable as FeY
it was necessary to carry out the measurements in a strongly
acid solution so that the concentration of Y™ * was kept very
low. Otherwise virtually all of the Fe'® or all of the EDrA
(depending on their relative concentrations) would have been
in the form of the complex. Since both [Fe'®] and [Y~*)
were obtained by difference, the relative error in one of
them would have been very high in such a case., However, the
use of an scldic solution increased the dependence of the
measured stability constant on the accuracy of the ioniza-
tion constants employed, since errors in these would cause
a larger relative error in [Y~*] in solutions where the less
disscclated lonic specles predominate,

b, Method 4(b). Martell and co-workers [67, 78] used
speotrophotometric data to obtain the relative stabilities
of various EDlA-metal complexes, The method used was very
similar to the polarographic method 3(c) described above ex-
cept that instead of determining the amount of free metal

ions produced, the position of the equilibrium was estab-
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lished by spectrophotometric measurement of the decrease in
the concentration of a colored ocomplex upon addition of a
salt of a second metal. The calculations involved were sO
analogous that no discussion of them need be mentioned here.
The results of these measurements 4o not compare well
with other values for the same complexes. Part of this dis-
crepancy no doubt results from the use of a high concentra-
tion of acetate buifer for the purpose of maintaining cone
stant pH. NoO correction was made for the probable formation
of acetate complexes with some of the metals studlied, Some
studies were made at higher pH values using carbonate and
phosphate buffers. Under these conditions preoipitates of
the metals employed were found to form. NO reasonable values
for the stabllity constants would be expected from such sys-
tems since they involve compliocated solubility equilibria

which were not clearly defined.

., Radioactive exchange

8., Method 6. Studies by Long and co-workers [20, 49,
60] on the exchange reactions of EDT'A complexes with ions of
radioactive metals led to the development of a radioactive
indicator method for measuring the stabllity constants of
certain complexes. In this method a solution of the metal
complex MY*~? was mixed with a solution containing ions of

a radloactive 1isotope of the same metal, The reaction which
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ocourred may be written
Mys=? + N7 = fKyev + xt?

where ﬁ represents the radioactive isotope, For some metals
this exchange was found to be slow enough to permit measure-
ment 0f the exchange rate. This rate was shown to be a func-
tion of pH and (in some cases, at least) also a function of
the stability of the complex,

For any system showing measurably slow exchange rates,
the radiation data provided a means of computing the sta-
bility constant of the complex, After mixing the solutions
(as described above), aliquots were taken at measured time
intervals; and the free metal ions removed by precipitation
with sodium hydroxide or asqueous ammonia, The amount of the
radloactive isotope which had entered into the complex due
to the exchange reaction as measured by counting the radia-
tion in the filtrate, served as an indication of the frac-
tional exchange which had taken place at that time. The
fractional exchange when plotted as a function of time gave
approximately a straight line, Extrapolation of this line
to zero time ylelded the *instantaneous exchange® at the
time of mixing, Thlis "instantaneous exchange® was a measure
of the free metal ions present in the solution before mix-
ing, Just from dissocliation of the complex, From the free

metal ion concentration as measured in this manner, the
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known acidity of the solution, the initial concentration of
EDTA, and the ionization constants of EDTA (using Schwarzen-
bach's values), the stability oonstant of the metal complex
wag then computed.

The only values obtained by this method which have been
reported thus far are those for the ferric and nickelous
complexes, using Ped® ana N163, Exchange studies were re-
ported by the same authors for the ferrous, cobaltous, and
cobaltic complexes (using co%0), The exchange rates for
these systems were not of the proper magnitude to be useful
for determinations of the stability constants by the de-
scribed procedure, These investigators did report, however,
that by varying the pH or introducing other complexing
agents such as ammonia they obtained indications that the
exchange rates could be suitably altered to permit stabil-
ity constant determinations, It seems probable that use of
this method may thus be extended to other systems which do
not show satisfactory exchange rates under the conditions

used for nickel and iron.
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C. Stability of EDIA Complexes

The valueg of the stability (formation) constants which
have been reported for various metal-EDITA complexes are
listed in Table 2. The usual definitions of the stabllity
constants for normal and hydrogen complexes have been used.
In the case of calcium, for example, the constant for the

normal complex, CaY"®, is defined by

[Cax~*]
KC&Y = [ca‘l'i] [I-QJ

and the constant for the hydrogen complex, CaHY, i1s defined
by

- [CaHY™]
KCaHX [ca"’ﬂj [HI‘-Q]

Some authoré reported results in terms of the dissoclation
constant, K. For the sake of uniformity in the table these
values were oonverted to stabllity oconstants by taking the
reciprocal of Ki. Constants involving solubility equilibria
or interactions with other complexing agents which were not
taken into account by the original investigators are not in-
cluded 1n this tabulation,

The stabillity constants listed in Table 2 for hydroxy-

complexes are actually equilibrium congtants for reactions
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Table 2
Stability Constants of EDITA Complexes

Temp. Ionic Method® Refer-

Hetal Complex log K °C. strength ence
I Laxy-? 2.79 20,0 0.1 1(a) [111]
Na Nay™3* 1.66 20,0 0.1 1(a) (111]
Mg MgHY™ 2.28 20,0 0.1 1(a) [111]
MgY~® 8.69 20,0 0.1 1(a) {111]

Ca CaHY™ 3.51 20.0 0.1 1(a) {111]
3.62 26.0 0.1 1(a) [36]

Cay™® 10.69 20.0 0.1 1(a) [111]

10.30 25.0 0.1 1(a) [36]

11.1 25,0 0 1(a) [17]

sr SrHY” 2.30 20,0 0.1 1(a) (111]
Sry=® 8.63 20,0 0.1 1(a) {111]

Ba BaHY~ 2,07 20,0 0.1 1(a) [111)]
Bay™? 7.76 20.0 0.1 1(a) [111]

P1(III) TiY” 19 b b 3(b) (93
Ta(IV) TiY 7.7 P b 3(b) [9)
Mn(II) MnY"* 13,47 20.0 0.1 1(c) [118]
Fe(ll) |TFeHY™ 2.76 20,0 0.1 2 [119]
FeY™3® 14,26 20,0 0.1 2 [119]

14.22 20,0 0.1 1(c) (118

‘ 14 26 0.1 1(a) [49

Fe(OH;I‘a 4,87 20,0 0.1 2 [119
Fe(OH)Y"* 4,10 20.0 0.1 2 {119

aNumbera in this column refer to the methods described
in the preceding section,

bIonic strength and temperature not specified.
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Table 2 (continued)

Temp, Ionic Method Refer-

Metal Complex log K °C. strength ence
Fe(III) FPeY~ 25,1 20.0 0.1l 2 [119]
24 25 1.0 5 [49]

22,3 25 1.0 4 [54%

Fe(OH)Y~? 6.45 20.0 0.1 2 [119
Fe(OH)aY"®* 4.83 20.0 0.1 2 [119]

Co(II) Cox™® 16.10 20.0 0.1 1(c) [118]
N1(II) Niy~® 18.45 20.0 0.1 1(e) [118]
19.0 20.0 0.1 [20]

cu({Ir) cuy=? 18.38 20.0 0.1 1(e) [118]
Zn Zny~2 16.15 20.0 0.1 1(c) [118]
cda cay~-=* 16.48 20.0 0.1 1(e) [118]
Hg(II) HgHY™ 9.0 20.0 0.1 3(a) [70]
HgY™® 16,7 20.0 0.1 3(a) [70%
Hg(OH)Y™3 6.80 20,0 0.1 3(a) [70

Pb(II) PbY~? 18.2 20.0 0.1 i(e) [118]
La Lay™® 14,72 20.0 0.1 1(e) [155%
15.30 20.0 0.1 1(b) [131

Ce(III) cCeY™ 16.39 20.0 0.1 1(c) [133]
16.6 20.0 0.1 3(c) [133]

16.05 20.0 0.1 1(b) (131]

Pr(III) Pry” 16.75 20.0 0.1 1(e) [133]
16.8 20.0 0.1 3(e) [133]

16.55 20.0 0.1 1(b) [131]

N NaY™ 16.06 20.0 0.1 1(c) [133]
16.0 20.0 0.1 3(c) [133]

| 16.75 20.0 0.1 1(b) [131]

Sm(III) SmY" 16.656 20.0 0.1 1(e¢) [133]
16.3 20.0 0.1 3(c) [155%

17.2 20.0 0.1 1(b) (131
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Table 2 (ocontinued)

Temp., Ionic Method  Refer-

Metal Complex log K o+ 8 strength ence
Eu(IIlI) BuY~ 16,69 20,0 0.1 1(e) [155%
16,56 20,0 0.1 3(o) (133
Gd Gay”™ 16.70 20,0 0.1 1(e) [133]
16.6 20,0 0.1 3(e) [133%
i7.2 20,0 0.1l 1(b) {131
Tb TbhY™ 17.26 20,0 0.1 1(c) (133]
17.38 20,0 c.1 3(c) [133]
Dy DyY~ 17.567 20,0 C.1 1(o) [133]
17.76 20,0 .1 3(c) [135%
i7.76 20,0 0.1 1{b) (131
Ho HoY™ 17.67 20.0 0.1 1(e) [133}
18,31 20,0 0.1 3(c) [133
Er ErY™ 17.98 20,0 O.1 i(ec) [133]
18,56 20,0 0.1 3{o) [135}
18,16 20,0 0.1 1(b) (131
Tm ™Tmy~ 18,69 20,0 0.1 1(e) [133]
19,07 20,0 0.1 3(c) [133]
Yb YbY™ 18,68 20,0 0.1 1(c) [133]
19,38 20,0 0.1 3(c) [133%
18.70 20.0 0.1 1(b) (131
Iu Luy™ 19.06 20,0 c.1 1(e) [133]
19.66 20,0 0.1 3(c) [133]
Y Yy 17.38 20,0 0.1 120) [133]
17,56 20.0 0.1 3(o) [133]
18.0 20.0 0.1 1(b) [131]
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of the form
M(om), ¥ ("*1) + om == wm(om),, ¥ (¥-1*1) |

Thus the "stability constant® for Fe(OH)ZY"® is defined by

the equation

[Fe(OH)aY"*]
[Fe({oR)Y"*] [OH"]

In addition to the complexes listed above for which
quantitative measurements of the stability constants were
made, many other complexes are known as a result of qualita-
tlve'inrestigations. In some cases, prepared compounds were
shown to be complexes rather than simple salts by their fall-
ure to give the usual analytical reactions of the correspond-
ing free metal ion. Such was the case with the Co(III),
er(III), Th(IV), and B1(III) complexes prepared by Brint-
zinger [7, 8]. For elements having more than one oxidation
state, the relative stability of complexes of the metal in
its higher and lower oxidation states was estimated from the
change in the standard oxidatlion or reduction potential on
complexation, For example, since the potential for the
Co(III)-Co(II) system was lowered from 1.79 volts to about
0.6 volts (depending on the pH) with the addition of EDTA,
Pribil [93] concluded that the cobaltic complex was much more
stable than the cobaltous.
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From consideration of pH measurements, Schwarzenbach
(2] found the chromic complex of EDTA to be about as stable
as the ferric complex. The aluminum complex was indicated
to be less stable than the ferric complex by both Schwarzen-
bach [114] and Pribil [89], The formation of a relatively
unstable Mn(III) complex upon oxidation of the manganous
complex with sodium bismuthate or lead dloxide was also dem-
onstrated by Pribil [81].

In a number of polarographic investigations a shift in
the half-wave potential of a metal in the presence of EDIA
was taken as evidence of complex formation. In this way,
Koryta and K®ssler [55] showed the existence of a weak T1(I)
complex, Valenta and Zuman [129] found a weak Ge(IV) com-
plex, Pribil and Matyska [95] showed the Bi and Sb(III) com-
plexes to be very stable, and Dolezal and co-workers [27]
found evidence for a silver complex in neutral solution,

Although no stabllity constants have yet been deter-
mined for complexes in which the metal-EDIA ratio is other
than 1:1, some evidence for such compounds has been reported.

. From pH titration curves of thorium in the presence of vary-
ing amounts of EDIA, Cabell [16] reported the existence of
the complex ThaY** and possibly ThY3*. These complexes were
believed to be very much less stable than the normal complex
ThY. In the same paper Cabell gave some evidence for weak

uranyl complexes with the formulas (UO3)3Y and UOgHY™. As
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the result of a very complicated mathematical interpretation
of polarographic studies on europium soclutions containing
various amounts of EDIA at varying hydrogen ion concentra-
tions, Onstott [74] apparently found evidence for such com-
plexes as EuHY™, EuI’z, Eu(HI)és. Eurés, EuI(OH)’z, and pos-
8ibly BuY(HY)™%, However, a thorough study on another rare
earth, neodymium, by Moeller and Brantley [72] using spec-
trophotometric, electrometric (pH) titration, and electro-
phoretic migration techniques failed to show evidence for
anything but a 1l:1 complex between EDIA and neodymiun,

From the foregoing it may be concluded that EDTA forums
stable complexes with almost all divalent and trivalent
metal ions., Some tetravalent metals also form stable com-
plexes, and weak complexes are formed even with some mono-
valent metals. These complexes all contaln the metal and
EDTA in a 1:1 molar ratio with the exception of those noted

above,

D. Analytical Applications of EDTA

The abllity of EDIA to form stable, water-soluble com-
plexes with many metal ions has made it an important reagent
in analytical chemistry. Despite i1ts lack of specificity,
numerous applications of this reagent to problems of separa-

tion and analysis of various metals have been worked out,
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Indireot determinations of some anions have also been devel-
oped.

EDTA was first used as an analytioal reagent by Schwar-
zenbach [116] for the alkalimetric determination of the total
hardness ¢f water, When an excess of the disodium salt of
EDTA (NagHgY) waes added to a solution containing calcium or
magnesium, hydrogen ions were liberated according to the re-

action
K*? + HpY™® — NY"* + gyt .,

By the potentiometric titration of the liberated hydrogen
ions, a measure of the total hardnese (1.8., Ca'® + Mg'®)
was obtained. Later, this procedure was extended by Schwar-
zenbach [114] to include the determination of C4, Co, Cu,
Fe(II), Hg(II), Mn, N1, Pb, Zn, the rare earths, and pos-
8ibly Cr and Al. In this same publiocastion a somewhat sim-
pler method for determining the alkaline earth metals, es-
pecially calcium and magnesium, was also described., Instead
of adding NazlaY and titrating with a strong base, the solu-
tion of calcium or magnesium was simply titrated with Na,JX.
As long as any calcium or magnesjum was present, the hydro-
gen lons liberated as a result of complex formation kept

the solution neutral., The first excess of the strongly
basic NayY, however, raised the pH sufficiently to cause a
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color change in a pH indicator such as phenolphthalein,
Similar alkalimetric titration methods have been described
by Hahn [40] and Krijn [66]. Krijn further pointed out that
the hydrogen ions produced could alsc be determined by a
thiosulfate titration of the 1odine liberated from an iodate-
iodide solution,

The complexometric titration of calcium in water was
also described by Schwarzenbach [116]., Advantage was taken
of the fact that the red complex formed by calcium with the
dye Murexide (ammonium purpurate) was found to be less stable
than the calcium-EDIA complex., Thus when an alkaline golu-
tion containing calcium and Murexide was titrated with
NagHzY, the free calcium ions were first complexed and, when
all these were consumed, the calcium was removed from the
Murexide, At this point the color of the solution changed
from the red color of the calcium-Murexide complex to the
reddish-violet color of the dye itself, thus marking the end
point of the titration. Magnesium does not interfere in
this titration since it forms a less stable EDITA complex
than does calcium, and it gives no color at all with the
dye.

Unfortunately, the color change which occurs at the end
point is neither sharp nor very pronounced., According to
Knight [63], addition of the inert dye Napthol Green B as a
background color enhanced the visibility (though not the
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sharpness) of the end point. Because of its simplicity and
speed, however, the Murexide titration for calcium has been
widely accepted in cases where highly accurate analyses are
not required.

The most successful analytical application of EDIA has
been a complexometric titration of total hardness in water
which was proposed by Biedermann and Schwarzenbach [8] and
further developed by Diehl, Goetz, and Hach [24]. This
method is simlilar to the Murexide titration except that the
titration is carried out at pH 10 and the dye used as the
indicator produces a color in the presence of magnesium
rather than oalcium., The indicator used was sodium l-(1-
hydroxy-2-naphthylazo)-5-nitro-2-naphthol-4-sulfonate., It
.1s sold under a variety of trade names such as Eriochrome-
schwartz T, Pontachrome Black T A, Potting Black C, Diamond
Blue Black E B S, Omega Chrome Black S, and Solochrome
Black. In the "Colour Index® it is listed as number 203,
but the designation perhaps used most frequently is F24l,
which is its number in Schultz' "Farbstofftabellen® [115].
The dye itself has a clear blue color, but with magnesium
it forms a wine-red complex which is less stable than the
magnesium-EDTA complex. The process which occurs on titra-
tion of a solution sontaining calcium and magnesium with
NazHzY 18 the complexing of the free calcium ions, then the
free magnesium ions, end finally the magnesium is extracted
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from the dye complex, resulting in a color change from wine-
red to blue, This color change 1s considerably sharper and
more distinct than the end point of the Murexide titration
described above,

Since the calcium complex of the dye 1s relatively weak
and only faintly colored, pure calcium solutions could be
titrated only i1f magnesium in some form was added, Diehl,
Goetz, and Hach recommended the addition of megnesium
chloride to the NazHzY solution before standardization as
the most convenlent way to insure an adequate amount of
magnesium without the need for applying a blank correotion.
These authors, as well as Biedermann and Schwarzenbach, em-
ployed an ammonium chloride-ammonium hydroxide buffer to
maintain a constant pH of 10 throughout the titration.

A modification of the method, introduced by Betz and
Noll [6], makes use of a sodium hydroxide-godium sulfide-
godium tetraborate "buffer-inhibitor® in rlace of the am-
moniacal buffer. One disadvantage of this modification 1is
that the "buffer-inhibitor® really has very little actual
buffering capacity., For this reason an alkaline solution
of EDTA (pH approximately 10) was recommended in place of
the usual NagHaY solution (pH about §). Although these
authors stated in a subsequent publication [7] that all of
the reagents used in their method with the exception of the
buffer were found to be stable for at least elght months,
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other investigations [36, 37] have shown that alkaline solu-
tions of EDTA deteriorate very rapidly when stored in soft
glass ocontalners., Solutions stored at pH 5, however, were
found to be reasonably stable, decreasing in strength by less
than 2 percent on standing for twelve months.

The maximum permissible concentration of such common
interfering ions as Cu'®, Fe'®, and A1*® were listed by
Diehl, Goetz, and Hach [24]. The interference by copper was
eliminated by the addition of sodium diethyldithiocarbamate
to the indicator, or by the addition of sodium oyanide to
the water sample prior to the titration. This latter pro-
cedure also inoreased the conoentration of iron which could
be tolerated and alsc eliminated interference by the lees
commonly encountered cobalt and niockel ions, The difficulty
arising from destruction of the indicator by oxidizing
agents in some water samples was overcome by the addlition
of hydroxylamine hydrochloride ¢t the indiecator solution,
The "buffer-inhibitor* of Betz and Noll [6] also eliminated
most interferences, except that the sulfide precipitates ob-
tained with some metals (especially iron) had a tendenoy to
obscure the end polint.,

This method when ocombined with the Murexide titration
previously desoribed has been ghown by many investigators
[3, 6, 19, 43, 46, 59, 64, 65, 68, 107, 123, 132] to provide
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a rapld and relisble means for détermining the total hardness
and caloium hardness of a wide variety of waters, Some of
these investigators introduced minor modifications in the
methods, but were primarily concerned with testing their re-
liability, One disadvantage noted was that these methods
could not be applied to boller waters containing polyphos-
phates. BRemoval of the polyphosphates by anion exchange was
shown by Brooke and Holbrook [13] to be a satisfactory means
for overcoming this objection., The lack of stability of the
usual alcoholic solutioﬁ of the indicator F24l was reported
by Porter [79] and Diskant [26]. Porter suggested the use
of filter paper strips impregnated with the dye as a stable
form of the indicator while Diskant found that triethanol-
amine and diethanolamine solutions of the dye remained in
good ocondition for at least seven months, These investiga-
tors made no mention of the stability of a commercial indi-
cator preparation containing hydroxylamine hydroohloride
80ld under the trade name "Man Ver". Solutions of this in-
dicator have been reported by the manufacturer® to have good
stabllity over a period of several months.

These complexometric titrations using Murexide and F241
have also been adapted for use outside the fisld of water

lHach Chemiocal Co., Ames, Iowa.



