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SUMMARY

The introduction of complexing agents (chelons) such as EDTA

into titrimetry has aided in the analysis of aqueous solutions of metal

ions. The chelometric titration is usually a simple and rapid technigue.

In addition certain mixtures of metal ions can easily be resolved by
means of a chelometric titration. Selectivity in chelometric titra-
tions is achieved by controlling certain important factors. In general
these factors are the nature of the complexing agent, the pH of the
solution to be titrated, the presence of masking agents and the method
of end point detection.

- Although the factors just enumerated have been studied, only
recently the method of end point detectipn has been recognized as
offering the poessitility of increasiﬁévgéiéétivity. Especially use-
ful in chelometric titrations is the photometric titration. The titra-
tion curve for a photometric titration is a plot of the absorbance of
the solution being titrated versus the volume of titrant added. Many

agueous solutions of metal ions undergo changes in absorbance in the

visible region of the spectrum as a titration is performed with a chelon.

Often, in very important cases, the human eye is unable to detect these
changes and an instrument, the phototitrator, must be used. 1In this
study an instrument constructed by other investigators was used to de-
tect the changes in transmittance. The instrument was constructed to
be mechanically, optically and electrically stable. . An important fea-

ture of the construction of the instrument was that the titration cell
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remained in the open during tﬁe titrétion. A collection of 15 inter-
ference filters spanning the visible region of the spectrum was avail-
able so that nearly monochromatic light could be used.

On the basis of both theoretical deductions and experimental
verification four chelometric photometric titration methods were
developed. Systems'involving‘metal'ions which are ordinarily diffi-
cult or impossible to resolve by any other titrimetric technique were
studied. The following methods were develeped: a consecutive titratioen
of calcium and magnesium, a selective titration of cadmium, a coensecu-
tive titration of copper and nickel and a selective titration of cobalt.

Of the chelometric methods available for the determination of
calcium in the presence of magnesium, nene is completely satisfactery
because a pH greater than 12 must be used teo mask the magnesium as
insecluble magnesium hydroxide. In addition certain restrictions with
respect te use of nmasking agents and the method of end point detectien
limit these methods.

The chelemetric titration with a photometric end point was found
to be successful feor determining calcium in the presence of large amounts
of magnesium and for the consecutive titration of calcium and magnesium
in the same seluticn. First the selution containing both calcium and
magnesium is buffered at pH 10 with an ammenia-ammonium chloride buffer.
Calcium is titrated with EGTA using murexide as the step indicater and
a 505 mu interference filter. Calcium was titrated even when the cal-
cium to magnesium ratic was 1:130. Magnesium is titrated next in the
same solution using EDTA as titrant, Eric T as a step indicateor and a

622 mu interference filter.




- The presence of many foreign metal lons can be tolerated because
masking agents can be employed which will not interfere with calcium or
magnesium titrations. Nickel, zine, copper, cadmium,.mercury,coﬁalt
and iron do not-interfere when properly masked. Manganese does inter-
fere, ﬂéwever,uwhen pre§entfin greater’than tpaéé“quantities. A few
anions-interfere due to the formation of insoluble calcium salts.
Tartrate interferes if present in three;fOld excess of the calcium.
Barium and strontium are serious interferences since they %ill be coti-
trated with calcium.

Cadmium was selectively titrated with EGTA using copﬁer as the
slope indicator at 742 mu. The solution is buffered at pH 10 with an
ammonig-ammenium chloride buffer. In the presence of ammonia,cadmium
is titrated before copper. The ammonisg concentration must be controlled
(but only within wide limits) so that the slope of the copper titration
curve is not decreased too much. Cadmium can be titrated in the presence
of large amounts of zinc; satisfactory results are obtained when the
cadmium to zine ratio is 1:500. Cadmium can also be titrated in the
presence of iron(IT), cobalt(II), nickel(II), mercury(II), aluminum
and magnesium. The alkali metsls do not interfere. However, lead and
calcium are cotitrated with cadmium. Other metal ions interfere by
being cotitrated or causing kinetic problems. However, since the method
is so satisfactory for determining cadmium in the presence of zinc and
since the separation of both zinc and cadmium from almest all other
metal iens is easily accomplished by ion exchange the problem of inter-
fering metal lons is not a sérious one. However, certain mixtures of

metal lons can be analyzed by titrating several aliquots with different
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titrants using different indicators. The analysis eof a soelutien of
cadmium, zinc, copper and lead was performed in this way.

Copper and nickel were analyzed in the same soelution by means
of the photemetric end point. Boeth metals were titrated with trien and
8-591 mu.interference filter was used to obtain nearly menechrematic

light. The solutien was first buffered at pH 7 with ammenium acetate.

- At this pH the copper was titrated selectively and the end point was

obtained by means of the self-indicating copper-trien cemplex. The
stability of this cemplex is very high and the end point vreak was
very sharp. Nickel was titrated next after raising th§ pH te 10 and
buffering the solution -with an ammenia-ammenium chleride buffer.
Murexide was used as the step-indicator. .Again a very sharp bireak

was obtained at the end point. The ammonia concentration must be con-
trolled se that the nickel-murexide indicator cemplex is not prevented
from forming. The fellowing metals did not interfere:.manganese(II),
iron(II), aluminum, bismuth, lead and silver. Zinc and cadmium did.
not interfere with the copper titratien but they were cotitrated with
nickel. Cobalt interferes because of the slow conversion of cobalt(II)-
trien to cobalt(III)-trien due to slow air oxidation. The standard
trien solutien hydrolyzes to a small extent but no error was detected
when a three-menth old selution was used.

A highly selective method for titrating cobalt was devised based
on the conversion of cobalt(II) to the highly stable cobalt(III)-EBTA
édmplex. The ‘titratien is perfeormed at a pH less than 2 vhere moest
metal-EBTA cemplexes are completely or nearly completely disseciated.

The ccbalt was oxidized in the presence of an excess EDPTA and the excess
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EPTA was back titrated with a standard bismuth selutien. For nearly
all ef the commen metals this precedure is satisfactory. However,
copper and nickel were slowly replaced from their EDTA complexes by
bismuth. In order to overcome this kinetic problem an excess of bis-
muth selution was added instead of back titrating with bismuth. The
replacement reaction oeccurred much more rapidly using this medifica-
tion. The excess bismuth was then back titrated with a standard EDTA
selutien. Pyrocatechol violet was used as a step-indicator and gave
excellent photometric titratien curves.

Mest metal ions did not interfere either because the pH was toe

‘low or they could be masked. The moest seriocus interference which could

not be prevented was due to iron. To use this method iron must .be
absent. Chremium interferes but the method was modified in such a
way so as to enable the determination of beth cobalt and chromium.

Nickel and cobalt can be determined in the same solution by

‘performing twe titrations. The sum of nickel and cobalf is obtained

by performing the back titration of bismuth at 0°C. An excess of
bismuth 1s then added and the solution warmed to room temperature.
The bismuth then replaces the nickel and the remainder of the uncome-

plexed bismuth is back -titrated with EDTA.




CHAPTER T

INTROPUCTIGN

Chemnical Analysis versus Determination

OGne of the basic problems analytical chemists must solve is the
estimation of a coenstituent in the presence of assceciated substances.
The frank recognition of this situation either deces not always occur
or is not always made clear (1). To help clarify this problem it is
necessary to introduce térms whose meanings are intended to distin-
guish " . . . between the analysis of pure substances and the analysis
of mixtures" (2). Methods satisfactory for elements when they cccur
alene; as in pure compounds, are abundantly available. The suggestiocn
has been made that these methods be called "determination.” However,
metheds which yield results even though interfering elements are
present are termed "analyses."”

Of the several criteria required for an acceptable gquantitative
analytical chemical procedure, the extent to which interferences can
be tolerated is of great importance. In practice, samples to be ana-
lyzed, such as rocks and alloys, will always contain several components.
If the available methods cannot cope with this situation the only alter-

native is to subject the sample to a time consuming separation procedure.
Even the techniques of chromatogréﬁhy, ion éﬁchange or solvent extrac-
tion cannot always be relied on to resolve a complicated mixture
perfectly or even partially. Thus, the eliminatien of the separatioen

step can still be a significgnt attribﬁte of an analytical procedure.




Selectivity and Specificity

Methods can be described using terms which take inte acceunt

"selec~

the ability to telerate interferences. Twe accepted terms are
tivity" and "specificity." The analysis of substances in agueous
selution by means of titrimetry i1s based on a chemical reaction between
the titrant and the titrate. The terms selectivity and specificity

are applied mere accurately net te the methed but te the titratien
reactien and te those cenditiens necessary te bring about this re-

actien. "Reactiens (reagents)‘which under definite experimental

conditiens are quite unambigueus fer one compenent, are termed specific;

on the other hand, these reactions (reagents) which permit a narroew

cheice, because they are characteristic for a limited number of ioﬁs
or compounds are termed selective" (3). Specificity is the extreme
case of selectivity; a reactien is either specific or non-specific.
If the reactien is nen-specific then it may be more or less selective.
The importance of selectivity or specificity both en a practical and

theoretical basis need no Justification.

Ob ject of Investigatioﬁ

This study fecuses attentien en agueous selutiens of metal ions
and the chemical analysis of these.selutiens by titrimetric precedures.
Complexing agents are widely used to analyze seolutions of metal iens.
The factors which affect cemplexing reactioens can be varied in many
ways in order te increase seléctivity. A review of these facters will

be presented. However, seme factors, altheugh very useful for intreasing




selectivity, have not been fully investigated. A study of some of
these factors from a theecretical viewpoint and the application of

these factors te practical analytical problems will be presented.

Complex Formation as the Basis of Titration

In the feollowing discussion about complexometric or chelometric
titrations a number of terms will be used which must first be defined.
A metal complex is the substance formed when the water molecules sur-
rounding the metal ion are replaced by other ions or molecules. The
group replacing the water molecule is called a ligand. A ligand
molecule which forms only one bond with the metal ion is called a
menodentate ligand. Similarly, a reagent‘which forms two bonds is
called a bidentate. A sexadentate reagent is one which binds the meéal
with sikx bonds. A chelate compound is a special type of complex.

The term "chelate," first introduced by Morgan and Brew (4), was taken
from the Greek term chele, meaning crab's claw. The reagent holds the
metal ion much like a crab holds its prey with its claws. The che-
lating agent always has mere than one poesition on the molecule through
which a bond can form. It 1s important to note that in the chelate com-
pound the metal is part of a ring. TFor the analytical chemist, the
term chelen represents a special type of chelating reagent. The term
chelon is a generic term for a class of reagents including pelyamine-
carboxylic acids, polyamines, and related compounds which form stable

soluble and usually 1l:1 complexes with metal ions and may conseguently

be used as titrants for metal iens (5).




The introduction of chelons inte yitrimetric analysis (the mest
widely knewn example bheing EBTA*) has replaced many gravimetric pro-
cedures and many titrimetric procedures based on precipitation and
redox reactions. This replacement has ocecurred because of the simpli-
fication of the analysis of metal ion selutions using chelens as ti-
trants. But witheut the preper attention te a number of factors little
can be sald about the selectivity of the chelometric approach. An
understanding of the nsture of complex formation is helpful in recogniz-
ing what these factors are.

Previous te the introductien of chelons, the only widely’ known
applicatiens of complexstion reactions as the basis of titrations were
the titratien ef halides With«mercury(II) and the titration of eyanide
with silver(I). Mest inorganic cemplexing reagents are not satisfac-
tery as titrants because they fail in one or more of the criteria of
titrimetric reactions: the reactions must be rapid, stoichiometric
and quantitative. .For example, the titratien of ferric iren with thie-
cyanate would be unfaverable because after a portion ef the tetal ferrie
iren has been transf@fmed inte the Fe(SCN)+2 specie the further additien
ef titrant weuld csuse the formatien ef Fe(SCN);.

At any-peint during the titratien, therefore, the selution would
contain "free" iron(III) and several complex species of iron(III) and
thiecyanate in rétios ef 1:1, 1:2, ete. This would at least cause the
stoichiometry to be complicated. Because of the occurrence of these
step-wise reactions the change in pM as the equivalence peint is
approached would not be abrupt but "dragged out" and hence the eguiva-

lence point could not bhe easily located. A special type of cempexing

*
Ethylenediamine tetraascetic acid or (Ethylenedinitrile) tetraacetic acid.




agent, ene that reacts in a 1:1 ratio with the metal ien, is needed as |
the titrant. Chelons are compounds which generally react in the simple
1:1 stoeichicmetry. The complexing molecule in this case contains more
than ene atem in the molecule threugh which coeordination can oeccur
‘with the metal jon. This enables a single moelecule, the chelen, to
satisfy the coordinatien requirements of the metal ien and the result
is the cembination of the metal ion and the chelen in a 1:1 ratie.
The metal ion is rnew a part of ene or mere rings depending en the num-
ber of coerdinating positions in the chelon melecule. Cheloens are
generally organic melecules with basic and/or acidic groups on the mole-
cule threough which coerdination or salt formation eccurs beth with
metal ions and hydronium ions.

The stability eceonstant is an important parameter to consider in
estimating the success of a titratien reaction based on cemplexatioen.
A large value for the constant means complete or nearly cemplete re- N
action. Many factors will affect the value of this constant. Merely
the presence of coordinating atoms (for example N, ©® and S) in the i
molecule does not guarantee a good reagent. Two effects, the size of

the ring in which the metal atom takes part and the "chelate effect,"

have been found to be deciding facters. Schwarzenbach has studied these

points in detaill (6). In brief, chelates in which the metal ion is a

member of a five-membered ring are most stable. Smaller numbered rings
are less stable because of strain; larger rings are less stable because
of an entrepic effect. Furthermore it has been verified that replace-
ment of n unidentate ligands by one n-dentate ligand results in an in-

crease of stability. For example, the overall stability censtant of




the copper-tetramine complex, Cu(NHa)Zais K= 1912'6. If two ammenia

‘melecules are new combined inte a single melecule such as ethylene-
diamine and reacted with copper to form the copper-ethylenediamine
complex, Cu(en);g, the overall stability constant would be found te be
K=1 29'5. This increase in stability due te the decrease in the num-
ber of steps reguired to form the fully complexed metal ien is called
the "chelate effect." The structure of the chelen is clearly related
te the stability cf the chelate. Anether facter te eensider sbout the
chelen is its selubility in water. This requirement is usually ade-
guately fulfilled if goups such as the ecarboxyl er sulfenic greups are

present in the moelecule.

Stability Constants. General Considerations.

The constanf referred te in the previous discussion is the
thermedynamic stability constant. The .use of this censtant is limited
since the analytical chemist must deal with selutiens which are mere
complicated than the conditions under which the thermodynamic censtant
was measured. The problem occurs because species are present in the
selution whith by means of competing equilibria can upset the primary
equilibriﬁm‘between the metal ien and the chelon.

The use of stability censtant data is complicated by the exis-
tence of several kinds of stability censtants. The "£herm®dynamic con-
stant" is of most interest to physical chemists. The value of this
constant is obtained by measuring melar cencentratiens and calculating
activities by means of the activity ceefficients which themselves may

be either calculated frem purely thecretical principles or experimentally
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measured. The thermodynamic constant may also be ebtained by measuring
concentratiens in successively dilute-solutions and-extrapolating to
infinite dilution. The second kind of constant is called a "mixed con-
stant" and invelves both activities and melar cencentrations in the
stability constant expression. For example, acid dissociation coenstants
may be determined by a pH measurement (which is nearly the same as
measuring the activity of the hydrogen ion) and measurements of the
molar concentratiens ef the other species involved in the disseciaticn.
The calculaticn weuld be made with the activity ef the hydrogen and

the molar concentrations of the other species as terms in the dissec-
iation expression. A third constant, the "absolute constant" (7)
expresses a relationship solely in terms of molar concentrations. .For
the case of a metal chelate, MY, the abselute stability constant is

based on the equilibrium

M+ Y =M
and is written as

K . M)

abs M |Y|

The terms in brackets are molar concentratiens. Charges are omitted

for simplicity. They are obtained by abstracting the influence of pH

and other complex formers (other than the titrant). Only the molar
concentrations of metal ion M, fully dissociated Y and complex MY are

used in the calculstion of the absolute censtant. The fourth and lastttype
of constant, the "epparent. constant,"” is used.mainly by analytical chemists

because it will reflect the stability of the complex under conditiens




which exist during an analysis. The calculation and use of the apparent
constant will be discussed later.”

In order to obtain accurate answers activities should be used
instead of concentration terms. Because of the lack of activity co-
efficient data calculations made in this study will be carried cut with
concentration in terms of molarity. However, when pH is referred to
the hydrogen ion sctivity is implied. Thus calculations of constants
on this basis will really yield what may be called "mixed apparent con-

stants" as described above.

The Effect of Side Reactions on a Titration

The scheme illustrated next designates some of the competing

equilibria (side reactions) which can affect the main titration reac-

tion (8).
m+e + Y‘h ¥===i=; My~ 2
+ + + + + + +
Ol n[X N2 aE' Hr+ ])f{' I,
o ro
mor* ngg woe ot Mﬂi_ MOHY ™~ Mﬁﬂ;Y'z

+

-2 . -
MY is the chelonate, X and OH are foreign complex formers, N+2 is

: + - -
& bivalent interferring metal ion, H is the hydronium ion, MHY , MOHY 3
-2 - -
and MNHBY are mixed complexes of MY 2 with NH%, OH and H+ in the

scheme. It is obvious how these side reactions can be unfavorable for

*
See below p. 10.

2 A -
M~ is the bivalent metal ion tc be titrated, Y b is the chelon (titrant),




‘results in the successive formation of HY_5, HEY’E, H

a -titratien. For example, since-the chelon 1s an acidic substance, as
the ‘pH is decreased more of the -undisseciated forms of the chelen Y are
formed. In the case of EDTA decreasing the - pH below approximately 10
3Y‘l, and HY. This
pH effect . is not reflected in the thermodynamic constant. The effect

of pH could be estimated by considering all of the pertinent equilibria,

setting up the proper algebraic equations and selving for the concentra-

tien of the desired ien. The information could be calculated but the

‘laber is net always worthwhile. GSchwarzenbach has devised a simplified

approach on the basis of the apparent stability censtant (9).

The  Apparent Stability Constant and the Influence of pH

The sbselute stability constant is defined in terms of only the
chelen that is present in the completely dissociated form. This is
true only in strongly alkaline selution at a pH greater than 10 fer
most of the chelens to be dealt with. At lower pH values the uncom-
bined chelen will be present in its protenated forms HY-B, HEY_E, H5Y-l,
and HhY' These forms will vary in their ameunts according te the pH
of the selution. To account for this fact, the stability censtant under
the actual solutien conditiens must be calculated and the resulting
constant is called the apparent stability censtant. A facter aH can be
used to calculate the apparent censtant frem the absolute constant. The
sﬁbscript H denotes that the hydrogen ion concentration dependence is

being considered. For the remainder of this discussien, hewever, the

subscript will net be used.

v
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All calculations will be made on the basis of melar concentra-
tions as symbelized by brackets. The error intreduced by not using
activities will be neglected.

At any pH the apparent stability constant may be expressed by:

fere ™ T Bel (1)

where [Y]' denotes the total concentration of chelen not combined with

the metal, but including all disscociation ferms which may exist at a

L

particular pH. This [Y] may be related to [Y '] by the fermula

) = ey (2)

Since [Y]' is the total concentration of the uncombined chelen in its

various forms, overall balance gives

IR e e P C A I Ry (3)

+ [HLI_Y]

"It is pessible to express the various terms in Equatien (5) by intro-
ducing the stepwise acid dissociation coenstants of the chelon. For
practical purposes it is more suitable to use the reciprocal of the
disseciation constant, namely the "proton stability censtant” eof the

"proten complexes" of the chelon. The expressions are for a tetrabasic

acid such as EDTA.

=T h ()
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LR o)
K, = ————s 5
2 Em]

[H5Y_l] (6)
K = o—feo
> 1m0

F[H Y]

L

T ()
b [Hf][H5Y'l]

Now. [H) Y] may be expressed in terms of K, [HiY_]inﬁterms of K, and so

ferth, thus
el = (] e g U NE) R Iy IEY] g (R (]

+ KL[H5Y'][H+] (8)

Substituting now all terms other than [Y_u] by the expressions for the

above constants the result is
]’ - oeH . Ki[Y_h][H+] . KiKé[Y'”J[H+J (9)
+ KiKéKz[Y ][H + KK, KBK (Y~ ][H

Combining this equation with (2) and dividing by [Y_u] the expressioen

for'aH is obtained

oy =1+ K [E] + KiKé[H+]2 + KiKéKz[H+]5+ KiKéKéKﬁ[H+]u (10)
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This formula enables the caleculatioen of @ for any pH value since the

H

four acidity constants (and therefore their reciproéals) are known. It

is convenient to plot aH versus pH so that the value of‘&H is conven-

iently available at any pH. Once &, is known, the apparent stability

H
constant can be calculated‘by'combining<(l), (2) with the equation for the

abselute constant

. MY - -abs ‘(ll)

or

log Ké = log Ké

bs ~ 108 O (12)

PP

Note that this formula contains only the normal complexes MY+n_h'and
none of the hydrogen (MHY+n-5) or hydroxo (M@HY+n-5) complexes. Under
extreme conditions of pH, one or the other of this type of complex
may be formed in appreciable amounts.

Thus the effect of pH on the equilibrium between the metal ien
and the chelon is reflected in the lowering of the MY concentration and
is represented by Képp' For example the absolute constants (logarithms)
of iron(IIT) and calcium with EDTA are 25.1 and 10.7 respectively (10).
The value of log @ at pH is 10.6 (10). Thus the apparent constants of
iron and calcium at pH 3 respectively are 14.5 and 0.1. The stability

caonstants are decreased the same ameunt but the calcium now is nearly

completely dissociated.
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The Influence of Other Complex Formers. The B Factor.

When anether complex-forming substence is present the metal ion
is distributed between the complexes formed with this substance and the
titrant. The appsrent stability constant which takes inte account the

influence of this substance,’Z, is given by

[y

K __ = ——7" (13)
PP [M]' [y ] ‘

[M]' is now the concentration of the metal ion not combined with the

chelen, Y, including the "free" metal and also all complexes ‘possibly
+

formed with Z. The relation between [M]' and.[M ] is analogous to

thatin (2) and is given by

4 +n
M)} = Mg, (14)
The compleXx between M and Z is seldem a 1:1 cemplex(e.g., the ammine
complexes of copper, zing nickel, etc., in ammoeniacal selutien).
Therefore the tetal amount of the metal ien net combined with the chelon,

Y, is given as

[Mf = [M™P] + Mz] + hﬂ2]+ A (15)

n

Charges are omitted for the sake of simplicity. The stability constants
of the various complexes between M and Z are given by the follewing

equations

K]_:——[MEJ——-— (16)
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-—-——[MZ] (17)

K = L 17
2 ["™Mz]lz]
¢ - o MZn] (18)
5 = T

Replacing the terms [MZ], [MZE] e [MZn] in (19 by the appropriate ex-

pressiens derived from the stability constants the fellewing expressicn

results

] = D)+ ko Pz) ¢ kR P2 ¢ LK. (2]

(19)
Combination of the last equation with (1k) gives

=1+ K (2] + K1K2[2]2 + ... K1K2...Kn[z]n (20)

The apparent stability constant is then obtained by cembining (13) (1k)

with the equation for the absolute constant

. _ [MY+n—&] ) Kﬁbs (21)
TP P v Pz
or
1og K op = 198 K = 108 By (22)

Note that [Z] is the concentration of the "free" compound, that is, not
combined with the metal. Therefore the concentratien of total Z is
equal to.[Z] only if a sufficient excess is present se that the relatively

small ameunt combinsd with the metal may be neglected. Since Z is usually
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contained in buffers or is added deliberately in excess the condition
holds clesely enough te egquate CZ = [2].
If geveral complex formers are present in the solutien the tetal

P factor can be calculated according to

)

B =B, +B, * oo + (0-1) (23)

total

‘where n is the total number of 8 factoers. "Usually only one of the B

-factors is significant and need be considered.

The Influence of pH agdlggmplengerming<Substances.

Other Than the Titrant.

If both the pH effect and complex due teo foreign complexing re-
agents effect occur simultaneously, the apparent stability censtant is
obtained by combining the derivations given above
=l K
[My ]l _

K - . abs (2k4)
aPP  [v]'[y]' %Pz

or

log Képp = log K - log aH - log BZ (25)

Note that the constants for the complexes between M and‘'Z should alse
be the apparent ones. They can be calculated for the particular pH in

a way similar.te that given for the chelon Y.
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Other Influences

Most stability constants are measured at & certain temperature
(26°C) and for a specified ionic strength. By changing these parameters
the analytical chemist can change the absoelute stability of the complex.
Increasing the salt concentration with non-complexing species decreases
the stability. The addition of eorganic solvents will change the sta-
bility. However, these effects are usually considered impertent only

when extreme conditiens are encountered (ll).

Selectivity in Chelemetric Titrations

A selective titration reaction will .occur if the side reactions
of the titrant with other foreign metal ions 1s prevented. Several
possibilities exist which cen bring this abeut. It is unlikely that
a selective reaction can be discovered solely on the basis of the struc-
ture of the chelen. With few, although impertant, exceptions, those
chelons that are widely known are noet selective in their reactions.
The factors that are very useful for increasing selectivity are pH,
use of masking agents, kinetic effects, mode of addition of titrant
and the method of end point detection. The & and B factors are very
useful 1n predicting how conditions can effect the selectivity of
a reaction. It is clear that if two metal ions differ censiderably
with respect to the stability of their complexes with the chelon,
they will react with the titrant in discrete steps. It is only nec-

essary then to be able to locate the end points. The requirement

that a selective or specific set of indicators be available is possible
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fer some mixtures ef catiens but in general thHis regquirement is difficult
to fulfill. The only alternative is recourse te an' instrumental methed
ef end point detectien.

The pH Effect

When the difference of stability of metal chelates is sufficiently
great, it is possible te cenduct the titration at a pH sufficiently low
that the less stable chelates deo net form under the reaction conditions
employed. Many cheleometric titrations are performed at pH 10 since the
protonated forms of the chelen will be almest entirely dissociated. One
group of metal ions, Bi(III), Fe(IIT), Cr(III), V(III) and Th(IV) for
example form such stable EDTA chelates that practically ne disseciation
cccurs even at pH 2. Thus it is pessible to titrate these iens in the
presence of-many bivalent cations. The effect can be estimated very
conveniently with the & factor. For the titration of metal M in the
presence of metal N using a visual type of indicator the stability coen-
stants should differ by abeut 8 - 10 log units in log K (12). This
difference can be decreased to 3 if the end poipt is detected instru-
mentally, without using a step indicator.* The stability censtants used
in these estimations should te the apparent constants. Although the o
factor cancels out in the ratieo it is necessary that KN is lewered suffic-
iently so that none of it reacts with the titrant.

Masking
Masking is a process in which a substance is transformed seo that

certain of its reactions are prevented. The masking process occurs

% S—
See below p. 31. |
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without physical separation of either the substance being masked or the
reaction proeducts of the masking reaction. Demasking is the-process

'in which a masked substance is released from its masked form and regains
‘its ability to take part in certain reactions. The descriptien-ef the
-masking procedure should clearly state which species is masked and
against what reactioen. . Fer example, éilver'ien can be masked with
ammenia against chleride ien but silver icdide will precipitate in the
presence of ammenia.

The masking-demasking precedure is used very effectively for the
titration of zinc and magnesium mixtures. Zinc is masked against ERTA
with cyanide but the magnesium remains unmasked. The magnesium:is ti-
trated with EPTA using Eriochromeblack-T as the indicater. The zinc-
cyanide complex is demasked by the addition’of fermaldehyde which
destroys the zinc-cyane coemplex thus freeing zinc ien which can noew be
titrated with EDTA using Erie-T.

The effect e¢f the masking agent can be evaluated with the B fac-
tor. The masking agent must decrease the apparent stability of the cem-
plex between titrant and foreign metal so that it does net react with
the titrant. The masking agent should net adversely affect the main
titration reactien.

By converting a metal ion to a different oxidation state, a
masking action can be brought about. Generally, metal iens in lewer
oxidation states form weaker complexes. For example the logarithms of
the EDTA complexes of iren(II) and iren(III) aré 14.3 and 25.1 respec-

tively (10).

A e ———— - e i — -
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Cheng has reviewed the use of masking reagents and presented some
principles which_can be used te evaluate masking reagents (13).

Kinetic Effects

The kinetic requirements for a titration reaction are covered
generally by the term rapid. However, the fact that some complexatien
reactions are slow can be used to advantage. . For example, chremium( III)
reacts extremely slowly with EDTA. This situation is unsatisfactory

- for titrating chromium. However, since the reactien is se slew ether
‘metal lons can be titrated in the presence of chremium. Similarly,
nickel reacts slowly with EBTA but at roem temperature the reactien is
not quite slew enough to enable a selective titration by “kinetic"
masking. However, it is pessible te lewer the selutien temperature te
@OC and decrease the rate ef reaction of the nickel sufficiently te pre-
vent its reacting during the peried regquired te titrate the other metal
ien (14).

Mede of Addition of Titrant

A titratien method can be medified with regard te the erder of
additien of reagents to enable a titration which might not etherwise

be pessible. Several general types of titrations are possible en the

basis of treating the solutions with one or more standard selutioens (15).

Direct Titration. The most common approach to titratiens is the

direct addition of increments of a standard selution te the unknown so-
lutien until the stoichiemetric ameount of ligand has been added.

Back Titratien. An excegs of a standard ligand solutien is

added to the unknown solutien and the excess is titrated with a standard

selutien of a suitable metal ien. This procedure is generally used when
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the titration must be carried out under conditions whereby the metal
would be-precipitated (e.ga, as the hydr@Xide) and when a good indic;tGr
is available for the metal in the standard solutien but net for the metal
being determined. The methed might be used in cases where a slow reac-
tien eccurs. The excess of titrant is added and the seolutien warmed
until reaction is caﬁplete. The excess is then back titrated.

Replacenment or Substitutien Titration. The metal being titrated

is treated with an excess of a seolutien centaining a metaliehelate which
is less stable than that of the unknewn in the solutien. Thus the se-
cond metal is quantitatively displaced and may then be titrated with a
standard Iigand selution.

Method of End Point Detection

The last factor, the cheice of end point detection, has been
recognized as influential in gaining selectivity and enly recently in-
vestigations have shewn that less rigi@ requirements in the facters
discussed abeve can be tolerated if the{pi®pér énd<point detecting
methed is chesen. Methods of end poinﬁ?ﬁé£eétionﬁgan%$e divided inte
two groups: visual detection and instrumental detection.

Visual Indication and Metal Indicaters. The detection of the

end peint in a chelometric titration depéhds‘on the recognitien of the
change in celer which eccurs when the "metallized" or complexed indi-
cater is cenverted te the "unmetallized" or free indicator. Only a
limited number of compounds are of value és,metal indicaters. - Mest of
the knewn indicaters fall within a few structural types (e.g., azo dyes,
phthaleins and sulfenphthaleins, triphenylmethane dyes and phenolic sub-

stances) (16).
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In order tc obtain a goed end point, ene that is sharp, the ratio
of the stability constant eof the metal-chelon to the stability censtant
of the metal-indicater complex must be of the order of th and the value
ef the metal-indicater censtant must be greater than 105. These values
can be shewn te be true as the result of the intreduction of seme simpli-
fying assumptiens into a more rigerous derivations (17). When making
these -estimates on= should use the apparent stability constants.

The selective titratien of one metal, M, in the presence of
anether metal, N, using én indicater, I, which is specific fer the metal

M is possible using the following relatioen

ST

The stability constants of the twe metals are KN and KM. The stability
constant of the metal indicator is Ki and for metal indicater cemplexes

the values are seldom less than l®6 - 167. Thus the ratio Kﬁ/KM.must be

8. 10'9

of the order of 10 in order that metal M is selectively ti-
trated,(lB), Flaschka and Barnerd have pointed out a misunderstanding
with regard te indicators (19). The statement is made occasionally
that the problem of selectivity could be selved by the use of specific
indicators. That this is not generally true can be understood frem the

equilibrium
MY + N + T=2NY + MI

In this system, N dees noet react with the indicater to any extent,

otherwise, only the sum of N plus M could be determined. Selectivity
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will be obtained only if the stability of the indicater cemplex, MI, is
as low as pessible. A selective er specific indicater is of value if
its ‘properties are such that the usual pessibilities of increasing
selectivity (pH effect and masking) can be suitably associatea with its
use.

A few redox indieaters have been used as indicators in metal
ien determinatiens. Variamine Blue B is the most common example of
thié type of indieater. The behavier of the indicater can be briefly
described by its application to the titration of iren(III) with EDTA.
In an iron(III) solutien there is always some iron(II) present. The
variamine blue will be oxidized by the iron(III), of course preducing
seme iron(II), and the selution will be blue-vielet. The iren(III)
is titrated with EDTA and at the end point enly some iren(II) remains.
The indicator is reduced by this iron(II) and passes to the colerless
form. Redox indicaters are seldeom used because of their sensitivity
te small amounts of exidizing and reducing materials. Further the pre-
sence of extraneous or added cemﬁlex formers may alter the redox poten-
tial markedly (20).

.Instrumentai Detection of the End Peint. The instrumental detec-

tien of the end peint in chelometric titrations (or in titrimetry in
general) often has significant advantages. If the use of a metal-

complexing indicater is aveided then improved selectivity may result.
In order to titrate metal M in the presence of metal N without using
an indicator the ratie of the stability constants, KM/KN shoeuld be of

the order of lO6 when using a pM methed of detection.”

*
See below, p. 23.
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This should be cempared te the ratio l®8 to 109 when using s metalle-
chreme -indicater. The instrumental technigue will also be more advan-
tageous for dilute solutions and micro-titrations.

Four genersal types of instrumental methods are used in the -detec-
tion of end.peints in chel@metric4titrations:

(1) Potentiometry. (Platinum or Mercury Drop.Electrede)

(2) Amperemetry

(3) Conductemetry (High and low frequency)

(4) Photometry
"In addition chrenopeotentiometry has attracted some interest (21), These
metheds are not arranged in erder of their usefulness.

Of the four metheds three af them-invelve electrochemical
measurements. A disadvantage of electroanalytical chemical measﬁre-
ments is the eccurrence of slew electrede reactions. This is especially
true in: nen-agueous selutiens and in precipitation titratiens. Con-
ductometric titrations are seriously hampered by the presence of a
large excess of foreign ions in the form of the buffer which is invari-
ably reguired for a chelemetric titratien. Considering these facts
then would impel one to place photometric titrations at the head of the
list.

Classification of Instrumental End Peint DPetecting Technigues

A titratien curve is obtained by measuring er by calculating the
change‘in a Physical property of the solutien as increments of titrant
are added. MethodS'uéed to obtain the titration curve can be classified
inte twoe categories depending on the mathematical relatienship between

the -property being measured and the concentratien of the specie of interest.
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The first group includes those methods based on the fact that
the -property measured is & function of the logarithm of the concentra-
tien. For example, potentiometric titrations are based on the Nernst

Equatien

o RT +n
E=F x+ﬁln[M ]

"The -potentiometric titratien curve is obtained by pletting the poten-
tial of the indicating electrode versus the velume of titrant. The

end point is generally the inflection point of the curve. These methods
will be referred to as pM methods. It sheuld be neted that the poertien
of the titration curve used to locate the end point results frem the
most unfaverable equilibrium position since at the end point the com-
plex exhibits the highest degree of dissociatioen.

The second group of methods is based on a linear relation between
the property measured and the concentration of the specie of interest.
Amperemetric, conductemetric and photeometric methods beleng in this
group. The property measured (diffusion current, conduetance or abserb-
ance) is a linear function of the volume of titrant. Ideally the titra-
tion curve consists of two straight lines having different slepes and
intersecting at the end point. TFor an extrapolation procedure the
points removed from the end point are the most important. The advan-

tage is due te the shift in the position of the egquilibrium
M+Ys=M

The positien of this equilibrium is forced in the direction of the un-

disseciated complex both at the start of the titration when M is in
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excess and far after the end peint when Y is in excess. The value eof
the -extrapoelative methed over the pM methed 1s due te  the repressien
of the disseciatien of the cemplex. Extrapelative metheds locate the
end point en the basis of points measured where disseciatien eccurs

to . the -least extent while pM metheds lecate the -end peint on the basis
of -peints measured when disseciatien occurs te the greatest extent.
For the selective titratien of metal M in the presence of metal N it
is necessary to have a difference of about 2 legarithmic units in the

stability ceonstants if the extrapelative technique is used. ™

*
See belew p. L2.
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CHAPTER IT

>

PHOTOMETRIC END POINT DETECTION

Definition"and Example

Generally, the name of the end point detecting technique indi-
cates the property to be measured. Thus, photometric titrations invelve
the ‘measurement of the change in some optical property of the sgolutien.
For a reason to be considered later, this property is the absorbance.
The concentration of the absorbing species changes as the titration
progresses, hence, the abesrbance changes. For example, copper{ IT) in
an ammoniacal medium can be titrated with EBPTA and transformed from the
copper-tetramine complex te the copper-EDTA complex. The intensity of
the light of the wave length which is absorbed by the copper-tetramine
complex is measured after it passes through the unkacwn solution. As
the copper-tetramine is converted to copper-EDTA the absorbance de-
creases, hence, tlie intersity of the light reaching the photodetector
increases. After each increment of ERTA is added the corresponding ab-
sorbance value is recorded. Up to the end point the absorbance is con-
tinuously decreasing lirnearly because copper-tetramine is being removed.
After the end point the absorbarice remains counstant since all of the
copper-tetramine has been titrated and the EDTA added in excess does noet
absorb any light. A graph is then made of the absorbance versus the

volume of titrant added.
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Dilution must be corrected for if the concentration of the EDTA
is of the same order as the concentration of copper or less. Two
straight lineg are drawn through the two series of points and the end
point is found as the intersection of the two lines. Thus the =nd
point is found by means of an extrapolation procedure. Thes titration
curve would have a different appearance if the light used had been of
the wavelength which the copper-EDTA complex sbgorbed. Before the end
"point the absorbance increases since more and more copper-ERTA is being
formed. The absorbance remeins constant after the end point since the
EDTA added in excess would not absorb.