37

analysie. Such appliocations inolude the determination of
calcium and magnesium in limestone [14, 18], plant tissues
[36, 136], and blological fluids [14, 34, 38], the assay of
caloium.in pharmaceuticals [39, 44, 69], and the determina-
tion of magnesium in nickel plating solutions [68]. The use
0of these methods in micro analysis has also been described
[21, 31, 124]. Phosphorus in the form of phosphates has been
determined indirectly by precipltating magnesium ammonium
phosphate with an excess of standard magnesium solution and
titrating the excess with EDTA [22]., An alternate procedure
has been described in which the magnesium ammonium phosphate
was dissolved in acld, neutralized with ammonia, and the mag-
nesium titrated [47].

Titrimetric methods for a few other metals using F24l as
the indicator have been reported. A method for the indirect
determination of sodium by titration of the zinc in sodium
zinc uranyl acetate has been developed [33]. Flaschka [32)
has described a direct microtitration of lead; Kinnunen [50]
listed four methods for determination of zino in zinc con-
centrates and brass; Manns, et al., [63] determined barium
in eleotrolyte solutions used in the manufaocture of tele-
vision tubes; and Landgren [67] used a back-titration with
magnesium in the analysis of blsmuth solutions. A method
for ferrooyanide based on the titration of the excess of a

standard zinc solution after precipitation of zinc ferro-
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cyanlde was developed by Hol and Leedertse [45]. A similar
procedure for the volumetric estimation of sulfate by the de-
termination of excess standard barium solution was discussed
by Munger, Nippler, and Ingols [73]. This sulfate procedure
was employed by Ueno [128] in a method for the analysis of
zinc and sulfate in viscose coagulating liquors. The use of
Murexide as an lndlcator in the titration of nickel in steel
with BEDI'A following the usual dimethylglyoxime separation
has been described by Harris and Sweet [42].

A few of the metal complexes of EDITA have proved suffi-
ciently highly colored to permit their use in colorimetrioc
determinations., Oxidation of the cobaltoug complex with hy-
drogen peroxide was shown to produce the rose-colored tri-
valent cobalt complex by Pribil [81], who suggested its use
in a colorimetric procedure. Such a method has been worked
out in detail by Jean [48]. Beer's law was found to hold in
the range of 0-12 mg. of cobalt (per 100 ml. of solution)
using the absorption maximum at 646 mp and a pH of about b,
Metals oommonly associated with cobalt such as Mn, Cu, Ni,
Cr, Mo, W, V, Ti, Fe, etoc,, 4id not interfere with the de-
socribed method., Colorimetric procedures using EDIA com-
plexes have also been developed for chromium [9C] and tri-
#alent manganese [87]. The chromium complex of EDTA in
neutral or dilute acetic acid solution has an absorption

maximum at 6560 mp, and was shown to be stable for over ten
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days. The purple color of this complex was detectable for
chromium contents down to 0.1 mg. per 100 ml. of solution.
Cobalt, oopper, iron, and nickel were found to interfere un-
less removed by precipitation as hydroxides prior to the de-
termination, The ruby red complex of trivalent manganese,
which has an absorption maximum at 476 mu, was used by
Pribil end Hornychova [87] for the determination of mangan-
ese 1n the presence of cobalt and ochromium, Very close
control of the conditions under which the color developed
was found necessary and no advantages over the usual per-

| manganate methods were listed.

EDTA has also been used successfully as a masking agent
in ocolorimetric procedures. Meek and Banks [71] found that
the interference by aluminum in the determination of beryl-
lium with sulfosalicylic acid was practically eliminated by
complexing most of the aluminum with EDIA., Similar appli-
cations include the masking of caloium and magnesium in the
determination of nitrate with phenoldisulfonic acid [41]
and the elimination of interference by most of the heavy
metals in the determination of copper with diethyldithio-
carbamate [122], mercury with dithizone [130], and beryllium
with Aluminon [61].

A number of gravimetric separations have been made more
specific by using EDTA to keep in solution, in the form of

soluble complexes, certaln ions whioh would have contamin-
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ated the desired precipitate under the usual conditions of
separation. Pribil and his co-workers have applied this
technique to the dstermination of molybdenum [92] and tung-
sten [98] with 8-hydroxyquinoline; the separation of beryl-
lium from aluminum [91]; the separation of titanium from
iron and aluminum [97]; the determination of impurities in
lead [82]; the separation of zinc from nickel and cobalt
[82); the gravimetrio determination of bismuth [84]; the
precipitation of mercury with mercaptophenylthiothiodiazo-
lone [121]; the separation of titanium, beryllium, and ur-
anium [103]; and the selective precipitation of calcium Ox-
alate [86], magnesium ammonium phosphate [88], barium sul-
fate [94], and thallous lodide [106]. A semimioro qualita-
tive analysis scheme based on selectlve precipitation of
various cations in the presence of EDIA through the use of
& number of organic and inorganic precipitants and careful
pH ocontrol was also worked out by Pribil [80].

Souchay and Faucherre [125] first pointed out that EDTA
strongly displaces the polarographic reduction potentials of
numerous elements, As practiocal applications of this fact,
the authors described a prooedure for the polarographic de-
termination of trivalent cobalt in the presence of most
other metals and a similar procedure for small amounts of

iron in brasses and "pure" metals, A subsequent publication
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by the same authors [29] described a method for the polaro-
graphic determination of iron and copper in bearing metals
through separation of the iron, copper, and bismuth waves
with EDIA, The polarography of a large number of metals was
studied by Pribil and his co-workers. These investigations
have resulted in procedures for the polarographic determina-
tion of thallium, molybdenum, uranium, zinc, cobalt, and
germanium [83, 102, 1056, 129], as well as the indirect deter-
mination of calecium, barium, and sulfate [102, 107].
Amperometric titrations with EDIA using as the indica-
tor electrode either a rotating platinum electrode or a
dropping mercury electrode were also investigated by Pribil.
Such titration methods have been applied to the determina-
tion of bismuth, iron, nickel, lead, zinc, cadmium, silver,
and thallium [27, 95, 106]., Potentiometric titrations in-
volving the use of EDTA were also developed by Pribil for
nanganese [86, 99], cobalt [101], and such metals as ironm,
copper, aluminum, cadmium, zinc, nickel, and lead [35].
Other applications of EDI'A reported by Pribil include the
prevention of interference by copper and iron in the iodo-
metric determination of cerium [100] and the reduction of
interference by certain metal ions in the acidimetric de-
termination of boric acid using glycerol or mannitol [104].
A theoretical dliscussion of chelate complex formation

as a basls for titration procedures has been presented by
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Schwerzenbach [110]. By treating metals which enter into
complex formation as Lewis acids, Schwarzenbach was able to
demongtrate that complexometric titrations are completely
analogous to ordinary acid-base titrations, and that chelate
complexes form useful "metal ion buffers" which are very
gimilar to the usual hydrogen ion buffers s0 frequently eme-
pPloyed in analytical iork. An extensive bibliography on
the uses of EITA in many fields, covering the literature to
June, 1962, 1s contained in the techniocal bulletin, "Seques-
trene”, published by the Alrose Chemical Company. Many of
the more important analytical applications as well as some
of the industrial uses of EDITA have been described in some
detall in a review of Souchay and Graizon [126].

E. Cyclohexenediaminetetraacetic Acid

A large number of compounds similar to ethylenediamine-
tetraacetic acid have been tested as chelating agents for
metals, Only one such compound, 1l,2-cyclohexenediamine-
tetraacetic aold (CDTA), has been found to possess a complex-
forming ability which equals or exceeds that of EDTA, The
preparation of CDTA from 1,2-dlaminocyclohexans by a proce-
dure similar to that used for EDI'A was desoribed in a patent
by Sohlapfer and Bindler [108]. They also reportéd that
CDIA was found superior to EDIA for the purpose of keep-
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ing heavy metal lons and the hardness factors of water in
solution during textile processing and dyeing, or for redis-
solving undesirable precipitates already formed,

A brief investigation of CDTA as a chelating reagent
was made by Ackermann and Schwarzenmbach [113]. Using the
method described for EDLA, these investigators found the
following ionization constants for CDILA: pK,; = 2,43,
pKa = 3.2, pKg = 6.12, and pK¢ = 11,70 (ionic strength =
0.1, temperature = 25.0°C.). The stability constants of
the calcium and magnesium complexes (at this same ionic
strength and temperature) were determined by the procedure
listed previously for EDTA as "Method 1(a)*. These con-
stants were found to be: logKHg! = 10.32 and log Kp,y =

12,50, (The corresponding values previously determined for

EDLA were log KHgI = 8,69 and log Kca!

Very recently Pribil [96] reported the study of possible

= 10,69.)

uses of CDT'A in polarography. The half-wave potentials of
Pb, Cu(II), Bi, €4, Ti(I), As(III), Sb(III), Sn(II), Mo(IV),
Zn, Ni, Co, Mn, Fe(III), Cr, W(IV), Ti(IV), and U0y in var-
ious solutions containing CDTA were determined. A method
employing CDIA in the polarographic determination of copper,
bismuth, and thallium in the presence of excess lead with-
out chemical removal of the lead was also presented. A de-
tailed description of this work ocannot be given here sinoce

only a brief abstract of this paper is presently avallable,
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III, STABILITY CONSTANDS OF CDIA COMPLEXES

A, Materials

The CDTA used in the determination of ionization and
stabllity constants was purified in the following manner.
Commercial CDTA (obtained from the Alrose Chemical Company)
was dissolved in a slight excess of 1 N NaOH, filtered, neu-
tralized to pH 6 with 1 N HCl, precipitated as the disodium
salt with 9568 alcohol, colleoted on a sintered glass cru-
cible, and washed thoroughly with alcohol., This disodium
salt was dissolved in a minimum of water, acidified to pH 2
with 1 N HCl1l to precipitate CDTA, filtered, and washed with
water. The precipitated CDI'A was then twice recrystallized
from water and dried under reduced pressure (l-2 mm., Hg) at

100°C, for at least four hours.

A hot solution contailning 4.6 g. of sodium hydroxide?
in 100 ml, of water was slowly added to an equal volume of

hot solution oontalning 18 g. of silver nitrate., The re-

1Exoept where otherwise specified, all chemicals used
were reagent grade,
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sulting mixture was kept hot for several minutes to coagulate
the preciplitate of silver oxide. The silver oxide was fil-
tered on a sintered glass funnel, washed ten times with hot
distilled water, and added to about 850 ml. of freshly bolled
redistilled water containing approximately 8 g. of potassiunm
chloride, The resulting mixture was allowed to stand (with
occasional shaking) for about one day and then filtered by
removal of the supernatant liquid with a fritted glass filter-
stick, The mixing and filtering operations were carried out
under nitrogen to prevent absorption of CO3 by the bagic so-
lution,

The resulting potassium hydroxide solution was stored
in a Pyrex bottle under a slight pressure of nitrogen and
was standardized by comparison with a hydrochloric acid so-
lution which had been standardized gravimetricelly. The
normality of the hydrochloric acid solution was also checked
by comparison with a ocarbonate-free sodium hydroxide solu-

tion that had been standardized with potassium aocld phthal-

ate,

A saturated solution of sodium hydroxide was prepared
and allowed to stand until the supernatant liquid was clear,
Approximately 8 ml, of the clear solution was added to one

liter of freshly bolled redistilled water, The resulting
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solution was stored in the same way as the potassium hy-

droxide. It was standardized against the same hydrochloric

acid and further checked by titration with potassium acid
phthalate.

This material was prepared from S-bromoethylphthalimide
(M.P. 81-83°C.) by the method of Mann and Pope [62]. The
crude product was recrystallized twice by solution in the
minimum amount of water and precipitated with 95 percent
ethanol, The precipitate was filtered each time on a sin-
tered glass orucible and washed several times with absolute
ethanol. The doubly recrystallized materlial was dried for

five hours under reduced pressure (1l-2 mm. Hg) at 100°C.

6 [*) 9 4

All metal ion solutions were prepared from reagent
grade salts., The following salts were used without prelim-
inary treatment: MgCls-6Hz0, CaCla-2Ha0, Sr(NOs)s, BaCl,-
2Ha0, and 2ZnS0,°7Ha0, The Pb(NOs)s used was reorystallized
from water and dried for four hours at 110°C, The follow=-
ing were dehydrated by ignition to constant weilght at the
temperature indicated: CuS04-6HaQ (300°C.), C0S0.°7HZ0
(600°C.), CdCly+2.5Ha0 (500°C,.), MnCl,-4Ha0 (260°C.), and
NiSO4-6Ha0 (300°C,).
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6, Potassium perchlorate

In all of the titrations performed, the solutions con-
tained sufficlent potassium perchlorate to raise the ionic
strength to 0,1, The reagent grade potassium perchlorate
used for this purpose was dried at 110°C, for at least five

hours.

B. Experimental Procedures

1, Apparent jonization constants of CDTA
‘ The ionization constants of CDTA were determined by the
method outlined by Schwarzenbach, Willi, and Bach [120]. In
thlis procedure all four of the desired lonization constants
are obtained from a single pH titration of the acid with
potassium hydroxide., Two independent values for each con-
stant were obtained by carrying out the titration in dupli-
cate. For this purpose two stock solutions of CDTA were pre-
pared. Solution I contained 0,3487 g. of CDITA and 7.620 g.
of potassium perchlorate in sufficient freshly redistilled
water to make 500 ml. of solution., Solution II was identi-
cal except for the CDIA content which was 0,3944 g.

a, Titration procedure. The titration was carried out
on a 50-ml. portion of one of the above solutions diluted
with an equal volume of 0.0900 M potassium perchlorate solu-

tion. The resulting mixture was 00,1000 molar in KClO0¢ and
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approximately 0,001 molar in CDTA,

The titration cell employed was a 150-ml. beaker (with-
out pouring spout) sealed into a glass outer jacket through
which water was circulated from a constant temperature bath
maintained at 25.00 ¥ 0,02°C, (The bath thermometer was
checked with a thermometer certified by the Bureau of Stan-
dards.) A rubber stopper provided with holes for the eleo-
trodes, buret tip, and nitrogen gas inlet and outlet tubes
sealed the top of the titration cell. The potassium hy-
droxide solution was added by means of a self-filling 6-ml.
Pyrex buret! graduated to 0.0l ml. The finely drawn tip of
the buret fit tightly into the rubber stopper and extended
below the surface of the solution being titrated., After
each addition of base, the solution was mixed by means of
a small Pyrex-covered Alnico bar magnet activated by a con-
ventional magnetic stirrer located under the titration cell,
Carbon dioxide was excluded from the system by bubbling COz-
free nitrogen (saturated with water vapor at 25.0°C.) through
the solution during the titration,

A Beckman Model G pH meter was used to measure the hy-

drogen ion concentration. To minimize errors in pH readings

l1Recalibrated at 0.5 ml. intervals for delivery of 0.1
N base by weighing the amount of 0.1 N NaOH actually deliv-
ered.
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the meter was standardized three times for each titration:
at the start (with Beckman pH 4.00 buffer), during the first
break (with pH 7.00 buffer), and during the second break
(with pH 10,00 buifer). For measurements below pH 9 the
electrode system consisted of a fiber type saturated calo-
mel electrode and a "(General Purpose"™ glass electrode, Both
electrodes were of the shlielded type for use external to the
meter and were treated with Desicote to prevent loss of 80~
lution when they were removed from the titration cell for
restandardization, For measurements above pH 9, these were
replaced with a system consisting of a similar calomel eleo-
trode and a "Type E" glass electrode designed especlally for
use in alkaline solutions. No Desicote was used on these
electrodes since Desicote-treated electrodes were found to
give erratic response in alkaline solutions (above pDH 10).
b, Procedure ior calculation of K; egnd Kz. An exam-
ination of such a titration curve for CDTA (curve A, Figure
1) shows that the first break in the curve ococurs at a = 2,
where g = moles of KOH added per mole of CDIFA, This means
that the first two ionization constants, K, and K;, of CDTA
are of approximately the same magnitude., The quantities
wnich are known in this system are the total concentration
of CDr'A (C4), the measured hydrogen ion concentration (pH =
-log [H*]), and the fraction of CDI'A titrated (a). The un-

known quantities in the system are K,, K;, and the concen-
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‘trations of the various lonic species of CDTA ([H.Y], [HsX" ],
(Hax~?], [HY"®], and [Y"*]). The last two of these, [HY ]
and [Y~*], are negligible in the acidic pH region where K;
and K; are caloulated. This leaves five unknowns to be com-
puted. Since only four equations are available for each
point on the neutralization curve, at least two sets of
valueg of CA' 8, and pH ars required to speclfy the flve
unknowns.

The equations available are;?

[HJ [HSI] (a)
[HeX]
K, = LHI [Ha¥] | (b)
(HaX]
¢, = [HJ] + [HsY] + [HgY) )
[H] = [HeY] + 2[HaY] - ac, . (d)

Equations (a) and (b) define the desired constants while

equation (c) merely defines C,. Equation (d) arises from

ipo simplify the writing of equations the usual indica-
tion of the sign and magnitude of the charge on ions has been
omitted,
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the fact that for each Hs3Y  1ion present in the solution one
hydrogen ion has been liberated; for each HzY™? ion two hy-
drogen ions have been liberated; and for each molecule of
potassium hydroxide added, one hydrogen ion has been con-
sumed. Thus, at any stage of the titration between g = O
and a8 = 2, the hydrogen ion concentration is equal to the
concentration of HaY™ plus twice the concentration of HaY™2
minus the amount of KOH added., This is expressed mathema-
tically in equation (4), which is also the equation for the
balance of electrical charges.

A general equation containing K, and K3 as the only un-
knowns may be derived from the above four equations by the
elimination of [H,Y], [HaY], and [HzY]. To accomplish this,
[(HeY] and [HsY] are first expressed in terms of K;, Ka, [H],
and [HzY] by combining and rearranging equations (a) and (b)
to obtain

(Hs¥] = UB) [yl  ama  [my) = L[B1D [m,y)y .
Ka KiKs

Substitution of these expressions for [H Y] and [HaY] in
| equation (c¢) and (d) gives

lActually & must be slightly lower than 2_to avoid the
necessity of considering the ionic species HY™® which begins
to appear as a approaches 2,
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ca = M ruyy + B gy) 4+ (ra)
K,Kg K3

and

£§l (HaY] + 2(HX] - ac, = [H] .
Ka ,

Rearrangement 0f these leads to the expressions

¢y = [HaY) <£§!: + LH] 1> (e)
K,Ks Ka
and
{(HaX] <_[..‘i]. + 2) = [H] + gCa . (f)
Ka

Multiplication of equation (e) by (f) yields

[ng] (.Eﬂ + 2> CA =
Kq

([H] + ,gcA) (%%: + %‘l + 1) [HaY]
143 2

which may be simplified by dividing both sides of the equa-
tion by [HaY] end multiplying through by Ka,

(141 + 2K)) ¢y =

([H] + _goA) ([HJa + [H] + K,>, /

Ka
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performing the multiplications indiocated by parentheses,

[HJCA + 2K20A =

3

(ca1 + gcA)[if + ([H] + gC,)[H] +

Ka ((H] + gC4)

and combining like terms to give

Ka(2¢y - [(H] - 0,) - -((209) ((ED + a&0,) =

(u] ((8] + ac, - c,)

which reduces to
K ((a-m - m) - = (m)® ((8] + oc,) =
K,

6] ((a- 16, + [81) . ()

Equation (f) is a linear equation of the form ax + by =

¢, where x = K3 and yzs‘ér + The intercepts of the line rep-

resented by such an equation are-§ on the x axis andm% on

the y axis. For equation (f) these intercepts are:

(8] ((a - 1)6, + (u1)
(2 - a)C, - LH]

on the x axis, a =
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(5] ((a - 1)c, + [H])
[H)® [H] + aC,

on the y axis, B

(g - l)CA + [H]
(H]) ([H] -+ .QCA)

To construct the line represented by equation (f), 1t 1is
merely necessary to plot the calculated intercepts A and B
on a set of coordinate axes and connect these points by a
stralght line,

For each point on the titration curve between a = O and
a = 2, there is an equation of the form of equation (f).
These form a series of simultaneous linear equations in 1/K,
and K3. Since there must be a single palr of values for
1/K; eand K; whioh satisfy all the equations, there must be a
single point which is common to all the lines representing
these equations, The coordinates of this point are, of
course, 1/K, and Kj,

Therefore to find K; and K;, the value of the inter-
cepts A and B are computed for a number of experimentsl
points (& values) on the titration curve, These intercepts
ares then plotted on coordinate axes and from the intercepts
the straight lines representing equation (f) for each value
of a are drawn., Within the limits of experimental error all

these lines should have a common point of intersection., The



66

coordinates A, and B, of this point of intersection repre-
sent Kz and 1/K; respectively.