This example is a special case of a photometric titration in terms
of a complexometric titration. The method can be appliied to other types of
titretions, e.g., acid-base, redox and precipitation titrations. The
shape of the titration curve however will be different for different

systems.

Advaﬁﬂages of the Photometric Methgds<0ver Other Methods

These advaatages have been discussed in several different sections
but a summary at this point will be helpful in appreciating the photo-
metric titratiom.

Since the end point is locatzd by extrapolation, pocirts in the
vicinity of the end point are not important. This must be coatrasted
with the pM methods which depend upon the location of the inflection
point to establish the end point. The photometric method has advantages
over the electrochemical methods. In gerneral slow electrode reactions
are unsatisfactory for a titrimetric procedure. High concentrations of

salts will hamper the measurement of conductance.
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The photometric titration has several advantages over the abso-
lute spectrophotometric determinatien. The presence of other substances
absorbing at the same wavelength does not necessarily cause an inter-
ferrence, inasmuch as only the change in absorbance is significant. The
precision of locating the titration line by using the information ob-
tained from the measurement of several points. is greater than the preci-

gion of any single point.

Applications of the Photometric Titration

In general, the method is applicable to the titration of solutions
which are dilute or in which reactions tend to be appreciably incomplete
at the end point, e.g., neutralizations of very weak acids and bases,
redox reactions involving couples with similar potentials, metal ions
which form weak complexes and reactions in general which are slow to
come to equilibrium in the viecinity of the end point. All these circum-
stances tend to produce a rounding off of the end point breaks but only
the points removed from the end point are necessary for the extrapoela-
tion precedure.

Using the photometric titrator to detect the end point in a ti-
tratien which can be detected by the eye dees not offer, in general,
any increase in accuracy but increases the precision (22). When the
eye cannot detect the end point using a visual indicator the photometric
titrator is extremely useful.

In general, two cases can be considered when the eye is replaced
by the photometric titrator to detect the end peoint when using a visual

*
indicator (or step indicator). First, analysis of very intensely

¥
See below p. 31.
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colored solutions which prevent the visual obgservation of the indicator
change because of the deep background color of the solution can still be
photemetrically titrated. The human eye is neither sensitive nor selec-
tive enough to detect the "color change" through this optical barrier.

A sensitive photoreceptor in cembination with the selectivity gained by
using monochrematic light will have no difficulty.in locating the end
point.

Second, tlLe photometric titrator can be used to detect celor
changes of indicstors which are described as "indistinet™ or "dragging"
when observed by the eye. The "dragging" end point is due to at least
two factors; firet the chemistry of the reaction which governs the coler
change, i.e., the rate of reaction and the equilibrium constants and
second, the color phencmena in the solution and their relation to the
detector. When the indicator complex is disscciated at the end point
or when the rate of reaction at the end point is slow one needs only to
depend on the points on either side of the end point and extrapolate to
find the end point. When the end point is indistinct because of the na-
ture of the colors of the indicator in its two forms one needs te depend

only on the sensitive receptor and the nearly monochromatic light.

Theoretical Background

Basis for a Photometrie Titration

The fundamental law of the absorptien of monechromatic light
underlying photometric titrations is the Bouguer-Lambert-Beer Law,
A= -log T = glc, where A is the absorbance, T is transmittance,

€ is molar absorptivity, 1 is the length of the light path through the
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absorbing medium and ¢ is the molar concentration of the abserbing sub-
stance. Those facters which affect this law must alse be considered
when the law is used as a basis for the photemetriec titratien. The
most impertant conseguence eof the law is that the absorbance is linearly
related to the concentration of the abserbing specie. Theoretical ti-
tratien curves can be derived from Beer's Law and the mass-action law
if the eppropriate equilibrium constants are knowu.

The genera’. shape of the titration curve will depend en the
optical properties of the reactant, titrant and preducts of the reactien
at the wave length used. It is necessary to determine the spectral
curves of all the pertinant species in the solution both before and
after the end point in order to choeose the apprepriate wave length. The
change in absorbarnce should be as large as possible. The wavelength can
be chosen directly from the spectral curves or from a A-curve. A A-curve
is a plot of the difference between the spectral curves of a specie at
the start of the titration and after the end point versus the wavelength.
The greatest difference in sbscerbance will occur at the maximum or the
minimum in the A-curve. |

Types of Photometric End Peint Indication

Flaschka and Sawyer have devised a nev nomenclature for the three
possible types of photometric indication (23). Both equilibrium and
optical properties (absorbance) have been considered. The discussicn
will be limited to those titrations which involve the formation of a
1:1 complex.

Self-indication. A system is termed self-indicating when a

metal ion initially present in a somplex (B-complex) is progressively
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transferred into the titration complex (T-complex) of differeing absorb-
ance upon addition of titrant. The cenditions which must be satisfied
so that a satisfactory titration curve is cobtained are: the stability
censtant of the T-complex must be sufficiently greater than that of the
B-complex so-that transfer of the metal ion is essentially complete;
the stability constant of the T-complex and alse of the B-complex, when
the latter is an ‘optically significant variable, must be high enough te
insure that neither 1s appreciably dissoclated; the absorptivities of
all species involved must be such that the slopes of the two straight
branches of the titration curve are sufficiently different to permit a
well defined intersection to be obtained upon extrapolation.

Example: The titration of copper in ammenical buffer of pH 10
with EDTA will give a curve as shown in Figure 1, Curve I. Copper
initially is present as the less absorbing ammonia compléx (at the
wavelength ch@sen) and during the titration is transferred to the highly
absoerbing EDTA complex. Since ammonia and EDTA do net absorb in this
region of the spectrum no account need be made of their optical proper-
ties.

Step-indicaticn. The term step-indication describes a system

which uses a complex-forming indicater which behaves in the same fashion
as when acting as a visual indicator. In the photemetric titration the
curve that is obtained has the appearance of a step. The following con-
ditions must be satisfied: the stabilities of the T-complex and I-
complex (indicator complex) must be sufficient to prevent an unduly high
degree of dissociation; the magnitude of the stability constants must

be in the order Kﬁ K KI <K KT’ where the subscripts refer to the
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appropriate complexes; the gbsorptivities of all species involved must
be such that a well-defined intersecticn is obtained upen extrapolation.
Example: The photometric titration of copper at pH 'Lt with EDTA
as titrant and PAN as indicateor will give a curve similar to:that in
Figure 1, Curve II. The first horizontal pertion of the curve is due
to the transferreance of the copper from the aquo complex to the: EDTA
complex (T-complex), neither of which absorbs at the wavelength selected.
In contrast to the self-indicating system this pertien of the curve is
not used for extrapolation and hence need not be plotted in practice.
The second portion of the curve, where an abrupt change in absorbance
occurs, 1s due to the transfer of the copper frem the I-complex to the
T-complex. The third portien of the curve results frem the additien
of colorless titrant after the end-point has been reached. It should
be noted that this type of indication shows two intersection points,
the second generally corresponding to the amount of metal present. The
difference between the two intersection points is equivalent to the
amount of indicator present.

Slope~indication. The term slope-indication will be used to

deseribe end-peint location via a self-indicating system, the metal

of which is titrated after the metal to be determined. Again, the T-
complex must be stronger than the corresponding B-cemplexes. The
T-complexes and any optically significant B-complex must be strong
enough to prevent any appreciable dissociation. In addition the condi-

tion

(Kp/p)g << (Kp/Kg)4




must be satisfied, i.e., the ratio of the stability constants of the T-
and B-complexes of the self-indicating system (subscript "s") must be
less than the ratio of the stability constants of the corresponding
complexes of the metal to be determined (subscript "d"). These condi-

tions insure that the metal to be determined is complexed before the

‘metal in the self-indicating system. The absorptivities of all species

invelved must be such that the slopes of the titration curve before and
after the end-point differ sufficiently to permit a precise location of
the end-poeint by extrapolationm

Exemple: ©@ne of the first systems involving slope-indication
was studied by Underwood when he titrated bismuth with EDTA using copper
as the "photometric indicator," a term which he coined (24). Flaschka
and Sawyer point out that this ferm is correct but that it may be con-
fused with the general expression "indicator in a photometric titration,"
which includes step indication. Thus, the new term slope-indicator was
introduced. In this example, it would be possible to determine both
bismuth and copper since the titration can be carried out to a second
change in slope where all of the copper has been titrated (see the dottéd
line in Fig. 1, Curve III).

Photometric Titration Curves. Derivation and DPiscussion

Determining whether or net a reaction will be feasible for a ti-
tration can be accomplished by means of several calculatioens ef varying
degrees. of complexity. Crude estimatiens can be made simply with the
knowledge of the appropriate stability censtants and the coelors of the
selutiens. If necessary a very rough spectrai curve is satisfactory for

an approximation. ©@n the other hand it is possible to calculate the
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entire titration curve by using equations which have been derived in a
rigorous manner.

Titratien curves for acid-base systems have been derived by Goddu
and Hume (25) and Higuchi, et. al. (26). Because of the increased num-
ber of equilibria, the calculation of complexometric titration curves
is considerably more complicated than acid-base titration curves. The
titration curves have been derived for all the cases of end point indi-
cation considered above. Step indicating systems have been theoreti-
cally investigated by Fortuin, Karsten and Kies (27) and by Ringbom and
Wanninen (28). Reilley and Sehmid have developed prinicples for deter-
mining the efficacy of.metallochfqmic&iﬂd%éator: In general, they
have shown that a sharp end point is obtained if the log of the ratio of
the stability constant of the chelonate to the stability coenstant of the
metal indicator complex is at least four, if the metal indicator complex
stability constant is of the order of 10u‘to 105, if the concentration
of the indicator is low and if the concentration of the metal ion is high.

Flaschka (2 ) has derived equations for both the self-indicating
and slope indicating mechanisms. The titration curve resulting from a
mechanism involving step indication for the case of a single metal ien
forming a 1:1 complex can be calculated from an equation which is derived

in the following way. The titration reaction is
M+ Ye=MY

As usual the charges are omitted since they do not influence the manner

of the derivation, If all species M, Y, and MY absorb at a given wave

" length and Beer's Law is obeyed, the total gbsorbance, A, is equal te the

sum of the absorbances of the individual species.




A= Zgi[i]l (1)
i

Where Ei is the molar absorptivity of specie i, [i] is the molar cen-
centration of specie 1 and 1 is the light path length. During the ti-

tration beth € and 1 remain censtant, thus, Ei x1l= ki and

A =lei[i] (2)

At any peint in the titration the following two eguatioens are

true:
c, = [M] + [MY] (3)
C, = [Y] + [MY] (L)

From the equilibrium condition and the definition ef the stability con-

stant

(MY ]
K = T (5)

This K should be the apparent stability constant which is re-

lated to the absolute stability censtant according to the equation

app
ions, other complex formers and other metal ions.*

K = KJ@B where ¢ and B take into account the presence of hydrogen

For convenience the units on the abscissa are defined in terms

of a, the complexation degree which is calculated according to

*
See above p. 9.
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(6)

OI Q
i

i®
1l

At equilibrium the total absorbance is

A= Ml + [MY]K, + [Y]ky (7)

By appropriate substitution using (3), (&), (6) and (7), egua-

tion (8) results:

A= [y + klal)] o+ (g +k - k)M (8)

Using (3), (4), (5) and (6), M is written as a function of a according

to

(ko) (1-2) - 1] + \I[KCM(l-a) - 117 + hke,  (9)
2K

(M] =

Only the positive sign has physical meaning. This can be shown 1f the
condition a = O 1s considered. The equation must then reduce to [M]=CM=
Combining (8) and (9) yields the final expression for the titration

curve:

1

A=§< 2KC), [kMY+kY(a-l)] +(1(.M+kka [KCM\l-f -1 (10)

+ \J [KCM(l—a) - 11% + hKcM]

In many practical cases the complex former and the metal ion
will either be colorless or at least will not absorb at the wavelength

used. Then k = O and k, = 0, and Equation (8) simplifies to
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A = K (c, - M) (11)

An examination of (10) will show the importance of the value of
the parameter KDM wilth rggard to the shape of the titration curve. As
KCM becomes smaller the titration curve deviates more and mere froem a
gtraight line befere the end point. After the end poclnt the curve be-
comes horizontal only after the addition of a large excess of the ti-
trant 1f KCM is small. However, for a value KCM = 50 1t 1s still
possible to obtain a useful titratien curve as shown in Figure 2. The
advantage of the photometric method is evident if it is compared to
the pM curve which is shown in Fig. 2 also.

The value of the parameter k must also be censidered. The pre-
vious example assumed a value of 100. If an insufficient value must be
used then the situation might be improved practically by using an in-
creased light path. Furthermore, in practice the parameter a cannot
be used since C,, dces not remain censtant because of dilutien when

M

titrant 1s added. The usual volume correction may be applied:
C, = == (12)

where C; is the starting concentration, V the initial velume and b is

the volume of tilitrant added. Alsc

o = mb

Y~V +0b (15)

where the symbols have the same meaning as in the previous equation and
m is the molarity of the titremt. Combining Equations (6), (12) and

(13) yields
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g = SO (1)

which is substituted in the equation fer the titration curve. Thus

cov

A= By * K m%vl + (g k- k)Ml (15)
C
M

where [M] is calculated according to

2
e V fmb o V mb e V
Ml =y g (on - Y Y\ oot T Y My s
Ccov Ccov (16)
‘M . M
2K
If only MY absorbs then the eimplified equation results
e

A=1<.;MY m-[M] (17)

The slmplified equations are used when V >> b. The minimum value of
KCM which will give a titration curve from which the end point can still
be established will not be calculated because of the mathematical diffi-

culties. - Instead KC,, values of about 200 to 500 will be assumed te be

M
satisfactory and then the titrations will be performed and these assump-
tions tested by experiment.

In general dilution is handleq experimentally in twoe ways. The
titrant used may be very concentrated at least according te limits im-
posed by its solubility. It can be delivered with a micro-burette and
hencée dilution ézn be ignored. Diluticn can be corrected by means of

the equation preésented above. However, this correctlion applies only to
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the "coler" dilution. Upen dissecciation the color intensity decreases
end thie change will not be corrected. The effect is more impertant
for the case of weaker complexes.

Flaschka (29) has alse considered the case of slope indication
or more generally the titratien ef two metals successively in the seme
selution without the use of an indlcater.

Twe metals, M and N, are to be titrated by the chelen Y. The
effect of dilutien will new he ighored. The stability constants are

Sar = THIT (18)

Xy = T (19)

The censervation equatiens which hold are

Cy = [M] + [MY] (20)
Cy = [N] + [ny] (21)
Cy = Myl + [mr] + [¥] (22)

It is useful to estimate the possibility of titrating twe metals in the
same soluticen by the difference in their stability coenstants. In erder

J
to simplify the derivaticn, the guetient @ is used and defined as

Q= ﬁd (23)

Bl

The photemetric titration will be satisfactery only if the melar

abserptivities of the metal ions (free or complexed) are such that they
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can be differentiated. This facter is geverned by the k value (k =g1).
Because of the complicated. nature of the system the derivation is
made-in the following manner. An expressioen for @ is derived using the

previous equatiens so that the follewing form i1s ebtained:

c,., - [M]

- M
c, - [u] Cy - Cy + (Cy - [M]) +—n—-—MKM
Q*:: [M] € = P CM — [Mj . (ELI')

¢y - (G - D) - Fpe—
This expression is then solved for CY:

c. - -[M] /' C..

~ _ M N : 1l
Cy = — 7] c, = Tl + [M] + K. (25)
¢ T

Siﬁée this expression when solved for [M] is third order fhe
fellowing approach is made in calculating the titration curve. Values
of [M] are assumed and CY calculated. Using CY and [M] a value for @
can be calculated. Then frem the definitionyof the complexstion degree

a may- be calculated from

c c.. - [M] c
Y 1 M . N 1
a === " A+ M)+ = (26)
= Cy Oy M] Cy - M] KN
AR

All of the necessary relstions are.now available for calculating
the photeometric titration curve. However, the following simplifying
assumptions are made; metal M forms the moere stable ceomplex and is ti-
trated first and the only species absorbing at the chesen wavelength

is NY.
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Thus:

Cy - M]

A= ]l =k o ac, - (¢, - M]) - T, (27)

The assumed [M] values are substituted in the above eguation te calculate
A and a. A representative curve for a situation which definitely gives
a poor pM curve but still is usable for the photometric titratien is
shewn in Figure 3. The course of the titratien curve depends on . Fer
a large value of @ the titratien curve will shew a sharp break at the
first end peint. If @ is small the first end peint shews a curvature
which in a severe case might be difficult or impossible to locate. It
can be shown that for a value of @ = 100 (when a large KMY is used) good
curves still result. The situation described is an ideal one since con-
centration cenditions and k values may be unfavorable.

Corrections for dilution increase the algebraic difficulties and
since the results are limited by other facters the labor required may
not be worthwhile. Since apparent stability constants are used and
since they may have been determined for an ionic strength:far different
frem the conditiens te be actually encountered the calculation of the
curve is not worthwhile. In addition the fermatien of proten and hydroxo
complexes will cause the‘experimental results to differ from the calcu-
lafed results. In these cases where such factors arise the most reasen-
able alternative is to determine by means of experiments whether or not

the titration will be successful.
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Historical Background and Review

Widegpread interest in the applicatien of phetemetric titratioens
‘has eccurred enly within the last fifteen years. Detailed aspects of
this development are available in several reviews (50, 31, 32, 55) and
in a book by Headridge (34).

Instrumental development and application ef phetometric titra-
tiens te various systems have developed tegether. In general instru-
ments have been constructed aleong two lines. Photetitrators have been
constructed from basic cempoenents either by individuals as their needs
demanded or mere recently by large manufacturers on a commercial basis.
On the other hand, spectrophetometers, such as the Beckman instruments
and others, have been medified in ways so as te enable the performance
of the titration in the cell coempartment. Instruments have been built
which record the first and second derivatives of the titratien curve.
The main disadvantage of a medified spectrephotometer has been poeinted
out by. Flaschka and Sawyer (35). This is the reguirement that the ti-
tration cell must be housed in a light tight compartment. This will
limit the convenience of the photemetric titratien.

Probsbly the first and simplest approach te a photeometric titra-
tion was achieved by Tingle (36). With a hand spectroscope, he observed
the coler change of an indicater during the titratien of a highly colored
alkaloidal solutien. Muller and Partridge are generally credited with
the first photeometric titratien (37). They constructed a phototitrator
which performed autematically. The burette valve was actuated at the
end peint by an electrical signal caused by the large change in the phote

cell current when the indicator changed coler. These investigators




L6

receognized that the use of monechromatic light was impoertant. The

method saved time and labor and in many cases was more precise than a

visual titratien. For example, it could be applied to permanganate,

dichromate and iedometric titratiens with a much higher precisioen than

possible by a visual estimation. Extension te precipitation titratiens

by measurement of the reflected light from turbid selutiens was p?edicted.
Goddu and Hume (25) were the first to modify a spectrophote-

meter and apply it to photcmetric titratiens. In a series of studies

they investigated acid-base titrations and evaluated the method with

regard to selectivity.

O@ther investigators have applied the methed to redox titrations
to improve the detection of the end point using systems which are diffi-
cult for the eye te detect because of dragging end points or background
celors. . A large area encompassing precipitation reactions has been
studied by Boebtelsky (38). Organic reactions have been used for the
basis of several phetemetric titrations. Beth inerganic and erganic
reactions have been carried cut in nen-agueocus selvents to further extend
the application of this method. In addition several successful deter-
minatiens are based on the use of UV radiation. A more fundamental use
of photometric titrations is the determination of combining raties of
complex and metal ion. The methoed originated from the work of Yee and
Jones (39). - In addition it is possible to obtain stability coenstants
frem the titratioen curve especially for complexes of mederate stability
since it is impertant that some dissociation eccur at the end peint in
order to apply this method. The applications introeduced above are

available in more detail in the book by Headridge (34).
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Since 1960, research has followed siﬁilar lines. Acid-base ti-
trations, especially weak orgsnic compounds have been studied extensively
and usually in nor-aqueous solvents (41,42). , Both step and slepe indi-
cation has been erployed. Very recently a study of the titratien of
carbon dieoxide, bicarbeonate and carbonate was reported based en the UV
gbsoerption of the carbonate ion (43). Uranium and plutonium have been
titrated using redox reactiens as the basis of the analysis (44, 45). A
method for determining mixtures of ferreus and ferric iren based en a
redox titration was developed (46). A titration based on the reaction
between 1, 3-dimethylvieluric acid and alkaline earths and alkali metal
iens has been studied (47). Another inerganic non-chelemetric titratien
reported is the determination of flueride using thorium nitrate as the
titrant“(48). In the miscellaneous categery an end point based on the
luminescence accompanying certain acid-base titratiens has been studied
(49). A differential end peint technique applicable to acid-base and
chelometric titratiens was developed recently (50).

The end peint in complexemetric titratiens has been lecated by
this methed in many kinds of determinatiens but the major portien of
them are based on the reaction of ERPTA with a metal ien. The value of
cembining the selectivity gained by the use of chelens as titrants and
photemetric end peint detection in metal ion analysis has been appre-
ciated but not fully expleoited on a practical scale. Headridge has
summarized complexemetric titrations that have been devised up to about
1960 -(34). Since that time a thoreugh investigation of all the possi-
bilities has not been made. Scme of the studies which have been made

will be briefly summarized new: Iroen has been titrated in the presence
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of aluminum (51), micro amounts of copper, nickel, lead, zinc and uranium
have been titrated with 1,nitroso-2,naphthol in N,N-dimethylformamide
(52), the sum of iron, cobalt and copper with EDTA using a metalflucre-
chromic indicator has been done on an autemstic derivative recording
apparatus (53), calcium in blood serum has been titrated with EDTA (54),
small amounts of rare earths have been titrated with EDTA and arsenazo

‘indicator (55) and calcium and magnesium have been titrated with EDTA

(56).
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CHAPTER III

EQUIPMENT AND CHEMICALS

Photometric Titrator

The instrument used for this research was the photometric titra-
tor designed and constructed by Flaschka and Sawyer (57). Most photo-
metric titrators reported in the literature have been modified commercial
filter photemeters or spectrophotometers. These modifications are often
difficult to meke and furthermore hamper the application of the instru-
ment for its intendecd use. But the greatest disadvantage is that the
titration cell must be housed in a light tight compartment. Thus, the
preblem becomes one of buillding a cell se that it can be used with the
instrument thus limiting the size and shape of the vessel. The cell
must be large enough se that the entire beam passes through it and it
must be small enocugh to fit into the compartment. It is most convenient
if the titration cell can be used in the open so that a range of sizes
of vessels can be used. In additien the operator can examine the cell
and its contents in order to detect such effects as turbidity, presence
of dust particles ané. the position of the stirrer.

The design of the apparatus is not as critical as for a general

purpose photometer but certain important requirements must beifﬁifiii§dt

SN .
High electrical and mechanical stability are necessary so that no fluct- .
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high optical stability must be méi;tained during the titratien. The
positien ef tﬁe titration éell is not critical as long as 1t remains
unchanged during the titratien.. The design of?the titratien cells is
not cr%tical either. The faces of the vessels need only be appr@xif
mately plane and parallel. The exact length of the light path as well

as the optical purlity of the faces are of ne moment.

Components of the Photometric Titrator

A schematic diagram of the photetitrator is shown in Figure k.
The light source, a G.E. Bulb, type 425, is connected threugh a varia-
ble resistor to a 6 velt lead sterage battery. The bulb draws enly &
small current which guarantees g negligible voltage drop. A diaphragm,
which has a wedge-shaped epening, is placed in the light path te enable
contrel of the light Intensity ceptically. A cendensing lens next pro-
duces a parallel beam of light. These compoenents are mounted in a box
at ene end of the base of the titrater. The titration vessel is held
in place by a clamp which is in turn held securely by twe springs to the
light detector compartment. This cempertment, at the oppesite end of
the base of the titrator, is constructed se that an interference filter
can be inserted between the titration cell and the photodetector. Inter-
ference: filters are used to provide better monochromaticity. The light
is then focussed on the light detector by another lens. The photedetector
is a solid state device consisting of a symmetrically diffused NPN sili-
con junction mounted in the focal plane of a small lens. This device,
(a Texas Instrument.Co.,1N2175, photoduodiode) is 12 mm in length and

2 mm in diasmeter; the phetosensitive surface is only & fraction ef 1 mm2
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Figure 4. Diagram of the Phototitrator.
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in area. Bensitivity, as well as spectral response characteristics
are very satisfactory for the present purpcses. The photodetecter is
connected to a galvanometer (a Rubicen Instruments Co. device) with a
sensitivity of 7 x lOlo amp/nm. Compensation for dark current is ob-
tained by a zero-adjusting cirvuit. A zero-suppressor circuit is alse
included te enable scéle expansioen.

The advantage that the titratien cell is open to the ambient
light is the result of the use of the very small photodiode. In order
for light te strike the diode it must pass through the fecussing lens
and therefore pass within a very small angular range. In additien the
stray light must pass through the interference filter. The arrangement
i1s so effective that the motion of a high powered flash-ligh about the
apparatus could not be detected. The entire instrument is painted a
flat black beth inside and out. All external wiring was made of shielded

cable te aveid spurioeus response be the galvanometer.

Titration Cells. Stirring.

The cells were constructed of plate glass cut into rectangular
pieces and boended with epoxy resin. Cell volumes of appreximately 100
te 200 mls and light paths of 1.5 te 3 cm were constructed and proved
to be satisfactory for most titrations in the macro scale. Cells were
also constructed of Pyrex glass so that titratiens could be made at
elevated temperatures. Heating was accomplished by a spiral wire in-
serted into a U-shaped Pyrex glass tube.

The stirrer is a glass rcd with a small propellor at the lower

end and driven by a 6 v dec motor. The direction of rotation and pitch
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of the propellor are such that the motion of the stirred liquid is from

bettom to top.

This prevents the formation of air bubbles which could

interfere with the titration.

Other Instruments

Spectreophotometers

A1l spectral curves were made with a Cary Model 14 Recording

spectrophotometer with the kind permission of the Coca-Cola Comparny.

This aid is gratefully acknowledged.

pH Meter

A1l pH measurements were made with a Leeds and Northrup pH meter.

The device was calibrated with potassium acid tartrate ( saturated solu-

tion, 25°C, pH 3.57).

Automatic Burette
A Sargent Automatic Constant Rate Burette Model C was used to

deliver the titrant with an uncertainty of + 0.002 ml.

Glassware
The usual volumetric ware such as calibrated volumetric flasks,

calibrated pipettes, calibrated burettes, flasks and beakers was used

as required.
Chemicals

Disedium Ethylenediamine Tetraacetate, Dihydrate (EDTA)

J. T. Baker Chemical Company "Baker Analyzed" Reagent EDTA was

A few pellets of sodium hydroxide were

disselved in de-ionized water.
The solution was prepared

required to hasten and aid the dissolution.
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to be approximately 0.1 M and standardized against a standard copper
solution.

Ethyleneglycol-bis( aminoethyl )-tetraacetic acid (EGTA)

The G. F. Smith Chemical Company EGTA was used to prepare approxi-

mately O0.1M soluticns of the chelen. Dissolutien was aided by the addi-

tion of a few pellets of sodium hydroxide. Turbid selutions were filtered.

The EGTA selutions were standardized. against calecium chloride solutions
prepared from J. T. Baker reagent grade calcium carbenate. The indica-
tor Calcon was used to detect the end:-point.

Triethylenetetramine, Disulfate (Trien)

The trien sclutions were prepared by dissolving the salt in de-
ionized water with the aid of a few pellets of sodium hydroxide. Turbid
solutioens were filtered. The approximately 0.1 M solutions of tfien
were standardized against standard copper solutiens and the end point

detected photometrically.

Eriochrome Black T Indicator Powder (Erio T)

One gram of the solid Erio-T was thoroughly greund with 200 gm
of reagent grade sodium chleride. J. T. Baker Reagent Grade Erio-T and
sodium chloride were used. The indicator powder was stored in tightly

stoppered polyethylene bottle.

Murexide Indicator Powder

The J. T. Baker reagent was ground with sodium chloride in the

same proportions as the Erio-T indicator. The powder was stored similarly.

Pyrocatechol Violet Indicator (PCV)

Jd. T. Baker Reagent Grade powder was used. Approximately 50 mg
of the dye was dissolved in 50 ml of water and stored in a polyethylene

bottle. The solution is stable for more than two menths.
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Calcon Indicater Powder

The powder was prepared in the same manner as the Erie-T powder.

L-Ascorbic Acid

Eastman Grgenic Chemicals reagent was used.

Triethanelamine

J. T. Baker Reagent Grade material was used teo prepare approxi-
mately 20 per cent (v/v) aguecus selution fer masking reagent.

Potassium Cyanide

J. T. Baker Reagent Grade selid was used for masking.
Bases

BuPont concentrated ammenium hydroxide was used. J. T. Baker
Reagent Grade sodivm hydroxide pellets were used to prepare solutions.

Acids

DuPent concentrated hydrochloric, nitric and sulfuric acids were
used to prepare solutioens.

Copper Nitrate Solution

J. T. Baker Reagent Grade copper wire was cleaned and dried and
accurately weighed to give exactly 0.1000 M solutions. The wire was
dissolved in nitric acid, the soclution carefully warmed to dispel oxides
of nitrogen and diluted to the mark. This solution was used to stan-
dardize the EDTA and Trien solutions.

Calcium Chleride Soluticon

J. T. Baker Reagent Grade calcium carbonate was accurately weighed
and dissolved with hydrochloric acid to prepare standard solutiens. The
selution was carefully warmed to dispel excess carbon dioxide then diluted
te the mark after ceoling to room temperature. This solution was used

to standardize the EGTA solution.
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Other Metal Salt Solutions

J. T. Baker reagent grade metal salts were used to prepare the
aqueous solutiens. If the salt undergoes hydrolysis a few drops of
nitric scid was added.,

Hydrogen Peroxide

J. T. Baker Reagent Grade 30 per cent hydrogen peroxide was used
for an oxidizing agent.

Tartaric Acid

J. T. Baker Reagent Grade solid tartaric acid was used.

Buffer Solutions

Buffer pH 10

J. T. Baker Reagent Grade ammonium chloride and DePont ammonium
hydrexide were used to prepare the buffer. Ammonium chloride (70 gm)
and ammonium hydroxide (570 ml) were combined and diluted to one liter.

The solution was stored to be used as a stock solution.

Buffer pH 5

J. T. Baker sodium acetate and DuPont hydrochloric acid was
used. Sodium acetate (27.3% gm) and hydrochloric acid (60 ml of 1 N)

were combined and diluted o one liter.

. Stendardization Procedures

EDTA Standardization

An aliquot of the copper solution was pipetted into a flask and
buffer of pH 10 wzs added until a deep blue color formed and ne turbidity

observed. This was dliluted with deionized water. Murexide indicator
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was added and the solution titrated with EBTA until the ccelor changed
frem yellow (greer.) to deep violet.

EGTA Standardization

An aliquot of the standard calcium chleride solution was pipetted
.inte a flask and diluted with de-ienized water. This was fellowed by
the addition of sedium hydrexide solution and Calcon powder. The so-
lutien was titrated until the red coler changed to blue.

Trien Standardization

An aliguot of the standard copper nitrate soelution was pipetted
into a phetometric titratien cell. The solution was diluted and buffered
with ammonium acetate. This sclution was used to set 100 per cent trans-
mittance. The solution was titrated“with trien. Transmittance values
were recorded, converted to absorbance and plotted versus the volume of

trien added on linear graph paper. The end point was located by extra-

polation.

Stendardization of Metal Ion*Solutions

Cobalt and Nickel

An aliquot of the metal ion solution was pipetted into a flask
and buffer pH 10 added. Powdered murexide was used as the indicator.
The seolution was titrated with EETA standard solution until the color
of the solution changed to a deep violet.

Magnesium, Cadmium and Zinc

The same procedure as used for copper, etc., was used for these
metals except that Eric T was the indicator. The titration was termi-

nated when the solution changed to a deep blue.
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CHAPTER IV

OPERATION OF THE PHOTOMETRIC TITRATOR
-AND THE TITRATION PROCEDURE

Obtaining and Recording of Data

The output cf the photediede is an electrical current which re-
sults when the transmitted light strikes the pheto-sensitive portion
ef the photodicde. This ocutput is displayed on the galvancmeter. The
current is propertional to the intensity of the transmitted light. The
procedure for establishing the transmittance scale for a photeometric
titration is the same as used for normal spectrophotometric measurements.
The zero per cent transmittance peint is adjusted with the shutter closed
and the 100 per cent transmittance point is adjusted with water (or blank
solution) in the light beam. Now the galvanometer can indicate trans-
mittance readings between zere and 100 per cent T.

One way to obtain the titration curve is to place the titration
vessel filled with water (or blank) in the light beam, adjust the zero
point with the shutter closed and then, with the shutter open, adjust
100 per cent T with the diaphragms. The water is removed from the ti-
tration vessel and replaced with the selution to be titrated. It is
also possible to add an aliguot of the unknown selutioen te the blank
solution which already contains the buffer, masking agents and any other
auxiliary reagents required for the titration. The titratien is started
and the transmittance readings are recorded after each increment of ti-

trant is added.
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Since the absofbance, not the transmittance, is related linearly
to the velume of titrant, the results mgy be treated in twe ways. The
-per cent T is first transformed te abserbance by the use of tables of
logarithms (it is convenient to prepare a table which contains the con-
versions already calculated) and the latter is plotted on linear graph
paper, or per cert T is plotted directly on semi-logarithmic paper.

The latter procedire is simpler.

Considerations for Obtaining Higher Precisien

The course which a titratien curve may follew, in general, is
of two kinds: the absorbance will either increase or decrease during
the titration. Furthermere, if the changes in absorbance ( transmittance)
cover a large portion of the scale (preferably the entire ééale) the
instrument is being used to oﬁtain the highesf precigion pessible.

For the case when the transmittance decreases during the titra-
tion (abserbance increases) and ﬁhe solution has a high initial absorb-
V “ance, higher precisien can be obfained by using the solutien te be
titrated as the reference solution (57)c The precision ef the measure-
ment is thereby increased by a factor of lO@/Ti, where Ti stands fér the
per cent transmittance of the solution with water used as a 100 per cent
T reference. The follewing problem will illusﬁrate the advantage of
this modification. Assume that the transmittance is adjusted te 100 per
cent with water and zero per cent T with the shutter closed. When
the sample is placed in the light beam the reading is 50 per cent T.
Assume next that during the titration the transmittance decreases to

a final value of 30 per cent T. Only 20 of the 100 divisions on the
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scale have been used. Now the 100 per cent T point is adjusted with
the starting solution instead of Wéter. This reguires that the light
intensity be increased by means of the diaphragms or electrically
through a variable resistor. In this example the light intensity must
be doubled. With regard to water as the reference, the 100 per cent

T point is outsides the galvanometer scale te the right, viz., at 200
S.D. (scale divisions). Thus the scale reads frem 50 per cent T on
the right to zero per cent T on the left. The scale range which will
now be used in this titration will be from 100 S.D. to 60 S.D. or 4O
S.D.

When using one-cycle semi-logarithmic paper, however, the only
differences in.the plots of these twe titration curves is a parallel
shift of one curve with respect to the other in the direction of the
ordinate. The actual span on the ordinate is the same for each curve,
because the change in gbsorbance units fer the particular titration is
the same regardless of the method of plotting results or instrumental

adjustment. For the example, the absorbance change A A, 1s
A A = -1og(0.50) + log(0.20) = 0.3C - 0.70. = -0.40

which i1s the same ordinate distance in length on semi-logarithmic
paper whether the plot is from 50 to 30 S.D. or from 100 to 60 S.D.
However, the higher precision gained in the galvanometer scale reading
is nullified by the closer spacing of the lines on the graph paper.
Thus the transmittance readings must be converted to absorbances and
the plot drawn on linear graph paper so that an appropriately higher

precision scale can be chosen.
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If during the titration the transmittance increases, the attain-
ment of higher precision must be handled differently. Cbviously adjust-
ing 100 per cent T with the solution to be titrated would result in the
galvanometer pointer moving off scale at some time during the titration.
Assume that the solution again shows 50 per cent T when measured using
water as the reference solution (100 per cent T) and that during the
titration the transmittance increases to 70 per cent. The suggestion
that, instead, the starting solution sheuld be used to adjust the zero
per cent T point by electrical adjustments will give an incoerrect ti~
tration curve. This can be shown in a general manner (58). Confusien
can be aveoided if one keeps in mind that measurements are made/using
a real galvanometer scale divided inte 100 scale divisions. Expansion
of the scale will result in different values being attached to the S.D.
It is helpful, alsc, to imagine that the scale extends off to the right
and left sides of the real scale. For example, in the first preblem
the 100 per cent T point was another 100 S.D. to the right, i.e., at
200 8.D. When S5.D. are referred to in the discussion they may not
necessarily refer to the numbers or the markings on the real galvanome-
ter scale. Also the relationship between S.D. and transmittance values
should be kept in mind.

Assume that the zero point for a titration system is at M S.D.
Adjustment of 100 per cent T is made and this corresponds to N S.D.
When the sample is Introduced into the light beam, the reading is P S.B.
The per cent transmittance corresponding to the reading P S.D., with

respect to the total scale is given by the relation

(N-M) : 200 = (P-M) : % T
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which yields
%T = 100(P-M) /( N-M)
Hence the absorbance is given by

A= -1051%2—

100) = -log(ﬁfﬁ) = log(N-M) - log(P-M)

Consider first whst occurs if zero transmittance corresponds to the
real zerc point on the galvancmeter scale i.e., M=0. The expression

for abserbance sginplifies to
‘A =1leg N - log P

Thus the absorbance is directly propoftional to the logarithm of the
reading from the galvanometer'écélé'and:the‘procedure of pletting log
P on linear'paper’ofvP on logarithmic paper will yield the correct
titratien curve. P must, of course, occur on the readable portion of
the galvancmeter scale. Log N remains constant during the titration
so that additien or subtraction of this value will shift the curve up
or down but will not influence the end point. By subtracting log P
from 2 it is insured that the titration curve starts at the zero point
of the ordinate.