¢, Procedure for calculation of Ks., Of the four ion-
ization constants of CDTA the third one (K3) 1s the simplest
to determins, Curve A, Figure 1, exhibits distinct breaks
et a = 2 and @ = 3, This means that the concentration of
HaY™ diminishes very rapidly in the vicinity of a = 2 and
the concentration of Y~* is not appreciable until a = 3 is
almost reached, In the vioinity of a = 2,5, therefore, only
the species HaY™® and HY™® need be considered.

In this region the problem of determining Kz 1s very
simllar to the problem of determining K, for a simple mono-
basic weak acid. Thus

(H] [HY] [H] (fraction titrated)
[HaY] (fraction untitrated)

In the discussion of the determination of K; and K3 the frac-
tion titrated was designated as a. In the present case, how-
ever, two equivalents of KOH per mole of CDTA have already
been neutralized at a = 2; the fraction titrated therefore
becomes (a - 2). The neutralization of HgY™® ends at g = 3,
hence the fraction untitrated 1;3 (3 - a). Substitution of

these quantities in the above equation gives

[H] (a - 2)
(3 - a)

Ks
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Upon converting to logarithms,

log [HY] + log.ﬁg.l_gl
(3 - &)

log Kg

from which

-log Ks = -log [H'] + 103.&241;21

or, more simply,

pKs = pH + 1log

This last equation permits a simple computation of pKs; from
all sets of values of a and pH in the range of a = 2.6.

d, Procedure for calculation of K,. The problem of
determining K, 1s complicated somewhat by the ionic species
Y"4 being only a very weak acid., This ilon, whioh is produced
by the reaction

HY™® + KOH == Y * + Kk* + Hy0

hydrolyzes to a large extent according to the reverse reac-

tion
Y"* + HaO == OH~ + HY ®.

This 1s shown by the fact that in curve A, Figure 1, no indi-
cation of a break at a = 4 1s found.
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If no hydrolysis occurred, the concentration of Y~*
could be calculated simply by subtracting the amount of KOH
added. Since three molecules of KOH are needed to produce

one HY™® ion, the concentration of Y™* would be given by

[I] = (ﬂ - G)CA .

Since in the hydrolysis reaction one Y~* ion is consumed for

each OH™ produced, the concentration of Y * actually is
[x] = (g-3)c, - [oH]. (a)

The only ionio species of CDTA present in this alkaline re-
glon between @ = 3 and a = 4 are HY™® and Y™*, hence

cy = [(HY] + [¥}. (b)

By substituting the value found for [Y] given by equation
(a) into equation (b) it is found that

(X] = ¢4 - (a- 3)Cy - [OH]
or
[AX] = (4 - a)Cy + [OH].

Upon substitution of the expressions for [HY] and [Y], the
equation defining K, becomes
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(8] (¥] _ (8] ((a - 3)c, - [om])
(HY] (4 - a)c, + [oOH]

Ke (e)

Equation (o) permits the caloculation of K¢ from sets of ex-

perimental values of C,, pH, and a for all points on the

titration curve beyond a = 3,

Sta ea K e

metal complexes of CDTA
The stability constants of the lead and alkaline earth

metal complexes were determined by the procedure outlined in
principle by Schwarzenbach, Willi, and Bach [120] and de-
soribed briefly in the Review of Literature of this thesis
[Section II A, Method l(a)]. Since CDTA i1s a weaker acid
than EDIA, the method of calculation was modified to include
congideration of the speclies H,Y and HaY™ which the above
authors found to be negligible with EDITA, Also, the graphi-
cal method of computation used by these authors was found to
be satisfactory only in the case of the barium and strontium
complexes, as will be explained later.

a, Titration procedure. The titration procedure used
was the same as that previously desoribed for the titration
of CDI'A alone, with the following exceptions: (1) the
0.09001§ potassium perchlorate solution was replaced by 50
ml. of a 0,0300 M solution of a salt of the metal being in-



69

vestigated and (2) the pH meter was standardized only at
the start of the titration! (using Beckman pH 4.00 buffer
solution), but was checked (with the same buffer solution)
at the oonclusion of the titration. The same CDTA solutions
(I and II) were employed. The mixing of 50 ml, of one of
these solutions with 50 ml., of 00,0300 M metal salt produced
a solution which was 0,0160 molar in the metal ion, 00,0560
molar in potassium perchlorate, and approximately 0,001
molar in CDTA, Such a solution had an ionic strength of
0.100.

b. Procedure for the calculation of Kygy and Kyy. mpe

curves in Figure 1 show that in the presence of excess metal
ions CDIA behaves as a much stronger acid, especially during
the last half of the titration. This apparent increase in
acldity results from the displacement of hydrogen ions by
the metal according to the following reactions:

HaY"® + M™% — mpy- + ®'

B + o = my* + H .

1The pH readings in the alkaline portion of the titra-
tion curves were used only for the purpose of loocating the
end-point., The relatively small error in these readings re-
sulting from non-linearity of the pH meter was not signifi-
cant,
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Accordingly, two new apparent lonization constants for the
third and fourth ionization stages of CDIA may be introduced.

These new constants are defined as follows:?

o o ] ((ey] + (HY))
* [HeY]

(a)

and

g o [ (0m] + [x])
L ]

(b)
(MuY] + (HY]

The ooncentration of the metal [M] does not enter into the
above expressions because it 1s kept essentially constant
during the titration through the use of a fifteenfold excess
of metal salt and, hence, is part of K; and Kl.

It can be seen from Figure 1 that in all of the ocases
investigated no distinct break in the curve is found at
a = 3. This implies that K3 and K¢ are of about the same
order of magnitude and indicates that they must be caloulated
in a manner similar to that previously employed in finding K,
and K3, The equations used in the case of K; and Kz can be

suitably modified to serve for the derivation of a linear

148 in previous derivations, the indication of the charge
on ions will be omitted in thie discussion.



61

equation with K3 and K¢ as the only unknowns.

In addition to the above expressions for Ka and K{, the
equations availlable for this derivation are those defining
the first two ionization constants of CDTA

(H] [HsY)
1 [HeX] (c)
Ky = [(H] [HgY] (4)
(HaX]

and expressions for CA and [H] similar to those in the pre-
vious derivation, Upon inclusion of all the ionic species

which may be present in the solution, these equations become
Cp = [HY] + [HaX] + [HpX] +

((wmx] + (HY]) + ([M¥d + [¥3) (e)

[H] = [HaY] + 2[Hg¥] + 3([MHY] + [HY]) +

a([My] + [¥]) - aC, ()

Following the procedure used in the derivation of the
equation for K; and K3 equations (a), (b), (¢), and (4) are
rearranged and combined so that all ionic speocles are ex-
pressed in terms of [HyY], [H], and their respective ioniza-

tion constants:
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3
] = B2 rpyv eyl = 28 [y
K;Ka Ka
(My] + (BY] = 2 [w,y) [erd + [¥] = S8Ee ruyy
[H) H)?

Upon substitution of these expressions in (e) and (f), the

latter equations hecome

c, = <£a3'+[HJ+1+xs , Ksks

KaKa Ko (H] * [H]? > [EaT] (&)

and

(8] Ka , 4 KaKs -
< L + 2+ 3 TH] + 4 mr)[a,!] {(H] + ac, . (h)

Multiplication of equation (g) by equation (h) gives

[H] Ks KaKq |
c i Ha¥Y =
A<K. +2+3[H]+4[H]3>['J

(H]* . [H] Ks , K3Kq
(€] + aC, (lea + o + 1+ T + [H]‘) (HaX]

which may be simpliiied by dividing both sides by [HaX],
carrying out the multiplication indicated by the parenthe-
ses, and collecting like terms:
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1 | ey |
CABQ. + 20, + 5cA.§_?. + 4GA.I.(.°.£(1
Ka (H] (u])®

([H] + .QCA) (]2 + ([H] + -QCA) _[.E.l + ([H] *_a_CA) +
K;Kg Ka

KaKe

(8]

([H] + .QCA) % + ([H] + gCA)

(sc, - [H] - aCy)

(H])® - K:Kg

(Ca - [B] - aCy) LB 4 20 - (8] - g0a =

Ka
K!
[H] + gC4x = 3Cp) —2 o
( avy A[H]

This equation may be further simplified by the introduction

of a new term defined as
b = (a-2)C, + [H] .

Introduction of this expression converts the equation into
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KsKq [H]* [H]
c - - c - —— -
(2C4 - 1) L (2C4 + 1b) E.E, (cy + 1) X, b
b - C,) ;Eé. .
(b - G =3 (1)

- ]
Multiplication of this by~L%%- gives

c, - x'-n'(c (8]” o, )L
(2C, - b) K - [H]"((2C, + D) - + (C, +b) - t Y

(b - C,) (H] ()

which is the desired linear equation in K, and 1/Ks.

As in the previously described case for K, and Kz, each

pair of experimental values for & and pH leads to one such

equation, This permits the calculation of a series of simul-

taneius linear equations in Kl and K; which may be solvéd
graphically as desoribed earlier, In the present ocase the
intercepts A and B are computed from the following expres-

sions:

(b - C,) [H]
2C, - b
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B o= - (b - Cp)
[H] ((ch +p) B 4 (e, + ) LD b>
K;Kg Ky

The coordinates A, and B, of the intersection of the lines
drawn through these intercepts represent K. and 1/Kas respec-
tively.

This method of computation will be shown to give satis-
factory results in the case of barium and strontium, but it
leads to unsatisfactory results for lead, calcium, and magne-
sium., The difficulty in the case of these stronger oomplexes
arises from the fact that the straight lines must be extended
too far before they intersect. Thus a small error in A or B
(or in drawing the lines) results in a much larger error in
the intersection. This 1s most easlly seen by comparing the
graphs for strontium (Figures 4 and 5) with those for barium
(Figures 6 and 7) whioch forms a much weaker CDITA complex,

In the ocese of the stronger complexes a method of suoc-
cessive approximation may be employed., To simplify the dis-
cussion and reduce confusion, K3 and K, are replaced by new

constants Kix and KL’ according to the following relations:

[H] ([mEx] + [HY])

Kl = Kg
ks [HaY]

(k)
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(1]® ([my] + (Y1)
(HaY]

Ky, = KeKi =

) (1)

When these values are introduced, equation (1) above becomes

Pk (2] L8]
(2¢, - b) i - (2¢, + ) XK (c, +1b) x, " b

K'
(b-C)__E}‘.
ey

Multiplication of this equation by -agl]:—— glvesn
2C, - Db

H]* ((=c, L), (c L] >
Kk.-[] <‘2A+b)xx+(“*b) *h).

1K3 Ka
2Cp - b

(H] (b - ¢4) ,
Ky

which may be rearranged to
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, [H]® ((ac -p) LB 4 (¢, + by [HI 4 b)
Kka - A 183 A Ka +
2C, - b

(H] (b - Cy) ,
K. -
2C, - b 1

Upon introducing the symbol A for the complex term on the
right-hand side of the equation and ¢ for the coefficient of

K;z' this equation reduceg to

t |}
Kkg = A + Gka . ( m )

A set of values for A and ¢ may be computed for each experi-
mental value of a and pH. When these are tabulated, it is
found that 4 18 always positive, but decreases as a inoreases.
On the other hand, as 8 inoreases, ¢ llkewlise inoreases, go-
ing from negative values to positive, There is thus a region
where the mignitude of ¢ 18 small compared to 4, and in this

region KL, is very nearly equal to A. The average value of
A in this region may be taken as a first spproximation for
]
Kka L]
Equation (m), upon rearrangement, gives

Ky, - &

Ky, = (n)

1*]
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from whioch KL; mey be calculated for each palr of A and ©
values® using the first approximation for KL’. Using the av-
erage of these K;: values as a first approximation, KQ' may

be computed for each palr of values of ¢ and A according to

equation (m). The average of these new KQ’ values is then
used to recalculate Kis. This process may be repeated until
it falls to result in s significant ochange in the aversage
value for KL‘ and Ki‘.

The desired stability constants, Kyyy and Kyy, defined

by the equations

[MHY ] [My]
s and =
Fwry [M] [HY) "y [M] (Y]

may easlly be obtained from the ionization constants Ki; and
K;a (or K; and Kl). Equation (k), which defines Kix, may be
rearranged to

o [E] Dey] (6] CAY]
k, [HaY] [HaY]

1t should be noted that where (Kk - A) and o are both
small, no significent value for Kk may be calculated due to

the error always encountered in taking the difference of two
relatively large numbers.
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ar
(H] [MHY] e ¥ L (H] [HY]
(HaY] ky [HaY] )

Dividing this equation by the equation which defines K,,

(d] [(HY]
(Y] 3
glves
Rl () Dmx) B
(#] [HY] (HaY] Ks
or
[MHY] Kﬂ; -~ Ka
(Mx) Ks )
This last equation when divided by [M] gives
{MHY) K Kﬂ, - Ks

wlcEx] | ™ T Tngx,

Since the metal (M) is present in great excess and Ké‘ = K;,

Kl.{l - K’ K; - K’
HHY CuKs CyKs

. (1)
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where Cy 1s the initlal concentration of the metal. By a
gimilar procedure it is found that

Ky - KaK KiK! - KoK
Kyy = Kg abe L L als (m)

The method of determining stability constants described
in the preceding seotion does not give satisfaotory results
for complexes more stable than the lead complex., Even in
the case of lead the corrections for the ionic specles HY
and HaY™ are too large for the method to be very reliable,
For more stable complexes these corrections would become
even larger and, in addition, throughout nearly all of the
titration the solution would be 80 goldioc that complexes
such as HaMY might be of importance. The complex competi-
tion method developed by Sohwarzenbach and co-workers [1,
118] for the determination of especially stable complexes
of EDPA was found to give fairly satisfactory results for
the complexes of CIOTA with heavy metals. The basis for this
method was previously discussed in Seotion II A, Method 1l(o).
Inasmuch as the ionization constants of triaminotriethyl-
amine trihydrochloride and the stability constants of its
heavy metal complexes were determined by Schwarzenbach only

at 20%C., it was necessary in this work to redetermine these
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values at 26°C.

hydroohioride. A stock solution approximately 0,004 M in
triaminotriethylamine trihydrochloride (HstrenCl,) was pre-
pared by dissolving 0.2564 g. of HatrenCl, in sufficient
0.1000 K KC104 solution to make a total volume of exaoctly
500 ml., To obtain the data neoessary rfor calculating the
ionization constants, 206 ml. of the stock solution was di-
luted with 76 ml. of 0,1000 M KC1l0, and titrated with 0,1217
N NaOH using the apparatus and procedure previously de-
scribed for the titration of CDTA, The pH meter was stand-
ardized with Beckman pH 10,00 buffer,

Since no breaks are found in the titration curve (Curve
A, Figure 8), the three lonization constants must be of
about the same order of magnitude. A method of determining
2ll three of these constants simultaneously from a single
titration curve has been developed by Ackermann and Sohwar-
zenbach [1].

In the treatment of this problem the symbol a is again
allowed to represent the apparent degree of neutralization
(1.¢., moles of NaOH added per mole of HatrenCl,). The
equations which apply to this system inolude those which de-
fine the desired ionization oonstants,
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K, = [(H] [Hgtren] , (a)
[H.tren]

(4] (H tren]

Ke = ,
* [Ha tren] (b)
and
(H] (tren]
fa = [(H tren] (o)

and an expression for the total concentration of HatrenCl,,
Cp = [Hetren] + [Hatren] + [H tren] + [tren] ., (a)

In addition to these equations an expression for the hy-
drogen ion ooncentration similar to the one used in deriving
K, and K3 for CDTA may be written. In the present case,
however, all of the ionic species of HatrenCly are such weak
aoids that hydrolysis must be taken into account. Perhaps
the simplest way of doing this is to consider the free hy-
droxyl ions in the solution to have resulted from fallure
of all of the NaCH added to react with HatrenClg. The NaOH
added thereifore reduces the hydfogen ion oconcentration by
(aCp - [OH]) rather than g0p. The equation for hydrogen ion

concentration is thus given by:

[(H] = [Hatren] + 2[H tren] + 3[tren] - (gCp - [OH]) .
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Upon rearrangement this becomes
8Cp + [H] - [OH] = [Hytren] + 2[H tren] + 3[tren]. (e)

Equation (e) when divided by equation (d) yields

(] - [OH]

£+ =

Cp

[Hatren] + 2[H tren] + 3[tren]
[Hatren] + [Hatren] + [H tren] + [tren]

To simplify the writing of subsequent equations, the left
side of the above equation is replaced by the symbol g, 80
that

(H] - [oOH]
E = a8t
Cp

' [Hgtren] + 2([H tremn] + 3[tren]
[Hatren] + [Hptren] + [H tren] + [tren]

. (1)

From equations (a), (b), and (¢) the concentration of
the lonio species Hatren't, H tren', and tren may easily be
obtained in terms of [Hatren], [H], K, Ks, and Ka, The re-

i

sults of this process are:
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[Hatren] = K [Hgtren]
(H]

K K
[H tren] = [;]: [(Hstren]

[tren] = %—g—}-—f’ [Hgtren] .

Upon substitution of these expressions, equation (f) becones

Ky KKy K1KaKy )
( (1] [u]® (H]*
£ -
K K
(l LB 153 | K KaKy

+
(a] (u)*» (u)®

> (Hatren]

from which [Hgytren] of course cancels out.
To simplify this equation both sides are multiplied by
the denominator of the right side |

Ky o+ Kiba | KaKeKe | K, KaKs | (KiKaKs
al>  [EI™  [E)® [E] [H]*  (HD®

K +.

and like terms collected,

Et (g~ 1}5%3 + Qg - E)ElEg + (g - 5)5&5252 = 0, (g)

[H]® (a1*
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Ky, K3, and K3 may be determined by computing g for
three sets of experimental values of g, pH, and Cp to
obtain three simultaneocus linear equations in the three un-
knowns (K;, K;Ka, and KyK3Ks) and then solving these equa-
tions by means of determinants., Additional values for K,;,
Ky, and Ky may be obtained by repeating this process for
other sets of three values of g, pi, and Cp, This method
is very laborious, however, and may advantsgeously be re-
placed by a method of suoccessive approximations.

In this method a first approximation for K; is obtained
by neglecting all ionic species except [Hatren] and [Hatren].
If hydrolysis of these species is likewise negleoted,
(Hytren] will be equal to [Hatren] when a is 0.5 . At this
point then

(1] [(Haytren)

K,
tH. tron)

(H) (n)

with’auffioienx accuracy to serve as a first approximation.
Using this approximate value of K;, the values of K
and K3 may be estimated by a graphical method similar to
that employed for the first two ionization constants of
COTA., For this purpose equation (g) is rearranged to:
K3KgKy Ky K3

_ K
+ e 1)t (g e 32 . (g - 2)22
TR [H]® & - 2
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and both sides divided by K; to give

<g+(5-1).§2.>.?;+ g-23) K

[H]/ Ka (H]®
- - 1 . 1
8 )---m, (1)

The intercepts A and B to be plotted for equation (1)

are:

(g - 2)-[%;-; (g - 2) K
- A = - - -

- (g- l)% (H] (x[!ﬂ +(g-1) K;)
and

(g - z).f% (H] (g - 2)

B = - = - .
(g - a)[Za (g - 3)

Using the approximate value for K, and experimental
values of 8, pH, and Gy for a number of points hetween
a=1 and a=3 on the titration curve, the values of the
intercepts A and B for these titration points may be com-
puted. The family of lines having these intercepts on the
x and y axis, respectively, may thus be constructed. The
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coordinates A, and B, of the common interseotion of these

lines have the following relationships to Ky and Ky:
Ks = 1/a, and Ks = B, .

These values of Kg and Ky may be substituted in equation

(g) and a second approximation of K; caloulated for several
points on the titration curve between a =0 and a = 1.
Using this new value of Ky and the graphical value of Kg, a
better value for K; may be obtained using points on the

curve from @ =1 to a= 2, With the aid of the new
values for K, and K3, K3 may then be recalculated using
points on the curve between s = 2 and a = 3, This entire
process may again be repeated for all three constants until

consistent values are obtained.

molar in HatrenCly, 0.001 molar in a salt of the heavy

metal, and 0,1000 molar in KC1lO0, was titrated with 0.1 N
NaOH using the same apparatus and procedure previously de-
soribed, The total volume of the solution at the start was
100 ml, The pH meter was standardized with pH 7.00 buffer
except in the case of the copper complex for whioch pH 4.00
buffer was used.