If the galvanometer zero does not cerrespond to zerc light in-
tensity, then M = 0. This would be the situation first suggested, i.e.,
setting zerc on the galvanometer with the unknown seolution. fhe value
of log (N—M) is still a constant but it would no longer be correct to
plot log P. Instead log (P-M) must be plotted. This requires that

the value of M (in S.D.) be.known. In practice M can be determined by
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setting the galvaanometer zero with the shutter closed and then introducing
the solutioh into, the light beam. The galvanocmeter will now read M scale
divisions, so that if the galvanometer 1s now adJjusted to zero again
electrically; it is necessary to add the value of M to each reading
during the titratien to obtéin the correct curve. The electrical ad-
Justment may be performed with an adjustable voltage connected to the
terminals of the galﬁanometer to allow the entire scale to be shifted

an arbitrary amount in either direction. Regardless of the value of

M it 1s possible to subtract log (PnM) from any arbitrary constant in
order that the titration curve starts at the zero point of the ordinate.
If the zero is shifted to -100 S.D. ( = M) and the initial selution

is used to set 100 5.D., the logarithms of P - 100 are subtracted from
2,301 ( = lgg 200) in order to start the curve at the zero point of

the ordinate.

There are two situations in which M is not set equal to zero.
First, such a setting may be used in order to achieve increased preci-
sion in the measurement when transmittance decreases during the titra-
tion. ©Second, it may be necessary to set M less than zero so that the
galvanometer readings do not go beyond the readable scale of the galva-
nometer dpring a titration where the transmittance increases.

When the transmittance decreases during the titration a greater
increase in precision can be obtained by displacing the zero point.
(i.e., the galvanomefer setting with no light reaching the photodiode).
Consider a hypothetical titration during which the transmittance de-

creases from 50 per cent T to 40 per cent T (water is used to set 100 .
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per cent T). Using the solution to be titrated to set 100 per cent T
the precision can be doubled. The transmittance will now decrease from
100 S.D. te 80 S.D. However, the precision can be increased again.
First the 100 per cent T is established with seclution to be titrated.

By moving the galvanometer needle through the application of an addi-
tional veltage the 100 5.D. setting is shifted to the zero 5.D. setting.
Thus the zero point is shifted 100 S.D. to the left. Then with the
same solution in the cell the scale is expanded by increasing the inten-
sity of the light so that the galvanometer needle is set at 100 S.B.

The galvanometer deflection during the titration is now from 100 to

60 S.D. The precision with which the galvanometer can be read has been
quadrupled. .

For a system where the transmittance increases during the titra-
tion, the zero peint (i.e., the galvanometer setting with no light
reaching the photodiode) may be adjusted to -100 3.D. First, zeréris
set by not allewing any light to reach the photodiode. Then 1600 S5.D.
setting is adjusted by increasing the light intensity; this is dene
without using a reference solution. The 100 S.B. setting is then dis-
placed to the left by applying the appropriate voltage in order to com-
pensate the voltage which gives rise to the 100 S.D. setting. Thus the
galvanometer zero is shifted to -100 3.D. The solutien te be titrated
is placed in the cell and by adjusting the light intensity the galva-
nometer needle is set on zero. During the titration the galvanometer
needle will deflect upwards. If large changes in absorbance occur the
peinter may leave the galvanometer scale. This can be avolded by de-

creasing the sensitivity through selection of a less negative value of M.
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Several pre-titrations may be necessary to determine this. This incon-
venience may be clrcumvented by operating with a "sectioned" titratioen
curve (58). Whenever the pointer reaches 100 S.D. a resetting to the
zero point of the galvanometer is performed by changing the light inten-
sity. This procedure may also be used when the pointer reaches the zereo
-point of the galvanometer scale during a titration in which the trans-

mittance decreases.
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CHAPTER V

THE CONSECUTIVE TITRATION OF CALCIUM AND MAGNESIUM

Introductien and Review

The analysis of solutions containing mixtures of calcium and
magnesium is possible using gravimetric procedures or a combination ef
a gravimetric procedure and titration. The latter method should really
be calssified as a separation. Calcium can be separated from magnes-
ium by. precipitation as calecium oxalate. But even this precedure must
be preceeded b; a separation of all metal ioens exXcept magnesium and
the alkali metals. Calcium oxalate can be precipitated homegeneously,
dried or ignited and weighed as the oxalate, carbonate or exide. Numer-
ous sources of error exist. Magnesium oxalate is both occluded and
postprecipitated. If the sodium ien concentration ie high sodium
oxalate is coprecipitated. If the magrnesium te calcium ratie is high
the separation is very unsatisfactory. Small amounts of calcium es-
cape precipitatiorn and must be recovered from the magnesium pyrophos-
phate if magnesium is determined in this way. The classical: permanga-
nometric or cerimetric procedure depends on the precipitation of calcium
oxalate and hence some of the errors which occur in the gravimetric
procedures still.exist. .After the calcium is removed the magnesium
can be precipitated and ignitated to the pyrophosphate or it can be
precipitated with oxine and titrated with a standard seolution of potass-

ium bromate-potassium bromide.
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The introduction of EDTA simplifies the analysis of Ca and Mg
mixtures greatly. The "classical" complexometric determination of
calcium and magesium is based on the use of two aliguots. In the first
aliquot calcium is titrated at a pH greater than 12 where magnesium
preciplitates as the hydroxide. In the second aliguoct the sum of the
two metals is determined at pH 10. The magnesium content 1s determined
by difference. This procedure 1s a significant improvement over the
methods previously available. However, certain disadvantages and limi-
tations persist and many papers have been published describing attempts
to overcome them.

The method of masking magnesium by hydroxide precipitation has
some disadvantages. The precipitate will include some calcium, thus
causing an error which will become intolersbly high when a certain Mg:Ca
ratio is exceeded. This error may be significantly reduced by adding
an excess of EDTA over the amount of calcium present and then precipi-
'tating the magnesium as hydroxide. The excess EDTA is then back-
titrated in an aliquot of the clear supérnate ('59). The procedure
should be strictly classified as separation and not as masking. Lott
and Cheng (fﬂ» were gble to decrease the co-precipitation of calcium
considerably by the addition of polyvinyl alcohol. Burg and Conaghan
(61) reported the same effect with acetylacetone.

Still another problem arises when the hydroxide masking procedure
is used. The-precipitateadsofbs the indicator. This problem has been’
studied in detail by Belcher and coworkers (:62). Again the addition of

polyvinyl alcochol or acetylacetone is an effective remedy.




Despite these improvements the precipitate still was considered
as a potential source of trouble and its exclusion seemed desirable.
Tichomirova and Simackova (63) performed the titration of calcium at a
high pH and prevernted the precipitation of magnesium by adding tartrate.
For large quantities of magnesium considerable amounts of tartrate are
needed to prevent preciplitation. When applying this method using ERTA
as the titrant high results are obtained for calcium according te Burg
and Conaghan and this indicates that some of the magnesium is being
cotitrated { 61).

The introduction of EGTA (ethyleneglycol-bis(aminocethyl)-tetra-
acetic acid) as a .titrant for calcium greatly improved the situation.
Thé titration of calcium could be performed at a pH where magnresium
remains in solution without the addition of a masking agent. The log-
rithms of the stability constants-of the calcium and magnesium complexes
are 11.0 and 5.4 respectively { 6k4). The differéno? of 5.6 units is
sufficient forﬂthe selective titration‘of calcium in the presence of
magnesium. Excellsnt results have been obtained using a potentiometric
end-point with the mercury drop electrode on the m;cro- (65) as well as
on the ultramicro scale (¥6). An indirect end-point using the zine-
‘Zincon system was developed; which permitted a Visﬁal titration { 67).
Unfortunately, this indicator system is very sensitive to changes in
PH and the ammonia concentratioh thus causingvdifficulties in its appli-
cation to practical analysis. Both methods are further restricted be-
cause certain important masking agents, in particular cyanide, cannot

be used.
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Burg and Conaghan proposed a combingtion of the old and new
methods (61). These investigators titrated calcium at a high pH with
EQTA (using Calcon as the indicator) in the presence of tartrate to pre-
vent the precipitation of magnesium. No magnesium was co-titrated under
these conditions hecause of the favorable ratic of the stability con-
stants. Unfortunately, it was impossible to proceed with an EDTA ti-
tration of magnesium (using Erio-T indicator) after léwering the pH
because the end-poiﬁf was sluggish. Therefore, they titrated the sum
of calcium and magnesium in anether aligquet and calculated the magnes-
ium content by difference. The use of aliquots is inconvenient and
imposes a limitatien on the procedﬁre when only small samples are
available for analysis. Another difficulty arises in adjusting the pH
to the high value of 13 when a composite sample is to be used and
ammonium salts have been introeduced duringfany~prQVious'analytical
operations. These salts would have to be remo;edibefore the calcium
titratioen. '

Because of fhe complications that occur when calcium i1s titrated
in the presence of magnesium hydroxide it seemed worthwhile to investi-
gate whether or not the selective titration of calcium at a lower pH
is possible. The pH should not be higher than sbout 10 sc that magnes-
" ium is not precipitated and errors due to-occlusion, coprecipitation
and large excess of masking agents do not occur. In addition the deter-
mination of magnesium after the calcium by using a different titrant

and/o; indicator szeemed to be possible.
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Experimental

Apparatus
All titrations were performed with the photometric titrator
described in Chapter III. Plate glass titration cells with light paths
of 1.5 and 3 cm and capacities of 100 to 200 ml were used. The usual
volumetric glass ware was used to prepare solutiens. The titrant was
delivered with the Sargent Automatic Burette. The absorbance curves
were made with a Cary Model 14 Recording Spectrophotometer.
Reagents
All reagent solutions were prepared by dissolving the appro-
.priate chemicals in de-ionized water. Standard selutions were prepared

in the manner described in Chapter IV.

Results and Discussion

An inspection of Table 1 will show why EGTA is a geod cheice
as a Fitrant for celcium in the presence of magnesium. The difference
between the logérithms of the stability constants is 5.6. 1In order to
selectively titrate one metal in the presence of a second metal the
difference should be about 6. If an indicator is used for a visual
detection of the end point the difference should be about 8. Thus EGTA,
theoretically, is a good titrant but an instrumental detection of the
end point is necessary.

Performing the titration at pH 10 prevents the precipitation of
magnesium hydroxide. Also, the pH is maintained at 10 so that the &
factor of EGTA is low; the value of the & factor at pH 10 is 0.1 (63).

The choice of a step indicator for this titration was made on

the basis of a series of titrations of calcium chloride solutions at




Table 1. Logarithms of Stability Constants (64)
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Chelon
Metal ion BGTA EDTA Erio T Murexide
Mg 5.4 8.7 5.&4 -
Ca 11.0 10.7 3.84 o)
Sr 8.5 8.7
Ba 8.4 7.9

*
- Apparent stability constants at pH 10 (68).
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‘pH 10 (ammonia—ammonium chloride buffer) with EGTA. The indicators
used were murexide, Erio T, calmagite and calcon. The titration curves
obtained using these indicators were compared. Erio T, calmagite and
calcon were unsatisfactory as step indicators. The titration curves
showed too much curvature; extrapolation was difficult and even im-
possible in some cases because the curvés showed no straight portioen
on which té base an extrapolation. This is due to the low stability
of the calcium-indicator complexes. In addition, magnesium forms
stronger complexes with these indicaters than calcium and would there-
fore seriously interfere witli calcium end point. The photeometric ti-
tration curve for calcium using murexide as the indicator was very
satisfactery. An exemple of this curve 1s shown in Fig. 5, Curve A

( No Mg). The change in absorbance as calcium-murexide is transfermed
to free murexide and calcium-EGTA is sufficiently large so as to pro-
vide adequate sensitivity. Ne curvature occurs at the end point. Ex-
trapolation from points immediately before and after the end point is
sasily accomplished. The color transition is very unsuitable for the
eye (salmon-red to orange-yellow) but the photetitrator detects the
change satisfactorily.

The addition of ascorbic acid td prevent the oxidation of the
uncomplexed murexide is imperative. Before the end point a very slight
drift in the‘galvanometer needle could be detected if no ascerbic acid
was present. After the end point, however, a very pronounced drift
occurs in the galvanemeter needle. Oxidation of the murexide while it
is in the metal complex does not occur to a great extent. After the

end point, when the murexide has been freed from the metal complex, it
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Curve A - Calcium titratien curve
Ca:Mg Ratie indicated at the start of the curve.

Curve B - Magnesium titration curve.
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is rapidly exidized. In the presence of ascoerbic acid this decompoesi-
tien is prevented. A time study showed that if a spatula tip of ascerbic
gcid is added to the solutien to be titrated the murexide indicator is
stable for at least eight to tem minutes. If the titration is to be
prolenged mere ascorbic acid must be added.

The spectral curves of the free murexide and the calcium-murexide
complex are shown in Fig. 6, Curves I and II. The solutions used to
make the spectral curves were prepared in the fellowing manner: two
samples of murexide of identical weight were put into velumetric flasks,
buffer of pH 10, and ascerbic acid were then sdded. To ene sample cal-
cium chloride solution in excess of the murexide was added. The solu-
tions were diluted to the mark and the gbsorbance curves were taken.

From these curves the A-curve was determined, Fig. 6, Curve A. The
largest difference in gbsorbance between free murexide and calcium-
murexide occurs at L90 mu. Murexide has been used for indicating the
end peint for calcium titrations sbove pH 12 where complexes of different
compesition and coler exist (51) but it has never been used at pH 10.

Theoretically, magnesium will net interfere with the titratien
of calcium at pH lO using EGTA as the titrant and murexide indicator.
That the magnesium did not interfere was verified experimentslly. Solu-
tiens of known calcium concentration were titrated in the presence of
increagsing amounts of magnesium. The results of scme of these titratiens
are presented in Table 2. Calcium canh be determined even when the magne-
sium to calecium ratio is 130/1.

The titration curves in Fig. 5, Curve A, show the effect of in-

creasing magnesium concentration; as the magnesium cencentration increases
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Table 2.
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Representative Results for the Titration of Calcium

in the Presence of a-Large Excess of Magnesium

CaCL, (0.1 M)

Mg(N®5)2 (0.1 M)

‘Mg:Ca
Taken (ml)  Found (ml) ratio Taken (ml) ‘Found (ml)
1.13 1.15 22:1 25 not
determined
1.24 1.17 40:1 50 "
1.00 1.04 100:1 100 "
1.51 1.55 132:1 200( 0.2M) "
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~(l:2, 1:25, ete.) the slope of the line before the end peint decreases.
These titration curves were obtained by repeating the photometric ti-
tration precedure for titrating calcium on successive solutions con-
taining increasing amounts of magnesium. Although the slope decreases,
the extrapolation is not difficult te make and the end poeint can still
be eagily located. The data can be plotted on linear graph paper also,
in order to increase the precision in lécatihg the end point. The
curves were obtained without increasing the sensitivity of the instru-
ment.

When the magnesium éoncéntration Qés large a turbidity formed
while preparing the solution to be titrated. This turbidity, which 1s
due to magnesium hydroxide, can be avoidéd if the solutien is prepared
cautiously. The procedure is carred out in the following manner:
aliguots of calcium and magnesium selutions are pipetted into the ti-
tratien cell which contains about 100 ml of water, ascorbic acid is
added and the pH of the solution is measured with a pH meter. The pH
is adjusted to 10 by the dropwise addition of a dilute sodium hydrexide
solution. The solutien is stirred vigorously while adding the sodium
hydroxide teo aveld local precipitation of magnesium hydrokxide. Similarly
when the buffer 10 1s added the solution is stirred vigerously. This
solution is then used to set 100 per cent transmittance. Murexide is
added and the soelutien titrated.

Magnesium also forms & weak complex with murexide at pH 10. The
spectral curve of the magnesium murexide complex is shown in Fig. 6 (velow)
Curve III. If the magnesium concentration is high then the celor change

which eccurs at the calcium end point will be from the celer of calcium-
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murexide to that of magnesium-murexide instead of the color of free
murexide. For the photo-titrator this i1s not a serious problem. An
isesbestic point can be found at about 505 mp for magnesium murexide
and free murexide. At this wavelength, then, the response the photo-
titrator is the same regardless if the ;olor change is to magnesium
murexide or te free murexide. This fact is evident from the A-curve
Fig. 6 (above), Curve B, also. This curve is obtained by subtracting
the gbsoerbance curve of the free murexide from the curve of the mag-
nesium murexide complex. The optimum wavelength for the titration,
505 mu, can also be found from the A-curve, Fig. 6 (above), Curve C.
Despite the fact that;thgwmdgneéium nurexide complex is weak

a large excess of magnesium,might cause a shift in the equilibrium
Ca-Mu + Mg &=—MgMu + Ca

(omitting charges for simplicity) towards the right to an extent that
no useful end poeint could be obtained. The titration curves show that
even with Mg:Ca ratios of 130:1, the break in the titration curve is
still Sufficiently pronounced to permit a sound extrapolation towards
the end point.

The new method for analyzing for calcium in the presence of
magnesium was further evaluated by the‘analysis of a National Bureau
of Standards sample of "Burned Magnesite No. 104."™ The following pro-
cedure was used: an accurately weighed sample of the burned magnesite
was dissolved with aydrochleric acid gnd diluted to 250 ml in a volu-
metric flask. A 25.00‘m1 aliguoet was taken with a pipette and first

treated to mask the iron. To do so the aliquot was diluted to about




9

100 mls and tartaric scid added. The solution becomes yellow due to
the formation of the ferric-tartrate complex. A large excess of tar-
trate must be avoided. :Thelsolution is neutralized with sodium hydrox-
ide until the solutioen changes to a brown color. Ten ml of buffer 10
is added. Next 0.1 gm of potassium cyanide is added to convert the
ferric iron to the ferricyanide. The selutien becomes deep yellow.
About 0.1 gm of ascorbic acid is added and the solutien is heated
almest to boiling. The ferriecyanide was reduced to ferrocyanide and
the solution changed té almost colorless. A slight turbidity formed
which was filtered, washed and discarded. The filtrate was transfered
to the titration cell. Ascorbic acid and fivé mls of 10 per cent tri-
ethhanolamine soltuion te mask aluminum and manganese was added. The
solution pfepared in this way finally was used to set 100 per cent
transmittance. About O.1 gm of murexide powder was added and the so-
lution titrated with 0.09731 M EGTA. A determination in triplicate

gave the following results:

mls EGTA % Cao

I 1.28 3.3k

I 1.26 3.29
IIT 1.27 5.51
Avg. 1.27 3.351

National Bureau of Standards Certified Value 3.35

The titration of magnesium in the same solution after the cal-
cium determination wi’ll be considered next. Whether or not EGTA can

be used as the titrant can be decided from theoretical censiderations.

The stability constant of the Magnesium-EGTA complex is lew (log K=5.4).
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‘I a selution of magnesium at a concentration of 10 © M is assumed, a
KCm value of sbout 100 results which is satisfactory if a self indi-
cating system is used for detecting the end point. Since magnesium,
magnesium-EGTA and EGTA are all colerless this method is not feasible
at least not in the Vvisible range. Another pessibility is the use of
the indicator Erio T for step indication and EGTA as the titrant. The
requirement for step indication is that the lOg(KMY/KMI) = L where

KMY and KMI are the apparent constants for the metal-complex and metal-

indicator complex. For erie T and EGTA then one would calculate
log (5.4/5.4) =0

Thus EGTA would not be a satisfactory titrant.