Suoh titration curves for several metals are shown in



78

Figure 8. It can be seen from these curves that in the

presence ¢f a complex-forming metal the hydrogen ions of

ﬁ,trenf are all liberated in a more acidio region. This

apparent inorease in the acldity is due to the resotion
Hatren™ + M'*Y == N tren*™ + ot

The ionic species of tren which may be present during such
a titration include all the ionization stages of tren, plus
the metal ocomplex, This gives rise to the equation

Cp = [Hatren] + [Hatren] + [H trem] +
[tren] + [M tren] . (a)

The equation for the hydrogen ion concentration desoribed in

the previous section becomes
{H] = [Hatren] + 2(H tren] + 3[tren] +
3[M tren] - (gCp - [0H]) .

Substitution of the term g (as defined in the previous sec-

tion) reduces this to
ECT = -‘CT + [H] - [OH] -
[(Hatren] + 2[H tren] + 3[tren] +

3[M tren] . (b)
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The ionic speoies Hatren'®, H tren*, and trem are again
eliminated by means of the equations defining the ionization

constants of the acid:

[Hgtren] = B [Hgtren)]

(H]

[H tren] = LU [Hgtren]

(u]®

K;K;K;

--ﬁ-!-j-;- [Hstren] . (e)

[tren] =

Substitution of these in equations (a) and (b) gives

o (g B SR ot ¢ o e
and
e = (g gt ) o ¢ sn e
or
Gp = q[Hatren] + [N tren) (a)
and

BCp = @ [Hatren] + 3[M tren) (e)
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where
am 1 + ..K...L + Ky Ky + Ky KgKy
(8]  [H)® 0
and
Ky K;Ka K KaKg
= tm " %fap Y Tar

The desired stability constant is the equilibrium con-

stant for the reaction

(M tren]
Weren " Tu) [tren] (0

As will be shown below, all of the quantities on the
right side of this equation can be expressed in terms of
known or measured quantities through equations (¢), (d), and

(e) and the expression for the total metal concentration
Cy = [M] + [M tren] .

This last equation may also be written
Gp = ([M] + [N tren] (&)

8inoe equimolar amounts of HytrenCly, and the metal were used

in the titration,
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Equations (4) and (e) may be solved for [Hstren] and
(K tren] in terms of the known quantities Cp, ¢, B, and
£+ This process yields

Cr (3 - g)

(H.tron] = (h)
3a - 8
and
(K tren] = or (ag-p) . (1)
3a -5

The concentration of M'® may be found by substituting this
value for [M tren] in equation (g):

OT - [HJ +°:l‘(a5".ﬁ)
3a -8

. _ Cr(ag-B) _ S (3-gla
[x] Cp 30 -3 50 - B (J)

Bquation (f) may be converted to

[M tren] [H]®
(M] [Hetren] KyKsKs

Ky tren = (k)

when the relation between [Hytren] and [tren] shown in equa~
tion (¢) is introduced. The values of the quantities
[(Hatren), [M tren], and [M] from equations (h), (1), and (J)
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may be substituted into equation (k) to give

<CT (ag - B )) (H]®

- 30-8

X% tren <01v (a-g)a><% (3 - g)
3a -8 3a -8

> K;K.K;

This may be simplified to

X . Cp (ag - B) [H]®
M tren C«f- a(3 - g)® KyKeKy

3a - B

which further reduces to

(3@ -B) (qg - B) [H]®

= 1
Ex tren or Q(3 - 2) KxkaKs (1)

from whioh Ky ¢ney R8Y be calculated for all sets of experi-
mental values of 8 PH, and GI' .

plained previously, the method used to determine the stabll-
ity congtants of the alkaline earth complexes of CITA will
not suffice for the determination of the more stable com-
plexes formed by CDIA with most other bivalent metals. The
complex competition method employed by Sohwarzenbach and
Freitag [11 ] for the determination of the constents for the
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heavy metal complexes of EDTA also gives satisfactory re-
sults with CIDTA,

In this method, a solution that is approximately 0.001
molar in CDIA, HatrenCly, and N** (where M is the heavy
metal) and 0.0l molar in Ca’® 1s titrated with NaOH, The
solution is acidic in the region from g =0 té a =4, the
hydrogens of the CITA being liberated during this period.

A pH rise ocours at a = 4 and beyond this point the hydro-

gen ions are produced acoording to the exchange reaction
MY"* + Hatren'® + ca*® =—
cay"® + M tren*® + 3n* .,

Because of the high stabllity of the heavy metal complexes
of CITA no exchange with tren would take place unless an-
other metal were present to take up the Y"* ions as they are
released from the heavy metal complex, Calcium serves very
well in this capacity since of the metals which form no och
plex with tren calcium forms the most stable CDTA ocomplex,
For each point on the titration curve from a =4 to
a="7 a value for the equilibrium constant of this re-

action

. [(H]®* (M tren] [CaY]
Kex [Ca] (Hatren] [MY]

(a)
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may be computed from the experimental values of a, PpH,
and the total concentrations of the various substances add-
ed, For this purpose the following relationships are em-
Ployed:

Total concentration of metal =

Cy = [N tren) + [MY] + (M] (a)

Total ooncentration of calcium =

¢' = [CaY] + [Ca] (b)
Total concentration of CITA =

= [CaY] + [MY] + HyX
Cy ] ( ;2% ( 1 ] (o)

Total concentration of tren =

S
Cp = [M tren] + ;Eg (H, tren] (4)

and

(H] = 3[M trem] + 1io (3-1)[Hytren] + 1%{) (4-1)[HqX] +

4[MY] + 4[CaY] - (gCc-[0H]) . (e)

In all cases studied equation (a) may be simplified by
neglecting [M] in ocomparison with [M tren] and [NY]. In the

presence of a tenfold excess of caloium in neutral or alka-
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1ine solution virtually all the CDTA not in the form of MY™?
will have formed a complex with calcium, hence the terms in-
volving H4Y may be neglected in equations (c) and (e). As

in the preceding section on the metal complexes of tren,

i‘ (Hytren] =  &[Hstren]
1=0

22: (3-1)[Hytren] = S [Hgtren]
1=0
where and have the definitions given 1ln that section.
The complexity of the system was reduced materially by pre-
paring the solutions so that Cy, Cy, and Cp were lden-
tical.
With these simplifications introduced the above equa-

tions become:

Cy = € = [Mtren] + [NMY] (a')

c' = [caY] + [cCa] (b')
Cy = ¢ = [cay] + [MY] (o)
Cac = € = [Mtren] + a[Hstren] (a')
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(H] + gC - (OH] =
3[(M tren] + S [Hatren] + 4 [MX] #4[Ca¥] . (e')

Substitution of equation (o') in equation (e') converts the
latter to

8¢ + [H] - [OH] =
3[M tren]l] + B [Hatren] + 4C
or
(a-4)c + [H] - [OH] =
3(M tren] + 3 [Hatrem] . (r)
From equation (4!')
[M tren] = ¢ - al[Hstren]) ,
which mey be substituted into equation (f) to obtain
(a - 4)¢c + [HB] - ([OH] =
3¢ - 3alHatren] + g ([Haytren]

from which

(7 - )¢ - [H] + [OH]
5a- B

[(Hetren] = (g)
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For convenience, let

g = (7-a)c - [H] + [oH], (h)
then
[Hatren] = & . (1)
30 -« B

Combining this equation with equation (d') gives

[Mtren] = ¢ - a8 . (3)
3a -8

This may in turn be placed in equation (a') to obtain

- - - - ax' - as‘ |

Equation (k) in conjunotion with equation (o') yields

[Ca¥] = ¢ - aaa"ﬁ (1)

which with equation (b') permits the evaluation of the last
unknown

Ca] = €' - ¢ + 98 (m)
3a - P
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An expression for calculating K,, results from the sub-
stitution of equations (1), (J), (x), (1), and (m) in equa~
tion (a) so that

e (c ) Ma{;'B> <c ) 5aaf'ﬁ>

<c' "ot 3:%';3) <:5a§-: B> <3aaf‘ﬁ>

or

[(u]® (c Y % > :
3a - A

Kox = s
” <c"- e ﬂ) <aag- /3> ¢

Using equation (n), Kgx could be caloulated for eaoch experi-

mental point between a = 4 and a =7 on a titration
curve of a solution containing equimolar concentrations of
CDI'A, Hgtren Cls, and a salt of the metal under investiga-
tion, plus a tenfold excess of a calcium salt.

Schwarzenbach and Freitag found, however, that the re-
action between tren and a metal complex of EDIA was too slow
to permit a normal titration to be carried out. To overcome
this dAifficulty the mixture to be titrated was placed in
five individual flasks and different amounts of NaOH added

to each of these aliquots. These solutions were then allowed
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to equilibrate for 24 hours before the pH was measured, In
the present work this kinetic factor was found to be some-
what more serious with CDTA ocomplexes (perhaps because of
their higher stability), hence the time allowed for equili-
bration was increassed to two days, This time proved ade-
quate exoept for the niockel complex which required seven
days.

The individual solutions upon whioch the pH measurements
were made oonsisted of the following: (a) 6.00 ml. of 0,01
N HatrenCl,, (b) 256,00 ml, of 0.01 M CDrA, (o) 5.00 ml, of
a 0,01 M solution of a salt of the heavy metal, (d) 6.00
ml., of 0,1 M CaCl,, (e) 1.8-2.6 ml, of 0,1217 N NaOH, and
(f) sufficient 0.0600 M KC1lO4 to make a §0.0 ml. solution,
The HgtrenCly, CDTA, heavy metal salt, and CaClz solutions
were all 0.0600 molar in KC10,. The five individual solu-
tions prepared in this way for each heavy metal were thus
0,001 molar in CDTA, HytrenCls, and N*?; 0.0l molar in Ce'®;
and had an ilonic strength of O.,1. After being thoroughly
mixed, these solutions (in 50-ml. glass-stoppered volumetrioc
flasks) were maintained at 26.00°C, in a constant tempera-
ture water bath. After two days (seven days in the case of
nickel), a portion of each solution was transferred to a
glass-stoppered weighing bottle also maintained at 26.00C.,

and the pH of each solution measured using the same pH meter
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and eleotrode system previously described. The pH meter was
standardized with pH 10,00 buffer in the csse of the mangan-
ese, nickel, and ocobalt complexes and with pH 7.00 buffer in
the case of the oopper, zino, and ocadmium complexes. The

value of Kgyx for each individual solution was then computed
according to equation {(n) from the measured pH, the initial
concentration of the various reactants, and the amount of

HQGH added,

CDTA, An equation relating such a measured equilibrium con-
stant, Koy, to the desired stablllity constant may be derived
in the following manner, By ocombining the equations whioh
define the ionization constants of HatrenCl,, the expression
for the overall dissoolation of this acid is found to be

K,KaKe - [ﬂ]. [tun)
(Hatren]

Multiplication of this equation by the equations which de-

fine Ky ¢ren and xca glives

K1KaKs Ky yren Ecay =

[H)® [tren] x {M tren) . [CaY]
{Hatren] [M] (tren) (Cal [X]
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which reduces to

(H]® (M tren] [CaY)
[Hytren) [M] [Cal [X]

KiKaKa Ky gren Xcay (o)

Division of the equation which defines Koy [see equation (a)
above] by equation (o) ylelds

KOX

KiKaKs Ky ¢ren Ecay

[H]® [M tren] [CaY] < [Hetren] (M] [Ca] [X]

(Ca] [Hatren] [MY] [H)®* [M vren] [CaY]
which may be simplified to
Koy [x] (¥)

KiKsKs Ky tpen Kcay " T

The righk—hand silde of this expression is simply the recip-

rocal of Kyy; hence,

By = KiKaKs Ky ¢ren KCa! . (p)

Eex

For ease of computation, equation (p) may be converted to

logarithms, giving
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log Kyy = 108 Ky gren *+ 198 Kggy -
log Kgx = (pKy + pKa + pKs) (q)

which was the expression employed in the present work for
computing the stability constants of the various heavy metal
complexes of CDTA,

C. Experimental Results

Using the procedures described in Section III B, para-
graphg 1 and 2, pH titrations were carried out on (1) CDTA
alone and (2) CDTA in the presence of a fifteenfold excess
of barium, strontium, magnesium, calcium, and lead. These
titrations were performed in duplicate using both stock so-
lutions of CDTA (see Seotion III B, paragraph 1) exocept in
case of lead, for which only solution II was used. The data
obtained in these titrations are shown in Tables 3, 4, b,

6, 7, and 8, The titration ocurves drawn from these data for
solution I titrations are shown in Figure 1. In order that
the ourve for the titration of CDITA golution II in the pres-
ence of excess lead could also be included for comparison,
these curves show the measured pH plotted as a function of

a (i.e., moles of KOH per mole of CDTA) rather than as a
function of the volume of KOH added. When put on this basis,



Table 3 |
Titration of CDTA with Potassium Hydroxide®

Bun I. CDTA Solution I

pH meter standardized PH meter standardized pH meter standardized
gt 4,00 at 7,00 at 10,00
M1, EOH a P Mi, KOH a ;-4 M1, KOH a8 i
0.000 0,000 . 1,666 2.115 . 2.432 3.106 9,47
0,201 0,287 . 1.701 2.172 . 2.452 3.131 9,65
©.401 0,512 . 1.761 2.2368 . 2.602 3,195 9,90
0,600 0,766 . 1.801 2.300 . 2,663 3.260 10,07
0,800 1,022 . 1,901 2.428 . 2,808 3,324 10.19

2,665 3,588 10,28
2,703 3.452 10,368
2.764 3.517 10.43
2.803 3.581 10,49
2,858 3.646 10.63
2,907 3.712 10.57
2.967 3,776 10,61
3,006 3.837 10,66
3,064 3,900 10,69
3.106 3.866 10,72
3,166 4,030 10,75
3.207 4,096 10,78

1.002 1,280
1.200 1.632
1.300 1.660
1.400 1,788
1.4560 1.862
1,600 1.916
1.5561 1,981
1.601 2,044

1.922 2.454
1,942 2.480
1.961 2.504
1.985 2.632
2.001 2,556
2,100 2,682
2.200 2,809
2.261 2.87b
2.282 2,914
2,302 2,940
2.312 2,952
2,322 2,965
2,332 2.978
2,342 2,991
2.362 3,004
2.363 $.018
2.372 3.029
2,382 3.042
2,392 3,066
2.402 3,087

m»»»»»yuuuuuu
HOOOM O~JO i O
QG@O&KQ#OH&E@

DOORPRDIINIIINODRRPARRTAO D
BEe8asb8a8EBERCEERREEEIAS
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%, = 0.001N; Ngog = 0©.1215.



Table 3 {(contimed)
Bun II, CDTA Solution II

PH meter standardized PH meter standardized PH meter standardized
—— Bt 4,00 at 7,00 at 10,00
Ml EOH g 2 M1, ECH 3 2H N1, KOH a 2H
0,000 0,000 3,06 1,986 2,207 . 2.762 3.107 9.56
0.200 0.,226 S.14 2,002 2.260 . 2.803 3.166 9.85
0,400 0,452 5,24 2.061 2,316 . 2.853 3.221 10,03
0.600 0,677 3.34 2.101 2,372 . 2,903 3.277 10.18
0.800 0,903 3.47 2,161 2.428 . 2,954 3,336 10.25
0.999 1.128 3.61 2.201 2.485 . 3.004 3.392 10,33
1,189 1,364 3.79 2.251 2,541 . 3,054 3.448 10,40

2299 1,467
1.399 1,579
1.600 1.694
1,601 1.808
1.661 1.864
1,681 1.898
1.701 1.920
1.721 1.943
l.741 1.966
1,761 1,988
1.781 2.011
1.801 2,033
1.821 2.066
l.861 2.090
1,871 2.112
1,801 2.146
1,951 2,203

2,302 2,599
2,352 2.6566
2.402 2,712
2,452 2.768
2,602 2.825
2,662 2.881
2.582 2,915
2,602 2,938
2.612 2,949
2.622 2,960
2,633 2.973
2,643 2,984
2,668 2,996
2,663 3,007
2,673 3.018
2.686 3,032
2,703 3.062
2,713 3.063
2,733 3.086

3,104 3,504 10.46
3.186 3.662 10,61
3.206 J3.618 10,56
3.256 3.676 10,60
3.306 3,731 10.63
3.365 3,788 10,67
3,408 3,845 10,71
3.466 3.902 10,74
3,506 3,968 10,77
35,566 4,016 10,79

e o o ¢ o e & & o O o o
* © & & o *« & o o ¢
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Table 4
Titration of COTA in the Presence of Excess Barium®

Bun I. CDTA Solution I

Ml. EOH a PH Ml., KOH a PH
0,000 0,000 3,03 2.602 3,323 6.61
0.20 0.26 3.10 2.702 3.480 6.82
0.40 0.61 3.18 2,803 3.679 7.03
0.80 0.77 3.28 2,906 3,710 7.27
0.70 0.89 333 2,964 3,772 7.42
0.80 1.02 3.39 3,004 3.836 7.61
0.90 1.16 3.47 3,064 3.900 7.86
1.00 1.28 3.65 3,084 3.938 8.08
1.10 1.40 5.64 3.104 3.964 8.31
1.20 1.63 3.74 3.116 3.978 8.45
1.30 1.66 3.87 3.124 3.989 8.60
1.40 1.79 4,03 3,138 4 003 8.77
1.50 1.92 4.20 3.1456 4,016 8,93
1.600 2.043 4.41 3165 .029 9,09
1,701 2.172 4,61 3.1656 4,042 9,22
1.801 2,300 4,81 3.178 4,064 9.33
1.901 2.428 4,98 3.186 4,087 9.42
2.001 2,650 5.18 3.2056 4,093 9.67
2.101 2.883 5.39 3.228 4,118 9.69
2.201 2.811 5.61 3.266 4,167 9.84
2.302 2.940 5.86 3.306 4,220 10,03
2.402 3.087 6.13 3.408 4,349 10.87

2.602 3.1956 6.38

%, = 0.00LM; Cg, = 0.0150 M; Ngoy = 0.1216.
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Table 4 (continued)

Run II. CDFA Solution II

M1, KOH a PH M1, KOH a
0.000 0.000 3.00 2.800 S.161
0.20 0.28 3.08 2.900 3.274
0.40 0.46 3,13 3,001 3.3588
0.60 .68 3.22 3.101 3.601
0.70 0.79 3.27 3.202 3.816
0.80 0.90 Je 32 3.3086 3.731
0.90 1.02 3,37 3.362 3,784
1.00 1.13 3.43 3.403 3,842
1.10 1.24 3.60 3,453 3.898
1.20 1.36 S3.58 3.483 3,932
1.30 1.47 3.86 3.503 3.9686
1.40 1.68 3.76 3,513 3.966
1.50 1.69 3.89 3.623 3.977
1.60 1.81 4.03 3,633 3.989
1.70 1.82 4.18 3.543 4,000
1.798 2.030 4,37 3,653 4,011
1.899 2.144 4,57 3.563 4,023
1,998 2.266 4.74 3,673 4,034
2,098 2.389 4.91 3.683 4,045
2.197 2.480 65,08 35,0693 4,066
2.2698 2.594 65.26 3,803 4,068
2,399 2.708 6.43 3.624 4,091
2.408 2.820 5.63 3.6064 4,126
2.598 2.833 5.86 3.704 4.182
2,699 3.047 6.08 3,804 4,295
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Table b

Titration of CDFA in the Presence of Excess Strontiuma

Bun X, CDTA Solution I
M1, KOH a PH Ml, KOH a PpH
0.000 0,000 3,04 2,703 3.460 5.23
0,20 0.26 3.12 2.802 3,678 5.4
0.40 0.51 3.21 2,875 S.871 b.44
0.80 0,77 S.31 2,926 3,736 5.62
0.81 1.03 S.44 2.276 3,799 5.63
0.90 1.15 3,62 3,028 3,863 65,78
1,00 1,28 3.69 3,056 3.901 5.93
1,10 1.40 3.68 3,078 3,927 6.07
1,20 1,69 3.78 35.086 3,940 6.14
1,30 1.66 3.90 3,096 35,962 6.26
1.40 1.79 4,02 3.108 3,966 6.43
1.50 1,82 4,15 3.116 3.979 6.69
‘1,801 2.044 4,28 3.122 3,987 6.97
1,700 2,171 4,40 3.126 3.992 7.36
1,800 2.299 4,61 3.131 3.998 7.91
1.901 2,428 4,60 3,136 4,006 8.27
2,000 2.654 4,68 3.146 4,017 8.71
2.100 2.682 4.76 3.166 4,030 8.92
2,201 2.811 4,83 3.176 4,056 9,22
2,301 2.938 4,91 3.196 4,081 9.41
2.401 3,068 4,98 3,226 4.120 9.64
2,601 S.194 5,06 3.876 4,183 8.90
2,600 3.920 5.13 3.377 4,312 10.18
a

Cgp = 0.0160 X;

NKOH = 0,1216.
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Table & (eontlnuéd)

Bun II. CDTA Solution II

Ml, KOH a PH M1, KOH a PH
0.000 0,000 3,00 3,004 3.392 5.20
0.20 0.28 3.07 .102 3,602 6,28
0.40 0.46 Je1b 3.208 S5+620 5.38
0.60 0.68 3.24 S¢306 3,731 6.52
0.80 0.980 3,36 3,368 3.788 6.61
0,80 1,02 S.41 3. 386 3823 5.68
1,10 1.24 .66 3.426 °,.868 65.79
1,20 1,36 J3.62 3.446 3.891 5.88
1.30 1.47 .71 3. 468 3,913 6.99
1,40 1.58 3,80 3,486 3.936 6.13
1,50 - 1.69 S.91 3.506 3.958 6,33
1.60 1.81 4,02 3.516 3.968
1,701 1,920 4,14 3.5626 3,981
1,801 2.035 4,26 3,536 3.992
1,901 2.146 4,37 3.546 4,003
2,001 2,269 4,48 3,566 4,016
2.101 2.372 4.56 3.567 4,027
2.201 2,486 4.64 3.576 4,037
2,301 2,598 4.71 3.586 4,049
2,402 2,712 4,78 S.606 4,071
2.502 2.826 4,85 o.628 4.094
2.600 2,930 4,91 3.6867 4,129
2.701 S.049 4.97 9,707 4,186
2.802 34163 6.04 3.808 4.299
2,904 3.279 5.12
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Table 6

Titration of CDIA in the Presence of Excess Hagnnsiuma

Bun I. CDTA Solution I
Ml, KOH a pH M1l. KOH a PH
0,000 0.000 3,08 2.803 3.679 4,563
0.40 0.561 3.26 2.904 3.708 4,63
0.80 0.77 3.37 3.004 3,836 4,79
0.80 1.02 S.48 3.064 3,900 4,93
1.00 1.28 3.61 3,084 3,938 5.08
1.20 1.53 3,74 3.106 3.966 5.30
1.40 1.79 3.86 3.114 3.977 5.47
1,808 2,061 3.94 3.124 3.989 65.88
1,700 2,171 3.98 3.136 4,000 7.680
1,803 2.302 4,03 3.146 4,017 8.37
1,903 2.430 4,07 3,166 4,029 8.66
2.001 2.666 4,11 3.165 4,042 8.87
2.103 2.686 4,16 3,175 4,064 9,03
2.201 2.811 4.19 3185 4,080 9.23
2,302 2.940 4,23 3.2256 4,118 9.46
2.402 3,067 4,28 34226 4,167 9,62
2.502 3,196 4,33 3335 4,269 9.81
2,602 3,323 4,39 S.41 4,36 10,07
2.703 S.462 4.46 3.51 4,48 10.21

8, = 0.001 M;

Cyg = 0.0160 X;
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Table 6 (continued)

Run II, CDTA Solution I

Ml, KOH a pH M1, KOH a PH
0.000 0.000 3.0b 3.104 3.604 4.49
0.20 0,83 3,12 ©.206 J.,618 4,56
0.40 0.45 3.20 3. 306 3.731 4,85
0.60 0.68 3,30 3.407 S5.846 4,80
0.80 0.90 3.41 3.456 3.902 4.93
1.00 1013 5.55 3.486 50986 5005
1,20 1,386 .64 3.506 3.968 b.21
1.40 1.68 S.76 3.516 3.970 6.2
1.60 1.81 3.86 3.626 3.981 5.64
1.802 2,034 3.94 3.5368 3,992 6.09
1,902 2.147 3.98 3.b46 4,003 7.51
2,001 2,269 4.02 5,666 4,015 8.43
2.101 2,372 4.06 3,566 4,026 8,76
2,201 2.48b 4,10 3.586 4,049 9,08
2.502 2.699 4.13 3.608 4.071 9,31
2.403 2.713 4.17 3.6867 4,129 9,62
2,502 2.825 4.20 3.707 4,186 9.81
2,611 2.948 4.24 3.81 4,30 10,07

2,703 3,062 4
2,803 3.166 4
2.904 3.879 4,
3.004 3.382 4

3.91 4.4 10,21
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Table 7

Titration of CDTA in the Presence of Excess Calcium®

lRun I. CDTA Solution I

Ml. EOH a PH M1, KOH a PH
0.000 0.000 39,02 2.704 3.453 4,08
0.20 0.26 3.09 2.803 3.579 4.16
0.40 0.561 3.16 2,907 3.712 4.30
0.60 C.76 3.22 3,003 3.836 4,851
0.80 1.08 3.0 3,066 3.901 4.72
1.00 1.28 3.58 5.087 3.942 $.,00
1,20 1.63 J.45 3,098 3.966 5.17
1.40 1.78 3.652 3.107 3.968 5,36
1,601 2,044 J.69 S5.118 3.982 5.80
1,704 2.176 3.63 3.129 3.996 6.76
1.802 2,801 3.66 3,138 4,007 8.07
1.900 2.426 3.69 3.160 4,023 8,61
2.001 2,658 S3.73 3.168 4,033 8.81
2.100 2.682 3.77 3.168 4,046 9.01
2,201 2.811 3.81 J.188 4,071 9.24
2,301 2,938 3.86 3.208 4,097 9.42
2.400 3.0856 3.90 3,239 4.1356 9.68
2.5086 3.200 3.9 3.289 4,200 9,90
2.602 e 323 4,01 3,389 4,328 10.18

%c, = o.001% ©Cg = 0.0160 X;

NKOH = (0,12156.
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BRun II. CDIA Solution II
Ml. KOH a pH M1, KOH a pH
0.000 0,000 2.99 3.202 3.615 4,19
0.20 0.82 3.06 3,303 3,729 4,31
0.40 0.45 3.12 3.363 3,786 4,40
0.60 0.68 3.18 3,404 3,843 4,52
0.80 0.90 3.26 3,424 3.866 4,68
1.00 1.13 3.32 3,444 3,888 4.66
1.20 1.35 3.39 3.464 3.911 4,75
1,40 1.568 3.45 3.464 3,933 4,90
1.599 1.806 3.52 3,494 3,946 5,01
1,799 2.031 3.58 3,504 3,956 6,14
1.901 2.146 3.61 3,614 3,967 5.32
2,001 2,259 3,64 3,526 3,981 6.83
2,009 2,370 3,87 3,632 3,987 6.26
2,199 2,483 3.71 3.536 3,992 7.27
2.402 2.712 3.77 3,554 4,012 8,71
2.500 2.822  3.80 3.664 4,024 8.96
2,600 2.936 3.84 3,584 4,046 9,26
2,701 3,049 3.89 3,604 4,069 9,46
2,801 3.162 3.94 3,626 4,092 9,60
2.902 3.276 3.99 3,856 4,126 9,78
3,001 3.388 4,04 3.706 4,183 9.98
3,102 3.602 4,11 3.806 4,897  10.22
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Table 8

M1, EKOH a PpH Ml. KOH a PH
0,000 0,000 2.66 24703 3,062 3,18
0.200 0.226 2,67 2.803 3,166 5.24
0.400 0,462 2,60 2.904 3,279 3,31
0.600 0.677 2,63 3.004 3.392 3.40
0.800 0,803 2.66 3.106 3,606 3.50
1,000 1.129 2,69 3.206 3,618 3,62
1,800 1,365 2,72 34308 3,731 3,81
1.400 1.581 2,76 3,364 3,787 3,94
1.601 1,807 2.80 3.406 3,845 4.14
1.801 2,033 2,86 3.456 3,902 4,47
1,901 2,146 2.88 3,486 3,936 4,83
2,001 2.269 2,91 3.606 3,958 5.09
2,101 2,372 2,94 3.616 3,970 5,21
2,201 2,486 2.97 3,526 3.981 5.30
2,304 2,601 3.01 3,646 4,003 5.49
2,402 2.712 3,06 3,612 4,078 5,76
2,802 2.826 3.09 3,709 4,187 5,92
2,602 2.938 3,13

%, = 0.001L ; Cp, = 0.0150 M; MNgog = 0.1215.
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the curves for other solution II titrations were found to
be virtually identical with the curves for the corresponding
solution I titrationms,

The concentration of CDTA (C,) in the solutions titrated
was determined graphically. For this purpose, the portion
of eaoch curve corresponding to the sharpest pH rise for that
curve was expanded and the "end-point® of the titration es-
timated visually. This "end-point" was taken as the point
at which a2 = 3 in the case of the titration of the acid
alone, but for the titrations in the presence 0f excess
metal ions the "end-point* ocourred at a = 4, The initial
concentration of CDIA wgs then computed from the milliliters
of KOH added at the "end-point", the value of g at the "end-
point*, and the initial volume of the solution (100 ml.).
The results of this procedure ire shown in Table 9, The
average values for C, in Table 9 were employed in all sub-
sequent caloculations on data obtained from titrations in-
volving CDTA solutions I and IXI. The small deorease in C,
caused by the inorease in the total volume of the solution
from addition of KOH was found to be negligible in all

cagsen.
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Table 9
Determination of GA

* End-point® 3
Metal KOH added a C4x10
(ml,) (moles/1liter)
Solution I
None 2,360 3 0.961
Ba S.132 4 0,961
Sr 3.128 4 0,960
Mg 3.133 4 0.951
Ca 3.130 4 0.951
Av. 0,981
Jolution II
None 2.667 3 1.076
Ba 3.546 4 1.078
sSr 3.5639 4 1,076
Ng 3.543 4 1.076
Ca 3.638 4 1,074
Pb * - -
Av, 1,078

*3atisfactory end-point was not obtained due to forma-
tion of lead hydroxide.
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aloula K K_. Using the equations de-~
rived in Section III B, paragraph 1, the values of the ine
tercepts (A and B) of the linear equation (f) in K, and K;
were computed for each point on the titration curves from
a=0 to a=1,7, The results of these computations are
listed in Table 10, The values of C, used in these calou-
lations were the average values of this quantity given in

Table 9. The value of & for each point was determined from

ml. KOH x Ngog
a =
- CAXMJKZ”

The graphical solutions of equation (f) for the titra-
tions involving CDTA solutions I and II are shown in Figures
2 and 3. The coordinates of the points of intersection (A,
and By) of the lines in these graphs are listed in Table 11
together with the corresponding values of pK, and pK; come
puted from

pK; = <log 1/Bg and PKa = -log A, .



108

Table 10

Apparent Ionization Oonstantsaof CDTA
Caloulation of A and B

Bun I, CDIfA Solution I

2 - Axaot Bx0~2
0.000 5009 -1.05 2.09
0.267 3.18 «0,30 0.77
00512 3028 0.5’6 -1.15
0.766 3041 0.33 "5.82
10022 3066 1.24 -8063
1-558 5.97 1.94 -36.7
i1.660 4.14 2.02 -58,3

Run II. CDTA Solution II

2 - Axio* Bxlo-®
Q.QOO 5.05 -1.59 2069
00226 5.14 -0.66 1054
0.452 3.24 -0,07 0.23
0.677 3.54 0.62 -2.03
0.905 5.47 0.95 "5029
1.128 3.61 1,37 -10.7
1,354 3,79 1.668 -20,7
1.467 3890 1.77 -39,.2
1.579 4.02 1991 "42.8

1.694 4.19 1.98 -86.5

8prom data listed in Table 3.
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Table 1l

Apparent Ionization Constants of CDIA®
Determination of Ky and Kg

Agx10% Box1072 pKs pKa
Run I 2.27 6.8 2.83 3.64
Run II 2.23 7.1 2,86 5.65
Av, 2.26 7.0 2,84 3,65

®lonte strength = O.1; temperature = 256.0°C,
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. Values of pKs were computed
according to the equation given in Seotion III B, paragraph
1, for all points on the titration ocurves from a = 2.26 to
a=2,7. The results of these computations are shown in

Table 12, For both runs, it was found that

PKs = 6.26 .

Table 12

Apparent Ionization Constangs of cpra®
Caloulation of Ky

Bun J. CDPA Solution I Run II. CDrA Solution II
a pH pPKa & PH PKs
2.300 5.90 6.27 2.260 5,82 6.27
2.428 6,13 6.26 2.316 5.93 6.26
2.454 6.18 6.26 2.372 6.03 6.26
2.480 6.22 6.256 2.428 6.13 6.268
2.504 6.26 6.25 2.484 6.22 6.26
2,530 6.31 6.26 2.541 6.32 6.26
2,656 6,36 6.26 2.699 6.42 6.25
2,682 8.69 6.26 2.656 6.53 6.26

—— 2.712 6.64 6.26
Av, 6.26 —n—
Av. 6,26

81ont0 strength = O,1; temperature = 25.0°C.

Pprom data 1isted in Table 3.
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Using the equation derived in
Seotion IIl1 B, paragraph 1, values of PK¢ were calculated
for all points on the titration ourves from a=3.26 to

& = 4,00, The results of these oomputations, given in Table
13, lead to the following (average) value for PKe:

Py = 10,93 .

Table 13

Apparent Ionization constangs of chAa
Caloculation of K

Run I, CDFA Solution I Run II. CIDTA Solution II
8 PH PEs & PB pKe
3.324 10.19 10,91 3.336 10.26 10.94
3.388 10.28 10,91 3,392 10,33 10.95
J.453 10,36 10,03 3.448 10.40 10.98
3.617 10.43 10.94 3.504 10.46 10,97
S.681 10,49 10,956 3.662 10.81 10.96
3.645 10,53 10,92 3,618 10.66 10,97
3.712 10,67 10.82 3.676 10,60 10.96
3.776 10.61 10.88 3,731 10.63 10.93
3.837 10,66 10.89 3,788 10.87 10.93
3.800 10,69 10.89 3.846 10.71 10.94
3.966 10.72 10.87 3.902 10,74 10,93
Av. 10.91 5.958 10,77  10.83

Av. 10,96

annic strength = 0,1; temperature = 25,0°C,

Drrom data 11sted in Table 3.
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&2, Barjum. The stability oonatants of the complexes
formed between CLUTA and barium were calculated from the data
in Table 4, using the graphioal procedure outlined in Sec-
tion I1II B, paragraph 2. Values of the intercepts A and B
Vconputed for points on the titration curve from a = 2.0
to a= 5.6 are listed in Table 14, For amy point outside
this range of a values, the magnitude of the intercept A
was too great to permit convenient plotting. Figures 4 and
5 show the graphs construoted irom the intercepts listed in
Table 14. The values of pKs snd pKs (-log 1/Bo and -1log
Ags respectively) computed from the ooordinates Ag and B,
of the intersections of the lines in these graphs are shown
in Table 16. Also listed in Table 156 are the values of log
EpaHy and log Kpgy calculated from

BaHY Cpaks
and
KsK4 - KoK,
Bpay = .

CpaKsKs



116

Table 14

S8tability Constants of CDTA-.Barium Complexes

Calculation of A and B®

Run I, CDIrA Solution I

2 2H 41107 Bx10-0
" 2.428 4,98 -37.8 1.22
2,666 .18 -20.1 1.18
20683 5.59 -9.69 1012
80311 5.61 "3088 0.94
2‘940 5.86 ‘0.76 0045
3.067 6.13 0.54 -0.86
3.195 6.58 1.01 "3.90
3.923 6.61 1.17 -9.94

5.460 6.82 1.24 «20.6

Bun II. CDIA Solution II

a B Ax208 Bx10~°
2.694 5.26 -16,1 1.19
2.708 5.43 -8,36 1.10
2.820 5.63 “'5.55 0093
2.933 5.86 -0.87 0.60
3.047 6.08 0.42 -0,586
3.181 6052 0092 -2089
3.274 6.562 1l.14 -7.13

3.588 6.71 1.24 "14.3

3.601 6.90 1.27 -26.6

Sprom data 1listed in Table 4.
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Determination of Ks and K{ (Run I)
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Flgure 5, OStability Constants of CDlA-Barium Complexes

Determination ot Ki and K: (Bun 11)
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Table 16
Stability Constants of CDPA-Barium Complexes®

K3x106 Kex107 log Kpgyy log Kggy
Run I 7.9 1.33 2.94 7.02
Run II 7.9 1.34 2.94 7.02
Av, 7.9 1.34 2.94 7.02

%fenie strength = 0,1; temperature = 25,0°C,

b Strontium. The graphiocal procedure alsc was used
for the deteramination of the stability constants of CDTA-
strontium oomplexes Ifrom data in Table 6. Values of A and
B computed for points on the titration curves from a = 2.3
to a= 3,6 are listed in Table 16, Figures 6 and 7 show
the graphical determination of A, and B, (and, hence, K3 and
K{). The corresponding values of Ka, Ki, 10g Kg.ny, and 1og

KSrI are listed in Table 17.
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Table 18

Stability Constants of Gnmapstrontiun Complexes
Calculation of 4 and B®

Bun I. CDIA Solution I

2 28 Axc® Bxl0~*
2.428 4,60 -0.88 3.63
30 554 4.68 -0062 2‘88
20682 4078 -0040 8 07
20 all 4083 -0082 1.24
2.958 4.91 -0006’ 0.58*
3.068 4.98 C.07# =0.54#
3.154 5.08 0.22 -1,81
30580 5.13 0056 -3.15
50450 5 23 0.50 "5.68
3.678 5,34 0.64 -7.81
3,671 6.44 0.76 -10.8

BRun II., CDIA Solution II

8 2 Ax0° Bxjo~*
2.372 4.66 -1,03 3.87
2.485 4.64 -0076 5.27
2.712 4.78 ~0,36 1.92
2.825 4.85 -0.30 1020
3.049 4.97 0.07* -00‘8.
3.163 5.04 0.19 -1.49
50279 5012 0031 -2.77
3.592 5020 0042 -‘031
3,602 .28 0.54 -8.21

8prom data listed in Table 5.

#Xot shown on graph. %"A" 18 too small to permit accu-
rate location of line.
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]
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Table 17

Stability Constants of CDI'A-Strontium Complexes®
Graphical Determination

Kax10° Kex10° 108 Kgpuy 1og Kgpy
Bun I 1.12 1.36 3,10 9.18
Run II 1.14 1.30 3.11 9.17
AV. . 1.15 1053 5.10 9.18

®1onte strength = 0,1; temperature = 256,0°C,

As an extra oheck, Egpny and xSrY were also determined
by the method of successive approximations discussed in Sec-

tion III B, paragraph 2. The values obtained for Kﬁ‘ and

and x;’ are given in Table 18. The values of these oon-
gtants (the average values of the last two columns of Table
18) are shown in Table 19 along with the corresponding
values of KSrHI and Ksrr computed from

] ]
ka - K. Kk, - K‘K‘

a = v .
Cg oKa wt Fe CgoKaKe

KSrHI -

Comparison of Table 19 with Table 17 shows that the two
methods of calculation lead to essentially the same results.



Table 18

Stablility Comnstants of GD@ATStrontiqmaComplexes
Calculation of Ky and Ky,

CDTA Solution IP

Bun I.
: (1) (2) (3) (4)
] ] | 4 | §

a o ax1010  ox10® R x10%°  Ep x10°  E x10%0 Ry x10°
2.299 4.51 2.96 -l.24 - 1.19 1.68 1.16
2.428 4.60 2.52  -0.88 - 1.18 1.54 1.14
2.564 4.68  2.21  -0.62 - 1.18 1.52 1.11
2.682 4.76  1.96  -0.40 - 1.18 1.61 1.08
2.811 4.83 1.77  -0.22 1,77 1.31 1.63 1.14
2.938 4.91 1.63  -0.08 1.63 » 1.46 -
3.086 4.98  1.37 0.07 1.37 - 1.45 -
3.194 5.06  1.23 0.22 1.23 1.14 1.47 -
3.320 5.13  1.14 0.36 - 0.94 1.54 1.06
5.450 5.23  0.98 0.850 - 1.00 1.64 1.08
5.578 5.34 0.82 0.64 - 1.03 1055 1.09
3.671 65.44  0.70 0.75 - 1.04 1.63 1.09
3.799 5.65  O.51 G.94 - 1.03 1.565 1.07
3.901 5.85  0.27 1.09 - 1.11 1.48 1.15

Av.  1.48 1.11 1.52 1.11

e2T

8pata listed in Table 5.

bFor Run I KL and KQ' were computed assuming: (1) Kilu =0, (2) Kﬁa =
1.48x10-10, (3) Ky, = 1.11x1075, (4) Ki, = 1.52x10710,

**No significant value for Ky, may be calculated.



Table 18 (continued)

Bun II. CDTA Solution IIC®

(1) ,(2) , (3) ,(4) (6)
a pi ax10%° om0 Kk x1010 xy x10® Ky x1010 gy x10° gy x10%?