The classical procedure for theLEBTA titration of magnesium
uses Frio T as the indicator. The log of KMgY/KMgI is 3.3 which is
a borderline case but Erio-T is a very satisfactory indicator for
magnesium titratioens. The classical method can be applied here after
the titration of the calecium using‘murexide indicater. The photo-
titrator will be necessary because of the background celoer due to the
reagents used in the calcium determination. The optimum wavelength
for the titration can be deduced from the A-curves or from the spectral
curves of magnesium-Erio T and free Erio T (69). The optimum wave
length is 620‘@“ and fortunately a 622 mu interference filter was
available.

After the titration of caleium, free murexide and excess EGTA
will be present when the magnesium is titrated. A study of the effects

due to the presence of these reagents was conducted. A series of
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titraticons of magnesium in the presence of murexide and excess EGTA
was mede. The excess of EGTA is due teo the sdditien of the titrant
beyond the end point in order te provide a basis for the extrapola-
tion. Representative titration curves gre shown in Fig. 7. Curve A
is the titration curve of magnesium in the presence of an amount of
murexide eguivalent to that used in the calcium determination. No
effect ceuld be detected on the titration curve. Murexide dees not
absorb at 622 mu. Curve B shows the effect of EGTA on the titratien

curve for magnesium. The solution contains a large excess of EGTA;

"more than four times that which would be present when titrating past

the caleium eguivalence point. The sloepe of the titration curve be-
fore the end point is decreased indicating that some of the magnesium
is combined with EGTA.

The results of a serieé of titrations of mixtures of calcium
and magnesium are presented in Table 3. A typical set of titration
curves are shown in Fig. 5, Curves A and B. The curves are cenven-
iently plotted on logarithmic paper using the ordinate for the galva-
noemeter readings ard the abscissa for the voelume of titrant. There-
sults were satisfactory so that it was not necessary to:increase the
sensitivity of the instrument. The magnesium curves show no - inter-
ference because of the excess of EGTA.

In general, those metal ions which interfere in the visual
determination of calcium and magnesium will interfere with the pheto-
metric titration. The same methoeds of masking can be applied with
the exception of masking by precipitatien.

The effects of the masking reagents en the calcium and magnes-

ium titrations were evaluated by repeating the calcium and magnesium
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Table 3. Representative Results for the Titration of
Caleium and Magnesium

CaCl, (0.1 M) Mg(N@5)2 (0.1 M)
Taken (ml) Found (ml) Taken (ml) Found (ml)
2.95 2.95
3.11 3.10
5.57 5.39
9.74 9.72 none

2.95 2.96
5.23 5.22
9.45 9.50

3,60 3.65 6.02 6.02

4,29 4.29 3.66 3.61

6.43 6.42 4,38 h.ohl

2.24 2.26 25.66 - 25.67

2.14 2.16 2.26 2.2%

2.29 2.30 4. 36 L. 3L

3,44 3.40 2.26 2.30

©1.05 1.05 k.11 .12

3.07 | 3.06

0.94 0.98

none 3.07 3,06

2.78 2.79
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titratiens in the presence of the masking reagents. Predictably, po-
tassium cyanide (C.5 gm) and triethanolamine (10 mls of a-25 per cent
solution) have no effect on thé titration of either calcium or mag-
nesium. Tartaric acid was found to be detrimentsl when present in
excess of a certain amount. If the tartrate concentration is greater
than approximately three times the molar concentragtion of calcium, a
time effect is obs=rved. This is due to the displacement of calcium
from the calcium-murexide indicator complex.by tartrate and subsequent
formation of a calecium-tartrate complex. When ne tartrate is present
the solution prepared for the noermal calcium titration is stable as
manifested by the motionless galvanometer needle. The addition of tar-
trate has no apparent effect until it is present in threefold excess
then the galvanometer needle begins to drift upward indicating the re-
lease of murexide. Thus when using tartaric acid -- especially for the
iron masking procedure -- only enough tartaric acid must be added to
camplex the iron and then provide only a slight excess so that the cal-
cium titration is not hampered.

Calcium and magnesium could be successfully titrated in the pre-
sence of nickel, zinc, copper, cadmium and mercury when potassium cyanide
wasused as masking reagent. Titrations were dene with metal ion con-
centrations up to twice the calgium concentration. No specigl precau-
tions are required as to the amount of cyanide added since the excess
has no effect on the calcium or magnesium results. Aluminum can be
masked with triethanolamine. Célcium and magnesium can be titrated in
the presence of masked aluminum up to an aluminum concentration equal

to the calcium concentration. Iron is masked by converting it to the




85

ferrocyanide complex. This procedure is given in detail under the
"Burned Magnesite" analysis. For iron concentrations equal to the cal-
cium concentration the tartrate causes the time effect described pre-
viously.

The amount-of tartrate required to complex this amount of iron
is released when the ferrocyanide complex is formed. The tartrate
will then remove the calcium from the calcium-murexide complex by
forming the calcium-tartrate complex. The amount of tartrate re-
quired in the iron-masking procedure is estimated by the intensity
of the yellow color of the ferric-tartrate complex. For smalier
amounts of iron this masking procedure is satisfactory since the
amount of tartrate required i; less than the critical amount for the
replacement of calcium form the murexide complex.

Manganeéé seriously interferes if its concentration is greater
than about 5 x lO-u M. Below this amount manganese can be completely
masked with triethanolamine. With larger amounts of manganese upoﬁ
addition of the triethanolamine the solution becomes turbid and dark
green in color. Furthermore the manganese( IIT)-triethanolamine complex
oxidizes the Erio-? indicator. This effect can be eliminated by the
use of hydroxylamine which reduces the.manganese(III) but the manga-
nese(IT) is then cotitrated by the EGTA.

Strontium and barium are serious interferences. They will be
cotitrated with caleium, thus, only the sum of caleium, barium and
strontium can be determined. In addition the reaction between EGTA
and the indicator complexes of barium and strontium is slow and the

titration must proceed slowly until the reactions come to equilibrium.
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Increasing the temperature does not aild the rate significantly. Hénce,
strontium and barium haye to be separated, before the calcium titration.
The possibility of determining calcium in the presence of barium
recelved some attention. The logarithms of the stabillty constants of
the CDTA (cyclohexanediaminetetraacétic acid) complexes of calcium and
barium are 12.3 and 8.0 respectively. Using the step indicator, Calcon,
it would be possible to titrate caleium in the presence of barium at
PH 12. The most appropriate wavelength would be 622 mu. Calcium can
be successfully titrated in the presence of barium if the barium concen-
is equal to or less than the calcium concentration. The titrationlcurve
is the typical step-indicating type and is very similar to the magnes-
ium photometric titration curve in Fig. 5. The results of some titra-
tions are presented in Table 4. However, when the barium concentration
1s greater than the calcium concentration a serious time effect occurs
and the titration reaction occurs very slowly. The rate is faster in
dilute solution but not significantly so. Most seriously, this time
effect occurs in the wvicinity of the end point. When the barium is pre-
sent in large amounts it reacts with the CDTA before the calcium. The
exchange resaction between the barium-CDTA and the calcium-Calcon complex
is slow. This is demonstrated by adding a large excess of a solution of

barium-CDTA to a solution of calcium-Cslcon complex and observing the

slow change in transmittance. Heating the solution to 9OOC helps - somewhat

when the barium concerntration is about thrée times the calcium concen-
tration. At higher ccnecentrations the reaction is slow even at 9OOC.
Since this approach would not be helpful in the calcium-magnesium con-

gecutive titration no further experiments were attempted. TheCDTA




Teble 4. Representative Results for the Titratien of
Calcium in the Presence of Barium

Ca012(o°1 M) | BaCl, (0.1 M)

Taken (ml) Found (ml) Taken (ml)
3.00 3,02 ' 0.00
3.54 3.55 ' 0.00
1.17 1.17 1.00
5.55 3.51 3,00
3.51 5.53 (90°C) 6.00
5,48 3.51 (90°C) 9.00
3.86 3.88 3.00
1.37 1.%0 3.00
1.34 1.37 1.00
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would also cotitrate magnesium and strontium because the stability con-
stants of these two metal complexes are both about lOlO (70).

The only anions that would be commonly found in this type of
analysis which interfere in the calcium and magnesium titration with
EGTA and EDTA respectively are sulfate and phosphate. Both would
precipitate calcium if present in high enough concentration.

It is not necessary to keep the solutions free of carbon dioxide
in order to prevent the precipitation of calcium carbonate. The pre-
cipitate will disappear during the course of the titration. Only the
points close to the end point are required to establish the end point.
However, it is important that the titration proceed slowly because the
dissolution of the calcium carbonate is a relativeiy slow process. No
false results are obtained when working with solutions which are ini-
tially turbid if the titration rate is reduced appropriately.

The titration procedure which was used for the analysis of mix-
tures of calcium and magnesium is now summarized. Exactly measured
volumes of the metal ion solutions were pipetted into the titratien
cell and de-ionized water was added to bring the volume up to about 150
mls. If the solution was too acldic sodium hydroxide was added dropwise
until the pH was about 10 as measured with a pH meter. The concentra-
tion of calcium or magnesium in the titration cell was about lO_2 to
:I_O'5 M. Between 5 and 10 mls of buffer pH 10 was added. A 508 mp inter-
ferenpe”filter was inserted in the filter holder. The cell was positioned
in the phototitrator and 100 per cent T was adjusted with this solution.
A spatula tip of ascorbic aqid was added to prevent the air oxidation of

the indicators. Murexide powder was then added and the calcium was
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titrated with sfandard EGTA solution. The transmittance was recorded
and plotted on semi-logarithmic paper. After the calcium end point

was found, the 622 mp filter was inserted in place of the 508 mu filter
and Etlo T indicator was added. The transmittance was adjusted to about
95 per cent (instead of 100 per cent to provide room for changes due to
dilution) and the magnesium was titrated with EDTA. The end points

were found by extrapolation through the recorded points.

Conclusions

Of the chelometric methods available, then, none is completely
gatisfactory for determining calcium in the presence of magnesium
because a pH greater than 12 must be used to mask the magnesium as
magnesium hydroxide. Methods modified to determine calecium in the
presence of magnesium are of limited use because of restrictions on
the conditions, i.e., the pH, presence of masking agents and end point
detection method.

The chelometric titration with a photometric end point can be
used to determine caleium in the presence of large- amounts of magnesium
when EGTA is used as a selective titrant and at a pH of 10 where in-
soluble magnesium hydroxide does not precipitate. A step indicator,
murexide, is used because visual indication is impossible because of
the unfavorable color transition. Ascorbic acid must be present to pre-~
vent the oxidation of the indicator.

Furthermore, magnesium can be determined (with EDTA as the titrant
and Erio T as the step indicator) in the same solution. The photometric
end peoint again aveoids problems arising when the end point is detected

visually.
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The presence of many other metal ions can be tolerated because
effective imaskipg agents can be employed which when used in excess
do not hamper either the calelum or the magnesium end point. Manga-
nese ls an exception, however, gince only very small amounts can be
tolerated. Phesphate and sulfate will interfere because they preeipi-
tate.the caleium. Tartrate interferes if present in three-fold excess
of the galcium, but sinece 1t is usually purposely added 1ts amount can

be controlled if the calcium concentration is known approximately.

Barium and strontium are serious interferences since they will be coti-

trated with caleium.
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CHAPTER VI

THE TITRATION OF CADMIUM IN THE PRESENCE OF ZINC
AND OTHER METALS

Introduction

The chelometric titration of cadmium in the presence of zinec to
a visual end point -camnot be done and only the sum of cadmium and zinc
can be determined. Methods based on the instrumental detection of the
end point are available, however, which enable the selective titration
of cadmium, e.g., amperometry. OSweetser and Bricker have developed an
EDTA titration of cadmium in the presence of zinc using a photometric
end point (71). The titration is performed in a.strongly alkaline so-
lution so that the zinc is transformed into the unreactive zincate
ion. The cadmium is kept in solution by the addition of a small amount
of cyanide. The'tipration is performed at 236 mu. The use of this
very short wavelength, the high alkalinity and the fact that the amount
of cyanide used is critical are serious disadvantages of this procedure.

The use of the photometriec end point in the visible range of the
spectrum for a cadmium analysis does not seem feasible at first. Cad-
mium and zine, of course, are both colorless in agueous solutions. Most
chelons gnd the corresponding cadmium and zinc chelonates are colorless.
in agueous solution also. The method of end point indication depends
on the addition of some guxiliary colored or color forming substance:
A comparison of the stability constants of various chelons with zinc

and cadmium indicates possibilities for a selective titration. The use
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of a slope indicator also has been considered for indicating the end
point in a selective titration of cadmium. The development of these
considerations for a practical analysis will be discussed on the fol-

lowing pages.

Experimental

Apparatus

All titrations were performed with the phototitrator described
in Chapter III. Titration cells of both 100 and 200 ml capacities
were used. The usual calibrated volumetric glassware was used to pre-
pare and store solutions. Spectral curves were made with a Cary Model

14 Recording Spectrophotometer.

Reagents

A1l of the reagents required for the experiments described in
this chapter were prepared and standardized according to procedures

which have been described in Chapter IV.

Results and Discussion

The numerical values of the stability constants of the cadmium-

chelonates are always close to those of the corresponding zinc-chelonates

with only one remarksble excepticn, namely EGTA (ethyleneglycol-bis-

( aminoethyl) - tetraacetic acid). The iogarithms of the absolute sta-
bility conéfénts of a number of the chelonates of EGTA are tabulated

in Table 5. The difference between the logs of the cadmium-EGTA stabil-
ity constant ‘and the zinc-EGTA %tability constant is 3.9 log units.

This difference is insﬁffibient fof a visual titration using a metal-

lochromic indicator and it 1s even a borderline case for a photometric
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Table 5. Logarithms of the Absblute and Apparent Stsbility
Constants of the EGTA Complexes of Some Metal Ions
B Factors for 0.1 M and 1 M Total Ammonia ([NH5]
+ [nm,*1) (10).
Metal . log ﬂlo_g B log log B log
Iom K, (pH 10, Total NH, 0.1M) Kop (pH 10, Total NH51M) L
B2’ 8.k - 8.4 - 8.4
™  11.0 - 11.0 - 11.0
+2
ca 16.7 3.1 13.6 6.8 9.9
Hg P 23.0 15.6 7.6 19.0 4.2
Me™® 5.4 - 5.4 ; 5.4
sr'? 8. - 8.5 - 8.5
m*  12.8 b7 8.1 8.7 o1
wt® 17.8 8.3 9.5 12.2 5.6
w2 12.3 - 12.3 - 12.3
+2
Co 12.3 2.0 10.3 5.4 6.9
% 13.6 3.9 | 9.7 8.4 5.2
w16 - 14.6 - 14.6
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titration using a metallochrome indicator. Furthermore, a visual 1ndi-
cation would be impossible since no indicators are known which will
selectlvely react with cadmium.

In order to estimate the feaslbillity of a titration using EGTA
the apparent stabllity constants were compared. The apparent constants
were caléulated using the data in Table 5 which is a tabulation of the
B factors for a number of metal ions in ammonlacal solution for a total
concentration of ammonia ([NH5] + [NHI]) of 0.1 M and 1 M at pH 10.

The difference between the apparent stabllity constants 1n 0.1 M to-
tal ammonla 1s 1ncreased to 5.5 log units. The difference is more
favorable but the end point detecting mechanism was still to be chosen.
A gelf 1ndichting mechanism within the visible range of the spectrum
was not possible since all of the speciles involved 1n the titration
reactlon are colorless. A4 possibllity may exlst in the ultraviolet
region but thls aspect was not pursued.

Because of the dlfference of 5.5 log unlts in the apparent sta-
bility constants of the cadmium and zinc EGTA chelonates the possi-
bility of placing a self-indicating system between the cadmlum and
zine was considered. The requlrements which must be fulfilled are that
a metal ion must have an apparent stabllity constant with a value such
that the ratio Kde/KMY is satisfactory for a photometric end point
and that a satlsfactory change in absorbance occurs when the metal ion
is tltrated with EGTA after the cadmium. An example of the slopé indi-
cating mechanisﬁ has been mentioned prevlously; the use of copper as a
slope indicajor for the EDTA titratlon of blsmuth has been successful

(72). Copper 1ls especlally sulted for thls purpose because of the
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relatively large difference between the extincdtion coefficients of the
free copper ion or its amino complex and any chelon complex. An in-
spection of Table 5 reveals that a comparison of the absolute constants
would result in the following arrangement in decreasing order: Cu > Cd
> Zn. However, comparison of the apparent constants at pH 10 in 0.1 M
total ammonia shows a different order: Ca > Cu 2 Zn. This very favor-
able arrangement is due to the B factors.

Theoretical considerations in Chapter II have shown that for
an extrapolative procedure, Q(=Kﬁ/Kh) should be Of the order lOl or
102 or greater in order to satisfactorily titrate two metals in suc-
cegsion. For the system cadmium plus copper, the walue of Q is about
lOu. Therefore, cadmium is titrated before copper with EGTA in the
presence of ammonia at pH 10.

These theoretical deductions were verified experimentally by
titrating solutions with known amounts of cadmium using copper as the
slope indicator. In order to determine the proper interference filter
to use the spectral curves of copper-tetramine and copper-EGTA at pH 10
and total concentration of ammonia of 0.1 M were made. These spectral

curves are shown in Fig. 8. The A curve was also plotted and optimum

wave length wasndetermihed to be in the range of 700 or 750 mu. A 742

.mu filter was chosen.

A series of tifrations were done of solutions’éonﬁaining known
amounts of cadmium ion, copper ion and buffer 10. Some of the results
are given in Table 5. A typiéal example of a titration curve is shown
in Fig. 9. A very sharp break occurs at the end point and by means of

extrapolation the exact end point is easily determined. The occurrence
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Table 6. Representafive[ReSuits for the Consecutive

Titration of Copper and Cadmium
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Cadmium Copper
mls mls
Taken Found Taken Found
2.58 2.57 5.00 5.01
5.00 4,08 6.70 6.72
7.87 7.89 8.99 9.00
9.90 9.95 10.00 10.02
10.00 10.00 5.00 5.03
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of the shafﬁ break verifies that the difference between thé appar-
ent stability constants of the cadmium-EGTA and copper-EGTA complexes
is large enough. It is possible to continue the titration beyond the
cadmium end point and determine the copper (see solid line in Fig. 9)
concentration. The break at the second end point is sharp also.

The effect of the presence of zine on the analysis of cadmium
solutions was evaluated next. A series of solutions containing known
amounts of cadmium, copper, zinc and buffer 10 were titrated with
standard EGTA solution. The results of some of these titrations are
presented in Tgble 7. A typical titration curve'which is obtained from
this series is shown in Fig. 9 (dotted line). The presence of zinc
does not hamper the location of the cadmium end point. Very satisfac-
tory results are obtained even when the ratio of zinc to cadmium is
500:1. However, the increased zinc congentration causes a curvature
in the titration curve around the vicinigy of the copper end point.

This curvagture is diae to the, small difference between the apparent
stability constants of copper—EGTA*and‘zinc-EGTA.i The value can be
calculated from the apparent constants given in Table 5; 9.5 - 8.1 = 1.4,
This value 1s lower than the theoretically deduced 1limit of about 2.
Hence, the zinc is partially titrated with the copper. Although this
factor makes location of the copper end point more uncertain it does not
at all hamper the location of the cadmium end point.

The apparent slope of the curve after the cadmium end point is
dependent on ammonia concentration. The effect of increasing the ammonisa
concentration while all other concentrations are kept constant is shown

in Fig. 10. The effect occurs both in the presence and in the absence
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Table 7. Titration of Cadmium with 0.1 M EGTA in
the Presence of Zine
Cadmium
(0.1 M, 3 cm cell) Zinc Cd:Zn
Taken (ml) Found (ml) (ml1 0.1 M) Ratio
1.00 1.00 none none
4.00 4,01 none none
4.00 h.o2 5 1:1.25
4.00 3.97 25 1:6.25
5.00 4.98 100 1:2.20
9.90 9.94 25 1:2.80
10.00 10.03 100 1:10
Cadmium
(5x10=2M, 10cm cell) Zine Cd:Zn
Taken (ml) Found (ml) (m1 0.1 M) Ratio
2.03 2.06 none none
2.03 2.00 10 1:100
1.01 1.04 15 1:300
3.56 3.64 50 1:260
2.03 2.08 50( 0.2M) 1:500
10.00 10.00 1:50

25
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of zinc. The slope of the line cofresponding to the titration of copper
de;reases because of the increase in the value 6f the B factor as the

ammonia concentration is increased. The value of the B factor increases
from a value of 8.3 in a solution 0.1 M total ammonia to 12.2 in a solu-
tion 1 M in total ammonia at pH 10 for the copper ion. Hence, the KCm ‘

value for copper is reduced to azbout lOl corresponding to a solution

which is about ]_O-3 M in total copper ion. Thus a large curvature would

be expected theoretlically since even in the most ideal case the lowest
value for KCm tolerable is about 50. Again for a practical application
one need only adjust the concentration of ammonia in the solution to
about 0.1 M total ammonia since an uncertainty of plus or minus a few
milliliters of buffer will not seriously affect the location of the end
point. On the other hand extremely concentrated solutions of ammonié
will make location of the end point impossible.

The effect of using a lower pH can be explained in terms of the
& and B factors. As the pH is lowered the value of the B factor for
ammonia and any one specified metal lon decreases. For all of the metals
listed in Table 5 at pH 5 the B factors are either 0 or less than O.1.
Thus, at pH 5 the B factor 1s no longer significant but the a factor
for EGTA is. The O factor for EGTA at pH 5 is 8.3 (73). The apparent
stability constants at pH 5, arranged in decreasing order, for copper,
cadmium and zinc are respectively 9.5, 8.4 and 4%.5. The order of titra-
tion of cadmium and copper is reversed and the copper is titrated first.
This of course negates the use of copper as a slope indicator.

The effect of the presence of other metal ions on the titration

of cadmium using copper as the slope indicator was evaluated by titrating
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cadmium solutions, containing copper, zinc and the foreign metal ion
present at concentrations equal to the cadmium and up to twice the
concentration of the cadmium. In summary form those metal ions which
did not cotitrate.with the cadmium are iron(II), Co(II), Ni(II),
AX(TIII), He(II) and Mg(II). Manganeée(II) causes a time effect.
Lead(II) is cotitrated with cadmium as is caleium. The alkali metals
do not interfere.

Since the apparent stability constants of lead and calcium are
sufficiently greater than the apparent constant for copper-EGTA they
are cotitrated with cadmium. This was verified experimentally. Only
the sum of cadmium plus lead (or calcium) is obtained from the first
end point.

The apparent stability constants of the EGTA complexes of cobalt
(II) and nickel (II) are of the same order as the copper (II) stability
constant (see Table 5). Thus, they are cotitrated with copper. The
cotitration is not detrimental if only the cadmium end point is desired.
Of course only the sum of copper and cobalt (or nickel) ﬁill be obtained
at the second end point. The cotitration of these ions also tends to
decrease the slope of the line after the end point. This decrease is
not serious, however, and the end point can still be located.

The use of masking agents to increase selectivity is hampered by
the fact that many of the masking agents will also mask cadmium under
the optimum conditions of the titration. Tartaric acid must be used in
order to mask some of the metal ions against hydroxyl ion in order to
prevent hydrolysis. Hydrolysis must be prevented because the turbidity

due to the precipitation of insoluble hydroxides will interfere with
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light beam. The presence of tartrate was determined not to be detri-
mental to the cadmium titration by several titrations of cadmium in
the presence of tartrate.

The problem of interferences is not so seriocus because the
separation of zinc and cadmium from most other elements can be readily
effected by ion exchange methods (74). On the other hand, some multi-
components mixtures can still be resolved by chelometric titration
using aliquots, different masking agents, different titrants and visual
indicators. Up till now only the sum of zinc and cadmium could be con-
veniently determined chelometrically. With the photometriec end point,
however, the cadmium may be selectively analyzed.

The following examples will illustrate the principle of this
approach.

Consider, first, a solution containing lead, cadmium, zinc and
copper. A series of experiments were attempted in which the lead was
masked with EDTA. The following experiment is typical of those con-
ducted. To the so%ution containing lead, cadmium, zinc and copper was
added tartaric acid to prevent hydrolysis of the lead. The solution
was neutrélized with sodium hydroxide and then buffer of pH 10 was
added. Potassium cyanide was added to mask the copper, cadmium, and
zinc against the EDTA. The lead was then titrated with EDTA using
Erio T to a visual end point. Formaldehyde was added to selectively
demask the zinc and cadmium. This solution was placed in a titration
cell and photometrically titrated with EGTAyin order to determine the
cadmium using the copper already present as slope indicator. However

a drift in the galvanometer needle was observed which lagted for over
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a half hour. The drift was due to the slow release of copper from the
copper-cyanide complex by the excess formaldehyde. Attempts to destroy
the éyanide complexes by other means were unsuccessful. The procedure
was therefore modified further.

After demasking the zinc and cadmium with formaldehyde the so-
lution was titrated with EDTA using Erio T to a visual end point. The
sum of zinc and cadmium was obtained with this titration. A second
aliquot was taken and the sum of cadmium and lead was obtained by using
the photometric procedure. The solution was titrated with EGTA and the
copper already present acted as the slope indicator. The third aliquot
was titrated:-with EDTA at pH 6 using PAN as the visual indicator. This
titration provided the sum of all four metals. The results of a parti-
cular titration are shown in Table 8. The results are satisfactory with
the exception of cotper. The copper content is obtained by taking the
differénce between two large numbers hence the uncertainty in the result
is greater.

The general procedure one may follow when titrating cadmium will
now be pregented. The sample containing zinc and cadmium is dissolved
and an aliquot is taken and pipetted into the titration cell. De-ionized
water is then added to dilute the solution to about 100 mls and 10 mls
of buffer pH 10 added. If copper is not already present in the sample
the required amount of copper nitrate solution is added. About 5 to
10 mls of buffer pH 10 is then added. JThe cell is positioned in the
titrator and 100 per cent transmittance set with this solution. The
cadmium is titrated with a standard EGTA solution. A Ti2 mp interference

filter 1s used. The transmittance readings are recorded and plotted on
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Table 8. The Analysis of a Mixture of Zinec, Cadmium,
Lead and Copper

A. Titration Data

Aliguot Number Metals Titrated mls EDTA Required
la Pb 3.80
1b Zn + Cd 6.48
2 Cd + Pb L.88
3 Zn + Cd + Pb + Cu 12.5k4

BR. Caleulations

Calculation mls EDTA
mls EDTA mls EDTA mls EDTA
Metal Ion for Aliguot - for Aliguot or for Metal Re-
Determined  Number Number Ion Shown Found quired
Pb - - 3.80 3.82
cd 2 - 1la 1.08 1.05
Zn 2 _ Cd 5.40 5.45

Cu 3 - (Ca+Zn+Pb) 2.26 2.18
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semi-logarithmic paper. %For very dilute solutions the titration cell

may be turned lengthwise thus increasing the light path to about 10 cm.

Conclusions and Recommendations

Cadmium can be titrated with EGTA using copper as the slope indi-
cator at 742 mu. The solution is buffered at pH 10 with an ammonia-
ammonium chloride buffer. The formation of ammonia complexes of cadmium
and copper causes the apparent stability constant of the copper-EGTA
complex to be'leSS'than the cadmium-EGTA complex. Thus cadmium 1s ti~
trated before copper. The ammonia coneentration must be controlled (but
within wide limits)lso that the slope 6f the copper titration curve is
not deecreased too mﬁch. Cadmizm can be titrated. in the presence of
large amounts of zinc. Satisfactory results are obtained when the cad-
mium £; zinc ratio is 1:500. Cadmium can be titrated in the presence of
iron(II), cobalt(II), nickel(II), aluminum(III), mercury(II) and magnes-
ium. The alkali metals do not interfere; Lead(II) and calcium are co-
titrated with cadmium. Other metal ions interfere by being cotitrated
or by causing kinetic problems. However, since the method is so satis-
factory for analyzing cadmium in the presence of zinc and since the
separation of zinc and cadmium from almost all interfering ions by an
ion exchange procedure is easily carried out the problems of interfering
metél ions 1is not a serious one. The investigation of the application
of better masking reagents is a possibility for further research. Cer-
tain mixtures of metal ions can be analyzed by means of masking and
titrating several aliquots. The solution of a mixture cadmium, zinc,

copper and lead was successfully carried out in this way.

!
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CEAPER VII

v

THE CONSECUTIVE TITRATION OF COPPER AND NICKEL

Introduction

The chelometric analysis of copper and nickel is usually diffi-
cult to carry out without first separating the elements. When separated,
the determination of nickel or copper is easily performed with EDTA as

the titrant and murexide as the visual indicator.

Sweetser. and Bricker have used EDTA in a method for determining
nickel when no copper is present and they have established the end point
photometrically (75). They used the same procedure to determine copper
when nickel is absent. Burtner has described an ultraviolet photometric
titration of nickel using EDTA as the titrant (76). However, copper will
interfere. The same procedure can be used to determine copper in the
absence of nickel.

Flaschka and Soliman have used triethylenetetramine (trien) to
selectively titrate copper in the presence of a large number of metal
ions (TT). The end point is established photometrically with the copper-
trien complex acting as a self-~indicating system. Many common metals did
not interfere at the pH at which the titration was performed. Those me-
tals which did interfere could be masked.

The method of Flaschka and Soliman is ccncernedorﬂy with the
selective titration of copper. Since they found that copper could be
titrated in the presence of nickel it seemed worthwhile to extend the

method and try to analyze for nickel in the same solution. A number of
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possibilities as to how this can be accomplished exist and these have
been investigated +o determine whether or not a basis for the conse-

cutive titration can be found.

Experimental

Apparatus

The phototitrator used for these experiments was described in
Chapter ITI. Solutions were prepared and stored in the usual volu-
metric glassware. Calibrated pipettes, burettes and volumetric flasks
were used when necessary. The Sargent Model C Automatic Burette was
used to deliver the titrant. All spectral curves were made with a
Cary Model 14 Recording Spectrophotometer.
Reagents

All reagents were'prepared and standardized when necessary
according to the procedures described in Chapter IV. De-ionized water

was used in the preparation of all solutions.

Results and Discussion

Flaschka and Soliman have described a selective titration for
copper using trien as the titrant (77). In particular they could elimi-
nate the interfererce by nickel by performing the titration at pH 5
using an acetate buffer. This method is possible because at pH 5 the
stébility of the nickel-trien complex is low. The absolute constants
for a number of metals with trien are tabulated in Table 9. The Table
also contains the P factors and the apparent stability constants at
pH 10. The value cf Q(=Kbu/KNi) at pH 10 is 10° which is the theoretical
limit for a successive titration. Flaschka and Soliman could only cob-

the sum of copper and nickel at pH 10. At pH 5 the value of Q 1s increased




Teble 9. Logarlthmg of the Absolute and Apparent
Stebility Constants of Several Metals with

Trien at pH 10.
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Metal log log B Factor, pH 10
lon Kebe 0.1 M Total 1M Total 0.1 M Totel 1 M Total
s s s s
ca*® 10.8 3.1 6.8 7.7 4.0
cot? 11.0 2.0 5.4 9.0 5.6
cut? 20.4 8.3 12.2 12.1 8.2
Fe+2 7.8 - - - -
Bg'? 25.3 15.6 19.0 9.7 6.3
Mn+2 4.9 _ . _ _
Ni+2 14.0 3.9 8.4 5.6 5.6
7n*? 12.1 4.7 8.7 7.4 3.4
pp 2 10.4 - - - i}

Al
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to gbeout 106. Thus it is possible to titrate the copper in the pre-
gsence of nickel. Iiven at pH 7 the value of Q is gbout lO5 and & selec~
tive titration can still be performed.

The use of a chelon such as trien (triethylenetetramine), a poly-
emine, has a distinect adyantage. Because coordination to a metal ion
can occur only through nitrogen atoms those metal lons that have a low
affinity for nitrogen will form only weak complexes. Because of this
fact trien 1s more selective in its reasctions. Trien forms 1l:1 complexes
cf high stability generally only with copper, silver, ﬁercury, cadmium,
zine, cobalt and nickel. Almost all other metal ilons will not inter-
fere in a titration reaction (théy wlll not be cotitrated) when trien
is used as the titrant.

The photometriec end point is based on a self-indicating mechan-
ism. As the copper-aquo complex (or any other copper complex which may
form in the presence of the buffer or other auxiliary reagent) is con-
verted to the copper—trienlcomplex the absorbance of the sclution in-
creases at 565 mu. These considerations were verified by titrating a
series of copper solutions at pH 5 and pH 7, in the presence of tartrate
ion, with trien. A typical titration curve for ccpper alcne is shown in
Fig. 11, Curve A. The end point break is very sharp and very little

curvature occurs as would be expected since the KC,, value for copper is

M
very favorsble. Assuming that the copper ccncentration is lO_3 M, one
can calculate that the KCM value is about 107°

Flaschka and Soliman (77) also found that in highly alkaline so-

lutions in the presence of tartrate the order of titration is reversed;

the nickel is titrated first and then the copper. At 660 mu the titration
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curve shows a double bresk. A disadvantage of this modification is the
slow regetion of nickel with trien. The existence of this kinetic pro-
blem was verified and more experiments were performed in an attempt to
overcome it. The +itrations were performed at a pH greater than 12
using sodium hydroxide to adjust the pH. The solutions were heated

up to YOOC by means of a heating spiral in a glass tube placed 1n the
titration cell. Performing the titration at this temperature increased
the rate but not slgnificantly. The titration required at least a half
hour to complete and the end points determined were in error by several
per cent. This gpproach was discontinued.

The possibility of titrating the nickel after the copper has been
titrated was considered next. The advantage of this approach is that the
copper would be masked as the trien complex and should nct interfere with
regetions in which the nickel might take part. Nickel is commonly ti-
trated with EDTA using murexide as a visual indicsgtor. The solution is
buffered at pH 10 using an ammonig-ammonium chloride buffer. Of course
a phototitrator is unnecessary to locate the end point when nickel is
titrated in this manner. However, 1f this method 1s used to analyze for
nickel in the presence of copper-trien the unaidéa eye would be unsuit-
able for detecting the end point. Copper trien exhibits a deep blue
coleor which would hamper the detection of the color change due to the
transformation of nickel-murexide to nickel-EDTA. The phototitrator is
necessary if nickel is to be titrated in the same solution with copper-
trien.

The value of the apparent stability constant of the nickel-trien

complex at pH 10 (log Képp = 11.8) indicates that trien may be substituted
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for EDTA as the titrant. This is convenient for the titration procedure
since there would be no need to change or refill the burette. The re-
quirement that log (KNiT/KNiMu> be greater than 4 is not fulfilled how-
ever. In a solution where the total ammonia concentration is 0.01 M
the log of the ratio of the apparent constant for nickel-trien to the
apparent constant for nickel-murexide at pH 10 is only 2.5. Thus the
emmonia concentratlon must be adjusted carefully in order to prevent
the interference of ammonia with the indicator resctlon. The concen-
tration of ammonis required was determined experimentally. A series

of solutions containing known concentrations of nickel and varying
emounts of ammonia-ammonium chloride buffer was titrated with trien,
using murexide as lndicator. A gatisfactory end point is obtained when
5 to 10 ml of the bhuffer are used in 200 mls of solution and when the

3

nickel concentration is of the order of 10 © M. Greater amounts of
ammonia cause the break to be too small and smaller amounts of ammonia
do not adequately huffer the sclution.

The appropriste wavelength was chosen on the basis of the spectral
curves shown in Fig. 12. A 591 mu interference filter was chosen and it
need not be changed since the absorbance change occurring during both ti-
trations is sufficient at this wave length. Table 10 shows some of the
results for the consecutive titration of copper and nickel. Fig. 11
shows the typical self-indicating type of ¢urve for the copper titration
(Curve A) and & typical step-indicating type curve for the nickel titra-

tion (Curve B). Both bresks are sharp and the end point is easily estab-

lished by extrapolation.
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Table 10. Representative Results for the Successive
Titration of Copper and Nickel with Trien

Forelgn Metal

Copper ml Lons Present Nickel ml
Found Taken ml 0.1 M Found Taken
1.23 1.2% none 6.25 6.16
2.36 2.36 " 2.99 3,02
2.143 2.h2 " 1.77 1.76
4.85 4.8 " 4.86 4,78
15.63 15.61 " 2.19 2.14
4.86 4.88 BL 5 7.90 7.93
5.62 5.62 Al 10 3.21 3.25
10.00 10.02 Pb 10 2.25 2.22
6.75 6.7% Ag 5 8.90 8.94
5.00 5. 0L Terteric acid 10.00 © 10.06

- 7.82 7.81 Ca 10, Mg 10 5.00 L.98
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The possibility of an exchange‘reaction was considered. The re-
action could occur in the following manner between copper-trien and nickel-

murexide
Cu-trien + Ni-Mu —==Cu-Mu + Ni-trien

However, no effects could Ee detected because of thls exchange.

The effects of interfering ions were evaluated by performing
the titration of copper and nickel at pH 5 and 7 and pH 10 respectively
in the presence of tartaric acid. Those ions which were found to in-
terfere in the copper titration as described by Flaschka and Soliman
interfered in the consecutive titration of copper and nickel (77). By
performing the titration at a pH of 5 the following ions did not inter-
fere in the copper portion of the titration: zinc, lead, cadmium, bis-
muth, iron(III), silver, nickel, cobalt(II) and aluminum. However,
several of these elements interfered with the nickel titration at pH 10.
First, no interference‘was observed wheﬁ the following ions were pre-
sent during the nickel titration: manganese(II), iron(III), aluminum,
bismuth, lead and silver. However, zinc and cadmium both inteérfered
because they were cctitrated. The titration curves were unusable be-
cause of the curvature. Cobalt interfered because it was slowly air oxi-
dized to cobalt(III) and was stabllized in the pfésence of trien.*‘ This
slow reaction manifests itself as a slow drift on the galvanometer.
Attempts to preoxidized the ccbalt or to mask it were unsuccessful.