2.259 4.48 3.17 -1.58 - 1024 1.67‘ 1022 1065*
2,372 4.56 2.69 -1,03 - 1.19 1,57 1.17 1.56
2.485 4.64 2.31 -0,76 - 1.12 1.48 1.09 1.47
2,688 4.71 2,09 -0,.54 - 1.17 1.50 1.13 1,50
2.712 4.78 1086 -0.36 - 1.11 1047 1.05 1.*6
2.825 4085 1.65 “0020 .65 1.0* 1.43 0.8’ 1.43
2.935 4091 1055 -6006 1055 *% 1.46 *% 1046
3.049 4,97 1.41 0.07 1.41 ol 1.49 b 1.49
S5.163 5.04 1.27 0.19 1.27 1.0% 1.48 1l.1% 1.48
3.279 6.12 1.11 0,31 - 1.13 1.45 1.19 1.45
3.502 5 28 0.87 0.54 - 1,09 1.46 1,13 1.46
3.620 5,38 0.78 0.69 - 0.99 1.53 1,01 1.54
3.845 5 73 0.42 1.02 - 1.02 1,53 1.04 1.54

Av, 1.46 1.09 1.48 1.10 1.48

Cpor Bun II K and xk were oonputed assuming: (1) xk o=0, (2) Kk -
1.46x10710, (3) xk - 10921075, (4) K, = l.48x1071C, (5) K, = 1.10x10720,

*Heglected in computing average.
s#No significant value for K;;z may be calculated,

¥l
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Table 19

Stability Constants of CDFA-Strontium Complexes®
Method of Successive Approximations

y 5 ' 1010
Ky, x10 Ky, x10 108 Kgngy log Kgny
Bun I 1l.11 1.68 3.10 9.18
Bun II 1.10 1,48 3.09 9.17
Av., 1.10 1,60 3.09 9.18

®Ionic strength = 0.1; temperature = 25.0°C.

S, Magnesiup. The caloulation of Ky, and Ky, for the

magnesium oomplexes by the method of successive approxima-
tions is shown in Table 20, Points on the titratlion curves
(data in Table 6) between & = 2.0 and a = 3.9 were used.
Table 21 gives the ureragé values of Kﬂ; and KL‘ and the

corresponding values of log KHgHI and log Kng! computed by
the procedure described in the preceding paragraph for the
strontium complexes. The graphical method of caloulation
used in the case of the barium and strontium complexes was
not found to be satisfactory because the intersection of the
lines lay too far from the origin, This difficulty was pre-
viously pointed out in Sectiom III B, paresgraph 2.



Table 20

Stability Constants of CDTA-.Magnesi

qnagomplaxes

Kga

1 and

1
k

Calculation of K

CDTA Solution IP

Bun I.

T4
Kk, %10

X6
Kk'xlo

6

(2
K, x10

09

Kk'xl

XEY)

ax10% ox10°

pH
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7
1

8crom data listed in Table 6.

-
>

were ocomputed assuming

(1) KL;“ =0, (2) xia =

5.  (4) K;z = §,23x10~°

amKL

1,70x107

s
G
ky

Pror Bun I K
(3) K

5.30x10~9,

*#No slignifiocant value for Iﬁl may be calculated.

*Neglected in computing average.



Table 20 (continued)

CDFA Solution II®

Bun II.

(4)
Ky, x10°

k'xlog

(3)

K

(2)
10°

Ki‘x

o®

Ky 'xl

(1)

ax10®
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(2) Kk, =

(1) K 0 = 0,

and Kk‘

!
Kk;

8por Bun II

5.05x10~2

were computed assuming

-d t -
, (4) Ky = 4.98x10 °,

» (3) K = 1.40x10

t

*##No significant value for Kk1 may be calculated.

*Neglected in computing average.



Table 21
Stability Constants of CDIA-Magnesium CGmplexosa

Kg,x10° K x10°  log Kygmy 108 Kygy

Bun I 1.7 6.23 3.29 10,72
Bun II 1.4 4,98 3.20 10,70
Av. 1.6 6.1 3.2 10,71

®Ionic strength = 0.1; temperature = 25,0°C.

4. Calojum, Table 22 shows the results of the oalou-
lation of Kil and Ki‘ for caloium complexes of CDTA using the

method of sucocessive approximations, Data from Table 7 were
used to compute these oonstants for points on the titration
curves between g = 2,0 and a = 3.9, The results for K'k,

end Ky, are summarized in Table 23, whioh also lists the

corresponding values of log Koy and Ko,y caloulated from
Ky, and Ky . The graphical method of caloulation was not

used for the reason stated in the preceding paragraph in con-

nection with the magnesium complexes.



Table 22

Stability Constants of cng‘bcucivn Complexes
Caloulation of Ky and K 2

Bun I. CDTA Solution IP

o s TN (@) ) (&),

a pH 4x10 0x10 Ky, X10 Kk, X10 Ki x10 Ki, x10
200“ 3059 9.05 -’1005 - 3.1 6n51 2.7
2.301 5.66 7.85 -6.99 - 2.9 6.17 2.4
2.426 3.69 7.58 -5.40 - 3.5 6.28 2.6
2.566 3.73 6.96 -3.71 - 3.1 6.06 2.0
2.682 3.77 8.41 -2.07 6.41 2.9 5.91 bl
2.811 3.81 5.97 -0,.40 5.97 4,0% 5.87 bl
2,938 3.85 5.66 1,33 5.66 1.1+ 5.98 e
3.065 3.90 65.20 3.11 5.20 2.0 5,95 bkl
3.200 3,96 4,79 5.156 - 2.0 6.03 2.7
8052‘3 4001 4.29 7026 - 201 6.05 206
3.453 4.08 5.84 9079 - 200 6.1-9 2.4
3.579 4.16 5.47 15.0 - l.g 6.59 2.1
3.712 4.30 2.57 16.2 - 2.0 6.46 2.2
5.835 4051 1063 20.2 - 201 6.48 2.3
3.901 4,72 1,00 22.1 - 2.2 6.30 2.3
Av, 5.81 2.4 6.19 2.4

Sprom data 1isted in Table 7,
[ ] t
bFor Run I xiz and x;' were computed assuming: (1) Ky o = 0, (2) Ky, =
5.81x10°8, (3) x;‘; = 2.40x107%, (4) K;:, = 6.19x1078,

*#Neglected in computing average.
**No significant value for xé‘ may be calculated.

62T



Table 22 (ocontinued)
Run II. CDFA Solutiom IIC

(1) g ,(2) (3) (4)
a pE ax1o8 ox10° Ky x).o Ky, x10% Ky x108 K, x10*
2.031 3.58 9.10 -11.1 - 2.6 6.32 8
2.145 3.51 8059 -9.50 - 2.5 6.21 7
2.269 3,64 8.18 -7.91 - 2.5 6.20 7
2.570 3.67 ?.61 -6.54 - 2.2 6.02 5
2.4835 3.71 6.91 -4,90 - 1.4 5.69 8
2.59? 3.74 6-67 “‘3.45 - 1.* 5.81 9
2.712 3077 6.49 -1.96 6.49 105 6.00 4
2.822 3.80 6,30 -0.47 6.30 2.1 6.18 "o
2.936 S.84 6.82 1.07 5.82 3.6 6.09 -
3,049 3.89 5.15 2,63 - 4.0 6.81 3eS
3.162 3094 4‘062 4022 - 5.7 5.68 505
3.276 3.99 4.28 6.02 - d3.2 5.78 2,9
5.588 4004 4‘.06 8.1? - 2.6 6.10 ) 2.4
3.502 4.11 3.59 10,6 - 2.5 6.21 2.3
3.615 4.19 S.21 13.4 - 2.2 6.56% 2.1
5 ?29 4.61 2057 1609 - 2.1 6.79’ 2.0
3.843 4.52 1,60 20.4 - 2.3 8,70% 2.2
3.888 4.66 1.15 21.8 - 8.3 6,60 2.2
Av, 6.20 2.6 6.01 2.5

OoeT

®for Run IX Kk: end Kk were conputed assuming: (1) K;"la =0, (2) Kf[' =
6.20x1078, (3) xk = 2,50x10"%, (4) xk = 6,01x10"8,

#Neglected in computing average.
**No significant value for Ky may be caloulated.
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Table 23
Stablility Constants of CDTA-Calcium COmploxasa

Ei,x10* K x108  log Kggmy 108 Kggy

Bun I 2.4 6.2 3.45 11,79
Bun II 2.5 6.0 3. 47 11.78

Av, 2.4 6.1 3.5 11.79

81onic strength = 0.1; temperature = 25,0°C,

e, Lead. The calculation of Kﬁx and K for the lead

complexes of CDTA by the method of sucoessive approximations
from data in Table 8 is shown in Table 24. Because of the
magnitude of thease constants it was necessary to use points
on the titration curve having smaller g values than those
employed in the computation of the constants for the stron-
tium, magnesium, and oslcium complexes, Points used in the
case of lead had a values between 0.4 and 3.6, The average
values of Ky and Ky resulting from these caloulations sre

2.0x10"1 ana 2.5x10'4. respeotively., The values of KPbHI

. ! t
and Ky,v computed from Ky and Ky are the following:

108 Kppy = 7.4 and log Kppy = 16.6 .



Table 24

Stability Constants of CDTA-Lead Cpmploxes®
Calculation of Ky, and Ky,

. . ), (@) (3) (4)

2 53 AX10 0x10 Ky X10 Ky, Ky, x10 Ky,
0.452 2,60 4,07 -4,5 - 0.30% 3.2% 0,32%
0.677 2065 5.51 "300 5.31 0020 2.7 0.22
0.903 2.66 2.88 -1,3 2.88 0.14 2.6 0.18
1.129 2.69 2.61 0.4 2.51 C.48% 2.6 O.32*
1.366 2.72 2.29 2.7 2.29 0.15 2,8 0,15%
1.581 2,76 1.86 4,3 - 0.20 2,7 c.18
1.807 2.80 1.61 6.9 - 0.20 2.7 0.19
2.033 2,85 1.12 7.4 - 0.21 2.6 0.21
2.259 2091 0.78 8.3 - 0025 205 0.22
20485 2097 0.58 908 - 0.22 2.6 0.21
2.712 3005 0.56 1.05 - 0.22 2.5 0022
2,938 3.13 0.25 1.24 - 0.20 2.8 C.19
5.165 5024 0014 1934 - 0.19 2.8 0019
3,392 5.40 0.06 1.27 - 0.21 2.6 0.20
S5.618 5,62 0.02 1.27 - 0.21 2.5 0.21
Av, 2.7 0,20 2,64 0.20

8From data 1listed in Table 8.
PEy, and Ky were computed assuming: (1) Ky 0 = 0, (2) Ky = 2.70x107%,
(3) Ky, = 2.0x107%, (4) Ky = 2.64x1074,

#Neglected in computing average.
#&No significant value for K;‘; may be calculated.

2eT
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hydrochloride. The data obtained from the titration of 100
ml, of 0,001 M triaminotriethylamine trihydrochloride

(HgtrenCly) with 0.1217 N NaOH is shown in Table 26. The
titration curve resulting from plotting the measured pH as
a funotion of g is shown in Figure 8 (Curve A). The proge-
dure for calculating the ionization constants of HatrenCl,
from such a titration ocurve was described in Secotion III B,
paragraph da.

As & first approximation, pK; is equal to the pH at the
point where g = 0.5, From Figure 8, this value is Qstimated
to be

PKy = 8.40

or
Ky, = 4.0x10°% ,

First approximations of K and K3 were obtained by the graph-
ical solution of equation (1) (Seotion III B, paragraph

3a). The values computed for the intercepts A and B (from
data in Table 25) are listed in Table 26, and the graphical
"estimation of K and Kz is shown in Figure 9. From the
average point of intersection of the lines in Figure 9, the
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Table 26

Titration of Triaminotriethylamine Trihydrochloride®

M1l. NaOH a PH M1, NaOH 2 PH
0.000 0,000  6.33 1.200 1.460 9.42
0.060 0.061  7.07 1.300 1.682 9.52
0.100 0.122  7.53 1.400 1,704 9.62
0.200 0.243  7.94 1.500 1.826 9.71
0.300 0.366  8.20 1.601 1.948 9.80
0.400 0.487  8.38 1,701 2.069 9.89
0.500 0.608  8.66 1.801 2.191 9.98
0.600 0.730  8.70 1.901 2.312 10,07
0.700 0.862  8.84 2.001 2.43¢ 10,16
0.800 0.974  8.97 2.101 2.566  10.23
0.900 1.085  9.09 2.201 2.678 10,31
1.000  1.217  9.21 2.302 2,801 10,38
1.100 1.339  9.32 2.402 2.985  10.45

-5‘
%Gp =  1.00x107°; Ny oy = 0.1217.
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Table 26

Apparent lonization Constants of

Triaminotriethylamine Trihydrochloride
Graphical Estimation of K, and Ks2

a PH g Ax10°9 Bx10-10
10217 9021 1.201 3.59 "2.69
1.460 .42 1.434 2,57 -1.38
1.704 9.62 1.662 1.86 -0.60
1.948 9.80 1.884 0.76 -0.16
2.434 10.15 2.203 -3.09 0.30
2.678 10.31 2,473 -6.47 0.54

8 ssuming Ky = 4.0x1079,
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Flgure 9,

B x10'°

¥

—=2.0 1

/ e
//// %
/.
" Ap=4.0x10%
8, =7.0x10"

fpparent Ionlzation Constants ot

Iriaminotriethylamine Trihydrochloride

Graphical Ekstimation ot K; and K,



138

first approximations of K3 and K3 were found to be

1 -
Es = 1/a, = Ton® -~ 2.6x10"10

Es = B, = 7.0x10-41 ,
or

Better values for Ky, Ka, and Ks were obtained by the
method of sucoessive approximations outlined in Section III
B, parsgraph da. The results of this prooess are shown in
Table 27, The final values obtained for these constants
(at 26.0°C. and lonic strength of O.1) are |

PKy = B.48 ,

pPks = 9.857 ,

pKs = 10,19 .
These agree very well with the values

PK; = 8,66 ,



, Table 27
Apparent Ionization Constants of‘friaminntrxethylanino Trihydrochloride®

a PH P . SUB pKad  pK,®  pEaT pKy8
0.243 7.94 0.242 8.46 8.46
0.365 8.20 0,363 8.48 8.48
0.487 8.38 0.486 8.47 8.48
0.608 8.66 0,604 8.49 8.49
0.730 8,70 0.726 8.49 8.50
0.852 8.84 0,847 8.48 8,48
1.217 .21 1.201 9,68 9,68
1,339 9,32 1.318 9.69 9.58
1.4860 9,42 1,434 9.57 9,56
1.582 9.52 1.549 9,58 2.56
1.704 9.62 1.662 9.60 9,58
1.826 9,71 1.775 9,59 9,867
2.191 9,98 2,096 10,19 10,19
2.312 10,07 2.194 10.20 10,21
2.434 10,156 2.293 10,18 10,19
2.556 10.23 2.386 10.17 10,18
2.678 10.31 2.473 10.15 10,18
2.801 10,38 2.569 10.11» 10,11=

Av, 8.48 9.88 10,18 8.48 9.57 10,19

8Jonic strength = 0.1, ®sssuming pKs = 9,58 and pK, = 10,18,

temperature = 25.0°C, Iassuming pK, = 8.48 and pks = 10.18
‘;:ssu-mz 1;)? = 9.60 and ﬁ? = 10.16.  Easpuming pK, = 8.48 and pke = 9.57.
Blulling 3 = . and s = . . .
L DKy = 8.48 i pky = 9.58. *Neglected in computing average,

621
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pK‘ = 9 . 59 ?

P‘Kﬂ = 10029 .

reported by Ackermann and Sohwarzenbach [1] for these same

constants (at 20.0°C, and ionic strength of 0.l).

ethylamine. Following the procedure outlined in Section III
B, paragraph 3b, solutions of triaminotriethylamine trihy-
drochloride and salts of various heavy metals in equimolar
concentrations were titrated with O.1 N NaOH. The data ob-
tained from these titrations for Mn(II), Ca(II), NA(II),

Zn, Cd, and Cu(Il) are listed in Tables 28, 29, 30, 31, 32,
and 33. Also listed in these same tables are the values

of 1log Ky inen O8loulated by means of equation (1) (Section

I1I B, peregraph 3b). Representative titration ocurves ob-
talned by plotting the measured pH as a funotion of g are
ghown in Figure 8. Table 34 gives the average values of the
congtants determined and also lists for comparison the con-
stents reported by Schwarzenbach [110] for these same com-

plexes at 20,0°C.
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Table 28

Stability Constant of Complex of
Triaminotriethylamine with Mangenese (II)®

Ml. NaOH PH ab log Kyp tren
0.100 7.62 0.122 -
0.200 7.86 0.243 6,01%
0.400 8.13 0.487 5.85
0.600 8.27 0.730 5.86
0.800 8.39 0.974 5.80
1.000 8.48 1.217 5.82
1.200 8.67 1.460 5.81
1.300 8.62 1,682 5.81

1,400 8.66 1,704 5.82
1.500 8.70 1.826 5.84
1,600 8.74 1.947 5.88
1.700 8.79 2.069 5.90
1.800 8.84 2.191 65.92
1.900 8.90 2,312 65.96
2.000 8.97 2.434 5.97
2.100 2.04 2.556 -
2,200 9,13 2,677 -
20300 9.23 20799 -
2.350 9.28 2.860 -
2,400 9,36 2.921 -
2.450 9058 2.979 -
2.500 9.44 3.042 -

Av, 65.86

@1onio strength = 0.1; temperature = 25,0°C,
Pcomputed using € = 1.000 x 105 ¥ and Nygoy = 0.1217.
#Neglected in computing average.
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Table 29

Stability Constant of Complex of a
Triaminotriethylamine with Cobalt (II)

Ml. NaOH pH a 108 Kgo tren
0.200 B.47en 0.243 -
0,600 65.67%% 0.730 -
0.800 5.85%% 0.974 -
1.200 6.19 1.460 12.84*
1.400 6.29 1,704 12.76
1,600 6.53 1.826 12,76
1.600 6.38 1.947 12.73
1.700 6.43 2.068 12,72
1.800 6.48 2.191 12,71
1.900 6.54 2.312 12,70
2.000 6.60 2.454 12.71
2.100 6.67 2,566 12,73
2,200 6.76 2.677 12.76
20500 6.86 8.799 b
2.400 7.03 2.921 -
2.440 7.12 2.969 -
2,600 7.38 - 3.042 -

Av. 12,73

8lonioc strength = 0.1; temperature = 26,0°C.

PComputed using C = 1.000 x 1073 M end Ny,oy = 0.1217.
*Neglected in computing average.
##Equilibrium reached very slowly. pH readings drifted

from alkaline to acid for 30 to 45 minutes before becoming
constant.
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Table 30

Stability Constant of Complex of a
Trisminotriethylamine with Nickel (II)®

Ml, NaOH PH 2 10g Kyi tren
00197 5.18*' 00240 -
0.400 b.35%% 0.487 14 ,62%
0.600 5,448 0.730 14,56
0,800 5.51%s 0.974 14,57
1.000 5.58## 1.217 14,566
1.200 5,65+ 1.460 14,55
1.400 5.73%% 1.704 14.54
1.600 5.82%s 1.947 14.51
1.800 5.924% 2.191 14,49
2,000 6,.04n% 2.434 14,48
2.204 6,27k 2.682 14,30%
2 . 500 6 3 47”. 2 [ 799 -
2,361 6,68 %% 2.861 -
804‘01 7.70"* 2.922 - ‘

Av, 14,563

®lonie strength = 0.1; temperature = 25.0°C.
Peomputed using C = 1,000 x 10™3 M and My,on = ©.1217.
#Neglected in computing average. -
##Equilibrium reached very slowly. Constant pH readings
obtained only after 16 to 20 minutes standing following addi-
tion of each increment of NaOH,

*###pH had not become constant after 30 mimutes standing.
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Table 31

Stability Constant of Complex
of Triaminotriethylamine with Zino®

Ml. NaUH PH ‘éb log K,0 vren
0.000 4’.86 0.000 -
0,040 6.03 0.049 -
0.101 6.16 0.124 -
0.202 6.26 0,248 14.46
0.400 5.38 0.481 14.47
0.601 5.47 0,737 14.47
0.800 5.566 0.982 14.45
1.000 5.82 1.227 14.46
1.202 5,69 1.475 14.45
1.401 5.76 1.720 14.45
1,600 5.84 1.963 14.46
1.801 5.93 2.210 - 14,47
2,001 6.08 2.45606 14,46
2.201 6.24 2.701 14.47
2.403 68.73 2.948 -
20422 6088 2.972 -
2.442 7.70 2.996 -

. 2.452 8.27 5.009 had
2.462 8.50 3.021 -
2.482 8.76 5.045 -

Av, 14.46

Blonic strength = 0.1; temperature = 25.0°C,
PComputed using C = 9.92 x 10-4 ¥ ana KNy on = 0.1217.
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Table 32

Stability Constant of Complex
of Triaminotriethylamine with Cadmium®

, b
Ml. NaOH pH a 108 K55 tren
0,200 6.14 0.246 -
0,400 6.28 0.491 11.76
0.600 6,37 0.736 11.76
0.800 6.44 0.982 11.78
1.000 6.62 1.227 11.76
1.300 6.59 1.472 11.75
1.400 6.66 1.718 11.76
1,600 6.74 1.963 11.78
1,800 6.84 2.209 11,74
2.000 6,96 2.464 11.76
2,200 7.13 2.699 11.79
2,500 7.29 2.822 -
20551 7041 2.885 -
2.380 7.60 2.920 -
2.400 7.68 2.945 -
2.420 7.70 2.969 -
2.440 8.06 2.994 -
2.460 8.80 3.018 -
2.480 8,13 3,043 -
£2.500 9.32 3.068 -
Av. 11,76

&1onio strength = 0.1; temperature = 265,0°C.
PComputed using € = 9.92 x 10-4 M and Ny oy = 0.1217.
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Table 33

Stability Constant of Complex of a
Triaminotriethylamine with Copper (II)

b
Ml. NeOH PH a log Ko tren
0.000 3.66 0.000 -
0.200 .76 0.249 -
0.400 o.84 0.498 19.24%
0.600 3.93 0.747 19,20
0.800 4.01 0.998 19.17
1,000 4,08 1.245 19,16
1.100 4,12 1,370 19.14
1.200 4,16 1.494 19.16
1.300 4,19 1,618 19,13
1.400 4,23 1.743 19.12
1.800 4,28 1.868 19,09
1,600 4,32 1,992 19,09
1,700 4,37 2.116 19.09
1,800 4,43 2.241 18,07
2.000 4,68 2.490 19,02#
2,200 4,81 2.739 -
2'300 6025 2.863 -
20550 5089 2.925 -
20400 6090 2.988 -
2¢450 7.45 3.050 -
Av. 19,13

®Ionto strength = 0,1; temperature = 25,0°C,

PComputed using C = 1,000 x 10-3 B and Ny oy = O.1245.

*Neglected in ocomputing average,
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Table 34

Stability Constants of Heavy Metal Complexes
of Triaminotriethylamine

log Ky tren
Metal
Experimental® Literature®
Mangsnese (II) 6.9 6.8
Cadmium 11.76 11.7
Cobalt (II) 12,73 12.8
Zine 14.46 14.8
Nickel (II) 14,563 14.6
Copper (II) 19.1 18.8

%lonic strength = 0,1; temperature = 25.0°C,

Preference [110). 1Ionic strenmgth = 0.1; temperature =

20.0¢°cC.



the procedure discussed in Section III B, parsgraph 36, the
equilibrium constants of the reactions involving competition
between CDTA and triaminotriethylamine for the ions of a
heavy metal were measured. This prooess was carried out for
manganese (IX), cobalt (II), nickel (II), copper (II), cad-
mium, end zino. Table 36 summarizes the results obtained
and lists the values computed for the various exchange (equi-
librium) constants by means of equation (n) derived in Seo-

tion III B, paragraph 3Jo.

CIA, Using the values for the ionization oconstants of Hy-
trenCly, the stability constants of tren complexes, and the
exchange reaction equilibrium constants listed in the three
preceding paragraphs, the stability constants of CDTA ocom-
plexes of the previously listed heavy metals were computed.
The method of calculation was described in Section III B,
paragraph 3d. The results of these computations are listed
in Table 36,
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Table 36

Equilibrium Constants for Metal Exchange Regotions
between CDIA and Triaminotriethylamine

Manganese (II)
Ml, NaOH 1.917
a 4,70
PpH 8.41
Cobalt (II)
M1, NaOH 1.917
a 4,70
PH 8.51
log Koy -25,76%
Niokel (II)
M1l. NaOH 1.917
a 4,70
pH 8.53
log Kgx -26.00
Sopper (I1)
M1l. NaOH 1.917
a 4,70
PH 7.30
log Koy  =-20.98
Zing
Ml. NaOH 1.832
a 4,60
PpH 6.84
log Kax -19,90
Cadmium
M1l. NaOH 1.832
a 4,60
pPH 7.73
log Koy -22.83

2,076

5.10

8,72
“'25. 16

2,076

5.10

8.88
"26000

2.076

65.10

8.90
"26012

2,076

6.10

7.49
-20.97

2.036

6.00

7.12
-19,97

2,035

6.00

8.03
"23.84

2.239

6.80

8.99
—25 . 20

2,239

6.560

9.19
-26. 04

2,239
5.60
9,35

2.239

5.50

7.67
-21.01

2.238

6.50

8.26
-22.88

2.402

5.90

2,31
“25025

2.402
65.90
9.50

2.402

6.90

9.563
-260 26

2.402
5.90
7.80

2.441

5.99

7.61
=-19.91

2.441

5.99

8.47
"220 79

2.666
6.30
9.58

2.666

2.56b
6.30
9.86

"26 . 4!4'

2.565
6.30
8.00

2.643
6.49
7.73

-19,76%

2.643
6.48
8.71

Av,

-25.18

-26.11

-260 16

"220 84

#1onto strengzh = 0,1;
ﬂ.

C = 9,92x10"

temperature = 26,0°C,

Ct = 1,00x10"%N;
*Negleoted in computing average.

NyaoH = 0.1217,
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Table 368
Stability Constants of Heavy Metal Complexes of CDTA®

Metal log Kyy
Menganese (IX) 14.6
Zino 17.9
Cadmium 18.2
Cobalt (II) 22.4
Copper (II) 23.8
Nickel (II) 24.2

®Ionte strength = 0,1; temperature = 25,0°C,
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D. Discussion

A, Jlonization constants of CDIA

The lonization oconstants found for COTA in the present
work are summarized in Tsble 37. The only values to be
found in the literature for comparison are those reported
by Schwarzenbaoch and Ackermann [113]. These constants, de-
termined at 20,0°C. rather than 26,0°C,, are also listed in
Table 37.

Table 37
Apparent Ionization Constants of CDTA

—__Experimental® Literature®
BRun I Bun IX Av.
PK, 2.83 2.86 2.84 2.43
pKa 3.64 3.66 3,66 3.52
o} 6.26 6.26 8,26 6.12
PKe 10.91 10,96 10.93 l;.. 70

87onie strength = O0.,1; temperature = 25.0°C.

bReforenoe [(113]. 1Ionic strength = 0.,1; temperature =
20.0°C,
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Table 37 shows that reasonably good agreement was oOb-
tained with the constants determined by Sohwarzenbach except
for pKe. The apparent increase in dissociation of the
fourth hydrogen ion with only a five degree increase in tem-
perature 1s somewhat larger than might be expeoted. This
éame trend 18 shown, however, by EDI'A, The values of pK,
determined at 25°C. and ionic strength of 0.1 were 9.8* by
Carini snd Martell [17] and 9,97 by Goetz and Loomis [36]
while the values at 20°C, were 10.26 by Schwarzenbach and
Ackermann [111] and 10.32 by Cabell [15]. Apparently, a de-
crease of about 0.4 in pKy of BEDTA results from a tempers-
ture increase of filve degrees., Thus, the difference of 0,8

in the values shown for pK, of CDTA in Table 37 is probably

not entirely due to experimental error.

The only values of stabllity constants of CITA avall-
able in the literature for direct ocomparison with the con-
stants determined in this work are those for the caloium and
magnesium reported by Schwarzenbach and Ackermann [113].

The values they obtained at 20,0°C.,

log KHgY = 10,32 and log KCaI = 12.50 ,

lEstimated from ourve showing pK¢ as a function of lonic
strength.
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do not agree very well with the oorresponding values,

l0g Kygy = 10.71 and log Kggy = 11.79 ,

determined in the present work at 25.0°C,' The method of
calculation employed by Schwarzenbach and Ackermann was not
given in detall, but was implied to be the same ag that used
in preceding work on EDTA and other similar chelating agents.
This indicates that the lonic species H Y and HgY™ were
neglected in thelr computations., Inasmuch as the flat por-
tion of the titration curve of CDTA in the presence of ex-
cess calcium (Curve E, Figure 1) lies entirely below pH 4,
neglect of these species could produce a rather large error
in the calculated value of the stability constant,

It 18 also of some interest to compare the constants
for CDTA complexes with those for the corresponding EIDTA
complexes, Table 38 shows such a oomparison, summariging
the values obtained for CDTA ocomplexes in the present work
and repeating from Table 2 the values of ocorresponding EITA
complexes determined by Schwarzenbach.

The constants shown in Table 36 for heavy metal com-
plexes of CDTA must be regarded as only approximate, Be-

It should be noted that the orders of magnitude of
these sete of constants 4o correspond, however, This agree-
ment 1s satisfactory for most purposes,



164

Table 38
Comparison of Stability of CDITA and EDIA Complexes

log K
Metal Complex CDTA® EDrAP
Ba BaHY ™ 2.94 2.07
BaYy~? 7.08 7.76
Sr SrHY™ 3.09 2.30
Sry-2 9.18 8.63
Mg MgHY™ 3.2 2.28
MgY-3 10,71 8.69
Ca CaHY™ 3.6 3.51
Cay~3 11.79 10,69
Mn(II) MnY~3? 14.6 13.6
Pb(II) PbHY™ 7.4 -
PbY"? 15.6 18.2
Zn Zny"™® 17.9 16.16
cd cay-a 18.2 16.48
co(I1I) Coy~? 22.4 16.10
Ccu(II) Cuy~? 23,6 18.38
N1 (XX) N1Y™3 24.2 18.45

81onto strength = 0.,1; temperature = 25.0°C,

bBeferenoes [11, 17]. 1Ionic strength = 0.l1; tempera-
ture = 20,0°C,
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cause 0f the high stability of the CDT'A complexes relative
to the tren complexes, the reaction '

MI-? + Hatrem'® + (Ca‘? —

—y———

M trent™® + cCay-* + 3Ht

does not proceed very far to the right. The ecmoentrations
of M trent® and Ca¥~? at equilibrium are thus rather small
and the computed values of these quantities must naturally
be assigned larger limits of possible relative errcr, For
this reason the values of log Kyy were reported to an acou=-
racy of only ¥ 0.1, Use of an auxiliary metal which forms
a stronger complex with CDTA than does calcium would shift
the position of the equilibrium to the right and lead to
more accurate values of the measured constants., The use of
one of the rare earth metals in this capacity should prob-
ably be investigated in future work,

E. Summary and Conclusions

1. The ionization (dissoolation) constants of 1,2-
cyclohexenediaminetetrsacetioc acid (CDIA) at 25.0°C. and an
ionic strength of 0.1 were determined from pH titration
curves of the acid,

2. The stability (association) oconstants of the lead
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and alkaline earth metal complexes of CDTA (at the same tem-
perature and ionic strength) were determined from similar
titration curves of CDT'A in the presence of a fifteenfold
excess of a salt of the metal being investigated,

3. The stabllity constants of the oomplexes formed by
CDTA with some heavy metals were determined from measure- »
ments of the equilibrium constants of reaotions involving
competition between CUI'A end a polyamine chelating agent,
trianinotriethylamine, for ions of the heavy metals, The
position of the equilibria in these reactions was deter-
mined from pH measurements at 26.0°C. on solutions having
an ionic strength of O.1l. To permit evaluation of these
equilibrium constants, the ionigzation constents of triamino-
triethylamine trihydrochloride as well as the stability oon-
stants of heavy metal complexes of triaminotriethylamine
were also determined at 26,0°C, and an ionic strength of
0.1 from pH measurements,

4. A comparison of the measured stability constants
of CULA complexes with those reported in the literature for
ethylenedlaminetetraacetic acid (EDI'A) shows that CDTA forms
more stable complexes with nearly all of the metals inves-
tigated. The complexing action of CDTA does not appear to
be significantly more specific than that of EDIA, however,

6. No evidence was found of CIUTA complexes with other
than 1:1 ratic of CDTA to metal having sufficiently high
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stability to cause systematic error in the measurements of
the stablility constants of the normal 1l:1 complex, This is
to be expected from the similarity of CDTA to EDI'A (for which

little evidence of such complexes has been reported).
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IV, COMPLEXOMETHIC TITRATIONS WITH CDTA

A, HMaterials

Commercially avallable CDTA (obtained from the Alrose
Chemical Company) was used without further purification.
Eighteen grams of this material were treated with 10 ml, of
36% sodium hydroxide and about 256 ml. of water® and allowed
to stand until all the CDIA had dissolved (20-30 minutes).
The sclution was then diluted with water to about 500 ml.
and neutralized to pH & with 5§ N hydrochloric acid. Final
dilution with water to five liters gave a CDTA solution ap-

proximately 0.02 N (0.01 ¥).

Ten grams of reagent grade MgCl, 6H0 were dissolved
in five liters of water to obtain a 0.02 N (0.0l }) solution
of magnesium,

141l water employed in the work discussed in this chap-
ter was ordinary singly distilled water,
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8. Indloators

8. F24)1. The commercially available! indicator prep-
aration "Man Ver®*, consisting of 0.6 g. of analytioal re-
agent grade Eriochrome Black T and 4.5 g. of hydroxylammoni-
um chloride dissolved in 100 ml. of methanol, was used
throughout this work,

b, Murexide. The dlluted dry powder indicator avail-
able® under the name "Cal Ver® was used. This mixture con-
gists of 1 part Murexide (ammonium purpurate) in 100 parts

of finely powdered potassium sulfate,

4, Buffer (pH 10)

The pH 10 buffer solution used was prepared by adding
67.5 g. of ammonium ohloride to 670 ml. of concentrated am-
monium hydroxide and diluting the resulting mixture to one
liter with water.

L. Primery sgtandards
The primary standards used for standardization of CDTA
solutions were calcium carbonate and pure copper wire., The

calcium carbonste employed was the speclal analytical re-

1From the Hach Chemical Company, Ames, Iowa.
3From the Hach Chemical Company, Ames, Iowa.
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agent "Low Alkali® grade sold for use in the J. Lawerence
Smith method, This material was dried for at least two
hours at 110°C, before use, The copper wire was cleansd by
immersion in dilute nitrio aclid followed by thorough rins-
ing with water and then acetone., The cleaned wire was dried
at 110°C, for 16 minutes,

S, Miscellaneoug
Unless otherwise specified, all other chemicals used in
this work were reagent grade (meeting A.C.S. specifications).

B. Experimental Procedures

ide. About 60 ml. of solution

containing 0.4 to 0.8 m.,e. of ocopper dissolved in nitric or
perchloric acid was neutralized with & N NaOH to the appear-
ance of & precipitate of Cu(OH)s, 1 ml, of concentrated am-
monium hydroxide and about 0.1 g. of diluted Murexide were
added, and the solution was titrated with 0.02 N CDTA, At
the start the solution had the deep blue color of the cuprioc-
anmonia complex., This changed gradually during the titration
to a deep green color, At the end-point the ocolor of the so-
lution changed very sharply to the deep blue ocolor of the
copper-CUTA complex, passing through an intermediate gray
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color which was taken as the end-point. Niockel was titrated
by following the procedure described for copper, exoépt that
an excesg of CUTA was added and the mixture was back-titrated
with standard copper solution, The end-point in this titra-
tion was marked by a change in the color of the golution from
purple to yellow~brown.

Direct titrations of

magnesium or zinc solutions with CDTA were carried out by
simply adding 1 ml. of pH 10 buffer solution and 6-6 drops
of Man Ver indicator and titrating with CDTA to the disap-
pearance of any red color in the solution. The color change
at the end-point is from wine-red to blue.

1. Titrations of seve

eral other metals with CDTA were carried out as follows: an
excess of standard CUTA gsolution was added to an acid solu-
tion of the metal, the mixture was neutralized to the thy-
molphthalein end-point with 6§ N NaOH, 1 ml. of pH 10 buffer
solution and 5-~6 drops of Man Ver were added, and the solu-
tion was titrated with standard magnesium solution to the

appearance of a red tint in the blue solution.

A comparison of the magnesium chloride and CDITA solu-
tion was made by titrating 25.00 ml, of the CDTA solution
with the standard magnesium using 1 ml, of pH 10 buffer and
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6-6 drops of Man Ver indicator. A standard calcium solution
was prepared by dissolving an acocurately weighed amount
(0.36 to 0.4 g.) of primary standard caloium carbonste in
50 ml, of water containing 5 ml. of § N hydrochloriec acld.
The solution was boiled briefly to expel CO5, cooled, and
diluted to volume in a 260-ml, volumetric flask, A 25 ml.
aliquot was back-titrated with the magnesium solution fol-
lowing the addition of 50 ml, of CDTA, using the procedure
described in paragraph lo,

From the first titration (CDTA with MgCl,), the number
of milliliters of magnesium chloride (P) equivalent to 25
ml, of CDIA was obtained., Subtraction of the number of
milliliters of magnesium solution (Q) used in the second
titration from the number of milliliters of magnesium solu-
tion equivalent to 60 ml. of CDTA gives the number of milli-
liters of magnesium solution equivalent to the calcium pres-
ent, The normality of the magnesium solution was thus found

from

Npo, X 25,00
HH& - Ca
2P - Q

where
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N o grams of CaCOj . 1000
Ca equivalent weight* of CaCOs 260

The normality of the CDTA solution was then obtained from.

p
N .
cora = Mg * oo

For convenience in computing the results of titrations
involving these solutions, the strength of the magnesium so-
lution was aotually expressed in terms of its titer (T) for
various metals. This was accomplished simply by multiplying
xhs by the equivalent weight of the metal involved. (Since

the reaction of any metal with CDTA occurs in a 1l:1 ratio,
the equivalent weight of any metal was always taken as the
atomic weight divided by two, regardless of the oxidation
state of the metal.) The results for the determination of a
metal (M) by indirect titrstion oould be ocaloulated from

(P = Q') (Ty) (100)

M = ,
(milligrams of sample)

where P' was the number of milliliters of magnesium equiva~

#*For complexometric titrations the equivalent weight of
oaloium carbonate is one-half the moleoular weight.
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lent to the CDTA added, Q' was the number of milliliters of
magnesium solution added in the baok-titration, and Ty was
the titer of the magnesium solution for M expressed in mil-
ligrams per milliliter.

on of CDTA g

Using the Hurexide titration procedure described in
paragraph la, solutions containing 0.6 to 0.8 m.e. of copper
were titrated directly with CDTA, The copper solutions were
either 20-mg. samples of pure copper wire (weighed on #
senmimioro balance) dissolved in 6 ml., concentrated nitrio
acld or 26-ml, aliquots of a solution prepared by dissolv-
ing 0.2 g. of eopper in 10 ml, of concentrated nitric acid
and diluting to 260 ml, In either ocase the caloulations

were straightforward.

Synthetic sample solutions of lead and copper were pre-
pared by dissolving 0.6 to 0,8 g. of cleaned copper wire in
5 ml. of ooncentrated nitric acld in a 300-ml. tall form
beaker, and adding from & to 60 ml. of a solution containing
J3.313 g. of lead nitrate in sufficient water to make exaotly
one liter of solution., The samples were then diluted with
water to 650 ml, and neutralized with oconcentrated ammonium

hydroxide to the appearance of a precipitate., The preolpi-
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tate was just dissolved by the dropwise addition of 70-72%
perohloric acid, then a & ml, excess Of the aold was added
and the sample diluted to 100-126 ml. with water. About 0.5
g. of ammonium persulfate was added and the sample electro-
lyzed at 2.5 amperes for about one hour using a weighed sta-
tionary platinum gauze oathode! and a rotating platinum
gauze anode.® Without interrupting the ourrent, the eleo-
trodes were rinsed down with a fine stream of water as the
sample beaker was lowered, The cathode was then removed
from the electrolysis apparatus, rinsed with acetone, dried
at 110°C, for about 15 minutes, coocled, and weighed to ob-
tain the welght of the copper deposit., The anode was placed
in a 250-m1. Erlenmeyer flask containing 256 ml., of water to
which 0.6 ml, oconcentrated nitrio acid and 0.26 g. of hydrox-
ylammonium chloride had been added. The flask was tipped
and rolled until all the lead dioxide deposit had been dis-
solved off the electrode, The electrode was then retrieved
(with the aid of a pair of rubber-tipped forceps), rinsed
down with water, and removed from the flask. The lead con-
tent was then determined using the indirect titration with
F241 described above,

iThe oathodes used were in the form of coylinders with
a digmeter of 1 5/8 inches and a height of 2 inches.

2gimilar to the cathodes except 1/2 inch in dlameter,
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L. _Aualyels of brags

The procedure used for separating the various consti-
tuentes of a normal brass consisted of a modification of the
usual gravimetric analysis schems found in standard elemen-
tary quantitative analysis texts.® The procedure given be-
low i8 desoribed in detail only in those sections dealing
with separations where standard methods have been modified.
The CDTA solutions used were standardized with calcium car-

bonate.

A one-gram sample of the
finely divided brass sample was weighed into a 160-ml,
beaker and covered with 5§ ml., of water. The sample was dis-
s0lved by the addition of 10 ml. of concentrated nitric acid
and the resulting solution was allowed to evaporate (for
about one hour) to a volume of § ml, Filter paper pulp was
then added, the sample was diluted to 50 ml, with water,

and the precipitate of metastannic acid wag allowed to digest
for sbout 30 minutes on a steam plate. The tin precipitate
was then filtered using close-textured paper (Whatman 42),
washed with dilute (1:100) nitric acid, ignited, and weighed
in the usual manner. The ignited stannic oxide was then

lFor example, see reference [134] p. 434, or reference
[26] p.4R27.
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corrected for impuritises by the volatization of stannic io-
dide using the method of Caley and Burford [16]. The residue
from the tin purification (whioch oonsisted primarily of fer-
ric oxide with possibly some sllica and copper and lead
oxides) was dissolved in the orucible by gentle heating with
about 2 ml. of concentrated hydrochloric aocid. The hydro-
chloric acid was removed by evaporating the solution almost
to dryness on a hot plate following the addition of 2 ml., of
70-72% perchloric acid. The resulting metal perchlorates
were dissolved in a small amount of water and rinsed into
the main body of solution ocongisting of the filtrate and

washings from the tin separation,

Lead and copper
were determined on the solution resulting from the sddition
of the dissolved oxide residues from the tin purification to
the filtrate and washings from the tin separation, The
method employed was the simultaneous electrodeposition pro-
cedure desoribed in paragraph 3 above, The volume of solu-
tion obtained from the tin determination was about 100-126
ml., hence no further dilution was required.

8. Determination of iron. The solution remaining from
the copper and lead determination was evaporated to a volume
of gbout 100 ml., neutralized with concentrated ammonium hy-
droxide to methyl red, and a 6 ml. excess added to the hot
solution, The mixture was kept hot for 30 minutes before
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the hydrous ferric oxide precipitate was filtered and washed
with 1:100 ammonium hydroxide in the usual manner, If more
than a trace of iron was found, the hydrous oxide was dis-
solved by pouring 26 ml., of hot 1:6 hydroohloric acid
through the filter, washing the filter with 1:100 hydro-
chloric acid, repreclpitating the iron with smmonia, filter-
ing through the same paper, and washing the preclpitate as
before, The reprecipitated hydrous ferric oxide was again
dissolved in the same manner and the iron content in this
new solution (including the washings) was determined by the
indirect titration procedure of paragraph lc (above).

4, Niokel. The niokel in the filtrate from the iron
determination was precipitated by the usual dimethylglyoxime
procedure [23], filtered through Whatman 41 paper, and
washed with water, The preoipitate was dissolved by pouring
10 ml. of hot 1:3 nitric acid through the filter and rinsed
through with several small portions of water, About 0,26
&. of hydroxylammonium chloride was added to the solution
and the nickel content determined by the indirect titration
(with magnesium) described in paragraph lo.

€. Zinc. The filtrate (and washings) from the nickel
determination was diluted to exactly 600 ml., with water. A
suitable aliquot (60 or 100 ml.) was titrated for zine using
the indireot procedure described in paragraph lc,
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C. Experimental Results

Attenpts were made to utilize Murexide as an indiocator
in the direct titration of various metals with CDIA, The
titration of oopper with CDTA using Murexide has been de-
scribed gbove as a method for standardizing CDTA solutions,
The end-point of this titration was found to be extremely
sharp. Using a 0.1 N CDTA sclution on oorrespondingly lar-
ger amounts of copper gave titrations in whioh the transi-
tion from green to blue was 80 sharp that the intermediate
gray color could be obtained only by adding the titrant in
increments of less than one-third of a drop near the end-
point, Despite this sharp end-point, the method doces not
show promise as a method for the determination of copper
since all of the metals commonly associated with copper--
iron, zinc, nickel, cobalt, etc.--also are titrated. As a
means of standardizing CDTA solutions, however, the titra-
tion of samples of pure copper gave values for the normality
of CDTA solutions which agreed to within one or two parts
per thousand with those obtained using caloium carbonate.

The direot titration of niockel with CDTA using Murexide
was not found to be matisfaotory, Although the greenish-
yellow to purple end-point was fairly sharp, the titration
had to be carried out very slowly near the end-point., Heat-
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ing the solution did not increase the rate of reaction suf-
~ficiently to permit a practical determination, The addition
af.axoess CDIPA followed by & back-titration with standard
copper solution gave an end-point which was sufficliently
rapid for a normal titration. This method was not believed
to be as acourate or convenient as the method to be descoribed
later using F241 as the indicator and involving a back-
titration with magnesium,

No method was found for the titration of calcium with
;CDTA using Murexide which could be considered an improvement
over the titration with EDTA. The end-point was just as
broad and indistinot with CDTA as with EDIA, An attempt was
made to utilize a procedure involving a back-titration with
gstandard copper solution. This resulted in an end-point
very much like that found for calcium alone and, in addition,
gny magnesium present was partially titrated.

2. CDTA titrations using Fo4l

8. Direct titrations. The only metals found to glve
satisfactory direcot titrations with CDIA using F241 as the

indicator were magnesium and zino, In both cases the end-
points were found to be very sharp. About two drops (0.1
ml.) of 0,02 N CDIA at the end-point caused the complete
color ohange from red to blue, (Four or five drops of 0,02
N EDTA would be required to produce the same change,)
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The use of CDI'A to replace EDTA in the water hardness
titration appears to be of doubtful value. Providing the
magnesium~caloium ratio was at least 1:10, a very sharp end-
point was obtained on synthetic water samples., Titrations
of pure calcium soclutions were unsatisfactory, however, even
using CDTA solutlions containing magnesium, Premature end-
points always occurred unless the ocalolium solutions were hot
and the titration carried out extremely slowly near the end-
point, Satisfaotory standardigations of CDIA solutions with
calcium carbonate were obtained only by the addition of ex-
cegss CDTA followed by back-titration with standard magnesium
solution,

b. Indireet titrations. The indirect titration proce-
dure described in Section IV B, paragraph lc, was found to
yield excellent end-points with calcium, strontium, lead,
‘zinc, manganese (II), iron (II), iron (III), cadmium, co-
balt (II), and nickel (II). Quantitative investigations of
the stoichiometry of these titrations were ocarried out for
calcium, lead, iron, and nickel., Titrations (using CDTA so-
lutions standardized against calcium carbonate) of lead and
nickel solutions gave results agreeing to within two or
three parts per thousand with those obtained by the standard
gravimetric procedures. Discrepancies of from one to three
percent were observed in the titration of solutions of iron

prepared from electrolytic iron. Also, the maximum amount
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of iron which could be determined appeared to be sbout 10 mg.
These dAifficultlies limit the use of the iron titration to
such smgll amounts of iron as are found in brass and other
copper-base alloys.

Two metals, barium and copper, falled to give satisfac-
tory titrations, In the case of barium the end-point was
broad and indistinet, probably due to the low stability of
the barium-CDTA complex, The copper titration failed be-
cause of the irreversibility of the reaction of copper with
F241, The premature end-points caused by this led to errors
of as much as ten to fifteen percent of total copper present.
It should perhaps be pointed out, however, that small amounts
of copper in the presence of large amounts of other titrable

substance merely titrated along with other ions but did not

interfere with the end-point.

The lsad nitrate solution employed was analyzed for
lead by the standard gravimetric sulfate procedure.®* Table
39 gives the results obtained on 50-ml. samples. The purity
of the copper wire used was checked by the electrodeposition

ipor example, see reference [134] p. 441.
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of l-g. samples from the usual nitrate-sulfate solution
[(134]. The results of this analysis are shown in Table 40,
Table 41 shows results obtalined on synthetic samples of lead
and copper using the simultaneous electrodeposition proce-
dure described in Section IV B, paragraph 4. The CDIA and
magnesium sclutions used were standardized with ocalcium car-

bonate.

Results obtained for the analysls of a typical brass
using the procedure described in Section IV B, paragraph 5,
are given by part A of Table 42, Part B of this table
shows the results of a procedure whioch was the same except
that the tin purification step was omitted., Analyses of
two National Bureau of Standards copper-basze alloy samples
are shown in Taeble 43, The tin precipitate was ocorrected
for impurities in both of these analyses,



174

Table 39

Gravimetrio Analysis of Lead Nitrate Solution

No. Vol. of sample Wt, of PbSO, Pb. content Dev,
. g. mg./ml, mg./ml.
b 60,00 0.1617 2.073 +0,001
2 50,00 0.1616 2,070 -0,002
3 650,00 0.1617 2,073 +0,001
4 60,00 0.1618 2.074 +0,002
Av., 2,073 ¥o0.002
Table 40
Asgay of Copper Wire by Electrodeposition from
Nitrate-sulfate Solution
No. Wt. of sample Cu found Cu Dev,
8- 8. % £
1 0.8784 C.8777 99.92 0.00
2 0.8712 0.8708 99,93 +0,01
3 0.9384 0.8378 99.92 0,00
4 1.0397 1.0388 99.91 -0,01
Av, 99,92 %0.01




Table 41
Simultaneous Eleotrodeposition of Copper and Lead

No. ©Pb taken Pb found Error Cu taken® Cu found Cu Dev. from av.
ng. Bg. Bg. 8. g.

1 10.4 10.4 0.0 0.7622 0.7618 99.95 +0.03
2 20.7 20.7 0.0 0.6747 0.6741 99.91 -0.01
4 41.4 41.5 +0.1 0.7233 0.7228 99.93 +0.01
5 51.8 51.8 4+0.0 0.7062 0.7066 99,92 .00
6 62.3 62.4 +0.1 0.6502 0.6496 99,91 -0.01
? 82.9 82.6 -0.3 0.7094 0.7089 99.93 +0.01
8 103.6 103.7 +0.1 0.7243 0.7238 99,93 +0,01

av. 0.1 89,92 .01

aFignrea in this ocolumn refer to actual welights of copper wire taken. They

are not corrected for the lack of purity of the wire shown in Table 40,

g4t



Table 42
Analysis of Brass: Hach Chemical Company Sample 67

Sample Fin Lead cogfer Iron Nickel Zine Total
no. % % x % % %
Grav.
anal.® 3.08 4.22 78.32 0.22 0.58 13.56 99.98
A. Tin volatilized with ammonium iodide. Residue added to the sample solution
prior to the determination of lead and copper.
1 3.06 4.20 78,34 0.18 0.586 13.57 99,94
2 3.07 4,27 78,32 C.14 0.576 13.57 99,96
3 3.10 4.24 78.38 0.14 0.677 13.60 100.01
4 S3.07 4.28 78.36 0.17 0.684 13.66 100,02
AV, 3.08 4,26 78,34 0.16 0.681 13.68 99,98
Error 0.00 +0,03 +0,02 -0,08 0,00 +0,02
B. Tin precipitate not ocorrected for impurities,
1 3.28 4.256 78.31 0,08 0.579 13.55 100,06
2 3.26 4.26 78.37 0,08 0.677 13.54 100.08
3 3.30 4.18 78,34 0.08 0.576 13.56 100.03
4 3.29 4,20 78.39 0.06 0.877 13.66 100,07
Av. 3.28 4,22 78,35 0.08 0.577 13.66 100.06
Error +0,.20 0.00 +0,03 ~0.14 0,00 -0.01

annalysis supplied by Hach Chemical Company, Ames, Iowa.

94T



Table 43
Analysis of National Bureau of Standards Copper-base Alloys

¥o. Tin ' Lead CG§?er Iron Nickel Zine Total
z £ p 4 ) 4 p 4 ) 4

NBS® .01 0.99 70.29 0.29 0.52 26.89 99,99
1 1 0.99 70.30 0.25 0.523 99,91
2 1. 0.99 70,24 0.27 0.519 84 99,86
3 0.97 0.98 70.26 0.27 0,521 26.88 99.88
4 1.01 0.99 70.22 0.28 0.524 . 99.89

Av. 1.00 0.99 70.25 0.27 0.622 26.86 99.88

Error -0,01 0.00 -0,04 -0.02 0.00 -0,04

BBS Cagt Bronze No, 62b

¥BS® 8.00 0.011 88.26 0.032 0.72 2.96 99,98
1l 8.02 0.02 88.26 0.032 0.724 2.97 100,02
2 8.02 0.02 88.24 0.041 0.722 2,99 100,03
3 8.02 0.03 88.23 0.032 0.724 2.97 100.00
4 8.04 0.02 88.24 0.038 0.724 2.99 100.06

Av, 8.02 0.02 88.24 0.04 0.724 2.98 100.02

Error +0,02 +0,01 0,01 +0,01 0.00 +0,02

acertifieaxe values,

(XA S
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No experiments were set up speocifically for cheoking
the stability of CDI'A solutions., An indication of their
stablility was provided, however, by the results of the
standardizations performed during the course of other work,
Three different CITA solutions were standardized according
to the procedure given in Seotion IV B, paragraph 2, at
various time intervals. These solutions were stored in a
6-1liter Pyrex glass flask fitted with a siphon tube outlet,
The alr inlet tube on the {lask was kept closed by a pinch-
¢lamp when the CDTA was not in use, No other precautions
were taken, The data avalilable concerning the stability
of these solutions are summarized in Table 44. Incidental
to these studies, it was found that the 0,02 N magnesium
solutions dld not undergo any appreciable change upon stor-
age for periods of at least three months.
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Table 44
Stability of CDTA Solutions

Days stored Normality® Loss 1n¢:trongth
Solution No, 1 - pH 6.0
0 0.01966 -
il 0.01948 0.36
37 0.01946 0.46
Sciytion No, 2 - pH 6.8
0 0.01977 -
7 0.01971 0.8
21 0.01971 0.3
34 0.01971 0.3
Solytion No, S - pH 6,0
L#] 0.020860 -
il 0.02064 0.3
21 0.02062 0.4
72 0.02060 0.5

anaah figure in this column represents the average of
four standardizations.
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D. Disocussion

One of the disadvantages of EDTA titrations is that

" olose oontrol of the PH of the sample solutions is essential
for results to be reproducible., This is especlally true of
the magnesium titration. The superiority of CDTA over EDCA
in this regard is demonstrated in Table 45 and Figure 10.
The data shown in Taeble 46 for EDrAlwero obtained by titra-
ting a 0.02 N solution of EDTA (buffered at pH 10,6 with
anmonium chloride and ammonium hydroxide) with 0,02 N mag-
nesium solution to the F24l end-point. Then 1.0 K hydro-
chloric acid was added to reduce the pH to 10,3 (as measured
with a pH meter) and sufficient magnesium added to restore
the end-point. This process was continued until the titra-
tion failed to give a reasonably sharp end-point, The dif-
ference in amount of magnesium solution added at any pH from
that added at pH 10 was taken as the "error® introduced by
the variation in pH. The entire procedure was repeated for
CDIA except that the starting pH was 1l.1. The smaller er-
rors found for the CDIA titration indicate that CDIA is to
be preferred for titrations of metals in highly buffered so-
lutions where acourate pH control cannot be established by
the simple addition of the proper buffer mixture. Such a
case is the determination of zino in the brass analysis
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Table 46

Effect of Variation of pH on the titration of
EDTA and CDTA with Magnesium Chloride

PH Error
ml., of Hgg&e

EDTA CIDTA
8.10 +0, 33% +0,.26+
9.30 +0,25 +0.14
9.60 +0.18 +0.07
9.70 +0,11 +0.03
9,90 +0,04 +0,01
10.00 *0.00 ¥0.00
10,10 «-0,006 -0,01
10.30 -0.13 -0.03
10,60 -0,22% -0,06
10,70 - «-0,07
10090 - "0.10
11.10 - -0,156%

#Indicates poor end-point.
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0.60}+
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rigure 10, kifect of Variation of pH on the Titration
ot 2Uls and CDLA wlith Magnesium Chloride
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scheme desoribed sbove, Because of the large amounts of am-
monium salts in the sample solution at that point, the addi-
tion of a fairly large amount of § N sodium hydroxide is re-
quired to produce a pH of 10, Inasmuoch as pH adjustment of
this sort is only approximate, precise results could not be

obtained if large errors in the titration were produced by

small errors in the pH.

The method described in Section IV B, paragraph 4, was
developed after difficulties were encountered with the simul-
taneous electrodeposition of lead and copper from the three
perceht nitrio acid solution ordinarily employed., Thig latter
procedure gave satisfactory results on brass samples contain-
ing only one or two peroent lead, but for samples having
higher lead content the acldity apparently was insufficient
to keep lead from depositing on the cathode with the copper,
Increasing the nitric acid concentration sufficiently to pre-
vent the deposition of metallic lead also ssriously retarded
the deposition of copper. Perochloric acid was then tried as
a means of increasing the acidity without inoreasing the ni-
trate ion oonoentration, but satisfactory results were not
obtained until ammonium persulfate was added to supply the
oxidizing power necessary to cause the lead to deposit satis-
factorily on the anode.
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Tables 42 and 43 show that the rapid methed for the an-
alysia of brass compares favorably with the more tedious
gravimetrioc procedures from the standpoint of ascouracy. The
effect of negleoting the purification of the tin precipitate
is demonstrated in Table 42, Although this leads to appre-
ciable error in the results for tin and iron, it is doubtful
that the extra time and effort required are justified for
moat routine analyses.

As in most oonventional procedures, the iron determina-
tion is really an "By0," determination. Sinee the amount of
iron in brass is almost always small, this causes little
difficulty., If the determination of the individual consti-
tuents of the "H303" precipitate is desired, standard methe
ods for this purpose are avallable in the literature.

4, Stability of CDIA golutions
The data given in Table 44 indicate that COTA solutions

stored at a pH of 6 to 6 show an initial deterioration of
about 0.3% during the first week or so following prepara-
tion, After this initial loss of strength, however, such
solutions appear to be fully as stable as EDTA solutions
stored under the same conditions [36, 37].
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E. Summary end Conolusions

l. The complexometric titration of a variety of common
metals with CDTA has been studied. Direct titrations of
copper in ammoniacal solution using Murexide as the indioa-
tor, and of zino and magnesium using F241 indlocator were
found to yleld very sharp end-points. These titrations were
not at all specific, however, Calcium, strontium, lead,
gino, cadmium, manganese, lron, cobalt, and nickel were all
titrated by the addition of an excess of CDTA followed by
titration of the excess CDTA with standard magnesium solu-
tion., Agalin, due to lack of sgpecificity, these titrations
are of practical use only if the metal to be titrated has
been isolated by a sultable separation procedure,

2. A method was developed for the separation of lead
and copper from ocomplex mixtures by simultaneous electrodep-
osition from a nitrate-perchlorate-persulfate solution, The
copper was then determined gravimetrically and the lead was
determined by indirect CDTA titration.

3. A scheme was devised for the rapid analysis of brass
and other oopper-base alloys. The procedure makes use oOf
the above ocopper and lead determination and conventional
separations oonclud@dﬁby indirect CDFA titrations. The
method desoribed is faster and more convenient than the

usual gravimetric procedures, but does not result in any loss
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of accuraoy.

4, A study of the storage qualities of standard CDTA
solutions shows that after an initial rapid decline in
strength during the first few days after preparation, such
solutions do not neriouuiy deteriorate on standing for
periods exceeding two months,

5. End-points obtained in CDIA titrations were found
to be sharper than those encountered in similar EDTA titra-

"~ tions. The titration of magnesium with EDI'A was shown to be
influenced muoch more by variations in the pH of the sample
solution than was the corresponding titration with CDIA, In
both these respects CUTA appears to be the superior resgent

for complexometric titrations.
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