On the basis of the considerations Just discussed the folloﬁing

procedure can be used for analyzing mixtures of copper and nickel.

*
See below p. 122.
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An aliquot of the solution which contains copper and nickel is pipetted
intc the titration cell and diluted to about 100 mls with de-ionized
water. Ammonium acetate 1s then added to buffer the solution at pH T.
This solution is used to set 100 per cent transmittance. A 591 mp
interference filter 1s inserted into the filter holder. The copper is
then titrated with standard trien solution. The transmittance readlngs
can be recorded and plotted immediately on semi-logarithmiec graph paper.
After the copper end point 1s reached smmonia-ammonium chloride buffer
and a spatula tip of ascorbic acild is added. Powdered murexide 1s added
and the nickel titrated with trien. Again the points are plotted on the
same graph paper used for the copper titration and the end point is fouhd
by extrapclation. |

Although the trien used for these analyses was believed to be
pure enough for titration purposes a portion of the stock was recry-
stallized. The recrystallized trien was used to prepare a standard solu-
tion and its behavior was compared to a standard solution prepared from
the unrecrystallized material. The trien was purified by recrystalliza-
tion from water, washing with alecohel, drying and stering it in a well
stoppered bottle. The titration curves obtained with both kinds of trien
were identical in shape and gave the same end points within experimental
error.

Sclutions of trien were stored for a long period of time and their
titer checked periodically. After a week a filmy solld formed in the
trien solution. The solid was filtered off and the filtrate collected 1n
a dry bottle. No change in the titer was detected. Titrations made

monthly over a three month period showed no change i1n titer but a slight
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curvature was detected in the titration curves in the viclnity of the

end point. The trien was hydrolyzed into other poly amines and alcohols

HoN- CeC-N-C-C-N--C-NH, + H-O-H —> B N-C-C-0-H + H N-C-C-N-C-C-NE
2 HHE HH HH 2 HH HHE HH 2

The éverall stoichiometry of the reaction of copper with the hydrolysis
products of trien 1ls the same as with pure trien. All of the products
of the hydrolysis of one molecule of trien could react with a single
copper lon. The stablllty constants of the copper complexes with the
products of hydrolysis are less than those of copper-trien and hence an

increase in curvature at the end point would be expected.

Conclugions and Recommendations

Copper and nickel can be asnalyzed in the same solution by means
of the photometric end point. Trien is used as the titrant and a 591
mp interference filter is used to obtain the appropriate waveléngth of
light. At pH 7 the copper is titrated first. The copper-trien is a self-
indicating complex. The stability of this complex is high and a very
sharp break occurs at the end point of the photometric titration curve.
Nickel is titrated next after the pH of the solution is increased to 10
and buffered with an ammonia-ammonium chloride buffer. Murexlde is used
as the step indicator. Again a very sharp break can be obtained and the
end point can be easily located. The following metals do not interfere:
manganese(II), iron(III), aluminum, bismuth, lead and silver. Zinc and
cadmium do not interfere with the copper titration but are cotitrated
with nickel. Cobalt(II) interferes because of the slow conversion of

cobalt(II)-trien to cobalt{III)-trien due to air oxidation.
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The method 1s hampered by the interference of cadmium and zinc.
Further investigation with respect to masking these metals would improve
the situation. Similarly, a procedure which could eliminate the cobalt

interferencé should be Investigated.
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CHAFTER VIII

A SELECTIVE TITRATION OF COBALT

Introduction

Only a few titrimetric procedures for the analysis of solutions
containing cobalt are availsble. For exgmple, cobalt can be titrated
with potassium cyanide in the presence of potassium chlorate using the
disappearance of the turbidity due to silver iodide to detect the end
point. The potassium chlorate oxidizes the cobalt(II) to cobalt III).
The cobalt(III) is titrated with cyanide and forms a stable cyanide
complex (78)5 However, the method cannot be used in the presence of
nickel, copper zinc or manganese. Cobalt(II) can also be titrated with
potassium ferricysnide; the end point can be established potentiometri-
cally (79).

Practically all chelometric determinations of cobalt are based
on an EDTA titration. Both direct and-indirect methods are used. Most
of the methods depend on a separation of cobalt from nearly all other
elements.

4 particular chelometric determination of cobalt, using it in
its tervalent statie, has been described by Kinnunen and Wennerstrand
(80). Cobalt in an ammoniacal solution is oxidized with hydrogen
peroxide in the presence of EDTA so that the cobalt(III) is stabilized
as a complex. The soiution is acidified to pH 2 and the excess EDTA
is back titrated with a standard thorium solution using xylencl orange

as the indicator. But only small amounts of cobalt can be titrated in

©
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this manner. The color of the cobalt(III)-EDTA complex is an intense red
and this obscures the end point. The cobalt( III)-EDTA complex is highly
stable; its absolute stability constant is about 1oLLl (81). This fact

can be useful for analytical purposes.

- Experimental

Apparatus

The phototitrator used for the titrations described in this chapter
was described in detail in Chapter III. A Sargent Model C Automatic
Burette was used to deliver the titrant. The usual volumetric glass-
ware was used. All spectral curves were recorded on a Cary Model 14

Spectrophotometer.

Reagents

, The reagents used in the following experiments were prepared and
standardized according to procedures described in Chapter III. All solu-

tions were prepared with de-ionized water.

Results and Discussion

A selective titration of cobalt(II) was first thought to be possible by
using trien (triethylene»tetramine) as the titrant. The photometric
titration was to have been based on the self-indicating type ‘mechanism;
the cobalt(II)-trien complex absorbs at a different wavelength than the
cobalt( II)-aquo complex. Titrations were performed but this direct
approach was not successful. In the presence of trien cobalt(II) is
oxidized to cobalt{III) by oxygen from the air dissolved in the water.
The cobalt(III) is stabilized by the formation of the cobalt(III)-trien
complex. Although this reaction proceeds only slowly it hampers the

photometric titration. The cobalt(III)-trien complex is reddish brown




123

in color and is strongly absorbing at the optimum wavelength for the ti-
tration. A serious drift ocecurs on the galvanometer because of this
regction.

The titration was performed in the presence of several reducing
agents (ascorbic acid, sodium sulfite, hydroxylamine) but the cobalt
could not be kept in the reduced state. An attempt was made to titrate
cobalt(III) in the form of the green cobalt(III)-carbonato complex.
Titration curves wsre obtained but the end peints were in error and the
readings on the galvanemeter were difficult to obtain because of erratic
behavior. No further experiments were attempted with trien.

Attention was directed next to the use of the cobalt(III)-EDTA
complex. Because of the intense red color of the solution of this com-
plex, visual indication of the end point is limited to the titration of
dilute solutions. The spectral curve of the cobalt(III)—EDTA complex
is shown in Figure 13. The phototitrator is an excellent substitute for
the eye in such cases. The stability constant of this complex has been
determined and is rema'rkably high (log K ps = 40.7) (81). A direct ti-
tration does not seem fo be feasible. However, a back titration in the
manner of Kinnunen and Wennerstrand (80) using a photeometric end point
i1s possible.

The large value of the stability constant means tﬁat a back titra-
tion at a very low fH is possible. A very selécfive titration can be
performed because the EDTA complexes of many other metals form only to
a slight extent or not at all at low pH values. Table 11 is a tabula-
tion of the absolute stability complexes of many common metal ilons with

EDTA. The apparent stability constants have been calculated both at
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Table 11. Logrithms of the Absolute and Apparent Stability
Constants of Some Common EDTA Complexes

Metal ion log K, o log Képp (pH 1.0) log Kapp (pH 0.5)
at? 16.1 - -
Ba 17.8 0.6 -
ca'? 10.7 - -
ca™@ 16.5 - -
cot? 16.3 - }
cot? 40,7 23,5 21.6
o' 18.8 1.6 -
Fe 2 14.3 - -
Fet> 25.1 7.9 6.0
Hg+2 21.8 4.6 2.7
Mg+2 8.7 - -
M2 14,0 - g}
m*e 18.6 1.4 -
Pb e 18.0 0.8 -
m+ 2%.2 6.0 2.0

zn*? 16.5 , B}
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PH 1.0 and pH 0.5 and are also tabulated in Table 11. The fact that most
of these complexes gre so weak is due to a competition between the metal
ion and the hydronium lons for the EDTA. At low pH values most of the
EDTA is present in the free protonated forms. Table 12 lists the values
of log @ at several low pH values. These values can be used to calcu-
late the apparent stebility constant. According to Table 11 only a few
metals ions have significantly large stability constants st pH 1.0.

Beceause the procedure is based on the back tltration of the excess
EDTA (i.e., all EDTA which is not combined with cobalt(III)) the metal
ion employed as a back titrant will need to satisfy certain requirements.
First the apparent stability constant of the metal-ion EDTA complex
must be high enough so that it is not significantly disseciated at the
pH of the titration. BSecond, it should be capable of displacing metal
ions which still form EDTA complexes at the pH used in order that all the
excess EDTA is titrated. Xinnunen and Wennerstrand used thorium as a
back titrant for the excess EDTA (80). However, bismuth was chosen as
a back titrant for this investigation because it was readily available
and it forms a very stable EDTA complex even at low pH values.

Bismitith can be titrated with EDTA to a visual end point using
-pyrocatecholviolet (PCV). The analytical uses of PCV have been reviewed
by Suk and Malat (82). Especially important ié the fact that PCV is an
excellent indiecator to use when the pH is low. PBCV undergoes very sharp
@éolor changes at PH 2 when it 18 converted from the metallized form to
free form. PCV, && are most metallochrome indicators, is also an acid-
base indicator and. thus the color changes wﬁich it undergoes ags a metal-

lochrome indicator depend on the pH of the soluticn. Spectral curves of
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Table 12. Logarithms of & Factors for EDTA at Low pH

Values
_PH. log & EDTA
4.0 8.5
3.5 9.6
3.0 10.7
2.5 12.0
2.0 13.5
1.5 15.3
1.0 17.2
0.5 19.1

0.0 21.2
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'PCV at various pH values are shown in Fig. 14. 1In an acidic solution

PCV is very stable and no precautions against its decomposition need be
taken. PCV forms complexes with many metal ions but at low pH:-values

it is rather selective, forming complexes only with the tervalent ions.
PCV forms both 1:1 and 2:1 (metal:indicator) complexes with many metals
including bismuth. The 1l:1 bismuth complex is red and the 2:1 complex

is blue. At a pH less than 1.5 however-only the red complex with bismuth
forms (82).

In order to evaluate the method a series of titrations were per-
formed on solutions containing known amounts of cobalt(IIL). The titra-
tion procedure involved an oxidation step so that the cobalt(II)—EDTA
is converted into the cobalt(III)-EDTA complex.

The choice of wavelength was made from the spectral curves of free
PCV and the bismuth-PCV complex as shown in Fig. 14. The choice of wave-
length depends on the pH to bhe used for the titration. The most satis-
factory wavelength occurs at 620 myg. The pH can be lowered considerably
and still a large difference exists between the absorbances of free PCV
and bismuth-PCV complex. The cobalt(III)-EDTA complex does not abscrb
appreciably at this wavelength and thus adds onrly a moderate and con-
stant background. The pH of the solution should never go higher than 2
and if it is necessary to lower the pH to at least 0.5 the absorbance
change is still satisfactorily large.

The procedure for the oxidation of the cobalt involves several
steps and errors may occur in each of them. The cobalt will not be oxi-
dized completely at a low pH. BSeveral solutions were treated in the

following manner: a known quantity of cobalt was placed in the titration
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cell. An excess of EPTA over the cobalt was added and the pH was ad-
Justed to a value of 2 using a pH meter and adding dropwise dilute
nitfic acid solution. Hydrogen peroxide (5 drops of 30 per cent solu-
tion) was then added. The solution was diluted and the excess EDTA
back titrated with stendard bisﬁuth solution. One should avoid the use
of solutions conteining chloride ion since bismuth will form insoluble
bismuth oxychloride. Thus nitric acid and ammonium nitrate (for a buf-
fer)mﬁust be used for adjusting the pH or for buffering solutions. The
quantity of EDTA titrated was always higher than the calculated quantity
added in excess. When the same procedure was repeated but the oxidation
performed at pH 10, the correct amount of excess EDTA was determined.
At the low pH a portion of the cobalt is uncomplexed, and either is not
oxidized or is oxidized and immediately reduced by water before complex-
ation with EDTA can occur. At pH 10 all of the cobalt is complexed with
EDTA and is oxidized by the hydrogen peroxidetcempletelya

If the excess of EDTA present is not enough to complex all metal
ions present another error can occur. During a series of titrations~”
of solutions containing both cobalt and zinc the guantity of excess EDTA
determined by the back titration with standard bismuth was found to be
too high. Again this indicated that not all of the cobalt was being
oxidized. The importance of adding enough EDTA to complex all of the

metal ions present can be explained on the basis of the equilibrium

- + -
Coy™® + M — uy® by oot

+
If some free metal, M s 1s present in the solution it will partially

replace the cobalt(II) from the EDTA complex. With the exception of
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the alkali metals, all metals will replace the cobalt to a certalin ex-
tent. How far the equilibrium is shifted to the right depends on the
ratio of the stability constants of the EBTA complex and on the concen-

tration of metal M. Even with a metal such as magnesium, which has a

low stability constant, the shift was sufficient enough to cause low

results for ccbalt if a portlon of the magnesium remains uncomplexed.
The experiments were repeated but an excess of EBTA over all the inter-
fering metals present was used. The correct results for cobalt were
obtained.

Kinnunen and Wennerstrandn(BO) performed the cobalt oxidatien in
an ammoniacal medium. This procedure was foliowed‘initially but a study
of the guantity of hydrogen peroxide needed for oxidizing tﬁe cobalt re-
vealed that a portien of the oxidant was lest. The study was made be-
cause a minimum amount of hydrogen peroxide should be used because of
the formatien of bubbles and their detrimental affect on the light beam.
If too much hydrogen peroxide is used some time must be spent in removing
all of the bubbles. In ammoniacal medium an inordinate amount of hydro-
gen peroxide was reguired to obtain the correct results for cobalt, other-
wise cobalt results were too low. This indicated incomplete oxidation.
A portion of the hydrogen peroxide was lost due to the oxidation of
ammonia to nitrogen with a large amount of gas bubbles being generated.
The solution was therefore adjusted to pH 10 with sodium hydroxide: no
buffering agent being added. Identical experiments performed with sedium
hydroxide instead of ammonia-ammonium nitrate buffer gave the eorrect
results for cobalt. A smaller amount of the oxidant suffices fer the com-

plete oxidation of cobalt than was needed in ammoniacal medium, and barely
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any bubbles are produced. In addition the rate of oxidation seemed to
be enhanced. At pH 10 the oxidation proceeds Very rapidly. This is
easily observed because the solution turns to a deep blue upon the
addition of a drop or two of 30 per cent hydrogen peroxide. If the pH
is slightly lower, 9 for example, the oxidation proceeds more slowly-
This kinetic aspect was not studied in detail since at pH 10 the re-
action 1s rapld and the correct results were obtained.

Ne interference due to the oxidatien of the free EDTA by the
moderate amount of unreacted hydrogen peroxide at pH 10 was observed.

A solution was titrated after standing for 15 minutes and no error was
found in the analysis indiceting that no EDTA was destroyed. However,

a solution which was titrated after standing for 18 hours indicated that
a slgnificant portion of the EDTA was destroyed by the excess hydrogen
peroxide.

. After the oxidation of the cobalt{ II)<EDTA complex to the cobalt
(III)-EDTA complex the pH of the solution was décreased to 1. Nitric
acid was added dropwise while the pH of the solut;on was measured with
a pH meter. The sclution was then titrated with standard bismuth solu-
tion. During the initial experiments a drift in the galvanometer needle
was observed as the titration was begun. However, the drift did not
always cccur and when it did occur the rate of drift varied greatly.

The effect was traced back to the nitric acid. Oxides of nitrogen in
the nitric acid will react with and destroy the PCV and thus cause the
galvanometer needle to drift.

The drift was avoided if an excess of hydrogen peroxide was added;

cne or two drops over the amount required to oxidize the cobalt. The
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eXcess hydrogen peroxide rescted with the oxides of nitrogen and their
interference was removed. Ures will also destroy the nitrogen oxldes,
thus, a spatula tip was added to the solution Jjust before addition of
the indicator. )

A series of experiments were performed to determine whether or
not the acidity of the solution had any effect on the cobalt(III)-EDTA
complex or the excess EDTA. Three solutions were prepared and oxidized
in an identical manner. Then the pH of the first solution was adjusted
to 1.0 and titrated immediately. The pH of the second solution was ad-
Justed to about zere and this solution was set aside for one hour. The
third solution was adjusted to pH zero and then brought back te 1.0 with
sodium hydroxide and immediately titrated with standard bismuth solution.
The results were the same for all three titrations indicating that the
complex and the excess EDTA are not destroyed at the low pH or at least
not within a reasonable time period required to perform the titration.

A study of the cobalt(III)-EDTA complex has been made by Schwarzen-
bach (83). Two red complexes are known to exist which hardly can be
distinguished by the eye but which the phototitrator can readily distin-
guish (see Fig. 13). 1In alkaline medium the oxidation of the cobalt{II)-
EDTA complex by Lydrogen peroxide proceeds, according to Schwarzenbach,

in the feollowing manner

2 CoY"" + H202—»2 co( OH)Y“'2

pink deep blue

On acidification & proton is attached and this process is accompanied by

a color change to red

el
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- + -
2~ 4 gt —sco(B.O)Y

0
Co( OH)Y 5

deep blue red

The complex containing one molecule of coordinsted water is not stable

and it dissociates in a rather slow process according to the equation

Co(HEO)Y —>CoY + H,0

red red

Fortunately at the wavelength which the titration is performed the two
cobalt complexes have the same extinction coefficient and this slow de-
composition does not interfere with the titration! see Figure 13).

The pH of the solution containing the cobalt(III)-EDTA complex
to be tiltrated can vary between certain values depending on the consti-
tuents in the solution. The pH should be no greater than 2 in order
to prevent the hydrolysis of bismuth, iron, thorium and zirconium. The
PH used may be as low as 0.5 in order to insure that some of the more
stable EDTA complexes other than those of the cobalt(III) and bismuth
are completely dissociated.

The effect on the titration curve due tb changes of pH was stud-
ied. Identical aliguots of a bismuth solution were taken and the pH
ef each was adjusted to 2.0, 1.5, 1.0 and 0.5 respectively. The pH was
adjusted with nitric acid and measured with a pH meter. The titration
with EDTA was performed at 622 mp. The results of these titrations are
shown in Fig. 15. As the pH is lowered the break becomes smaller. How-
ever, the end point is established without diffieulty.

After accounting for the sources of error the method was evaluated

by titrating solutions obtaining known amounts of cobalt. The procedure
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involved the following steps: an aliquot of standard cobalt solution

was pipetted intc @ beaker. An excess of EDTA was then added and the
solution was then adjusted with a dilute sodium hydroxide solution which
was added dropwise while the pH was measured with a pH meter. After
reaching pH 10 the seolution was well stirred and 3 to 5 drops of 30 per
cent hydrogen peroxide was added. The pink selution immediately became
deep blue. Next nitric acid was added dropwise to lewer the pH below

2. About 200 mg of urea was then added and the solution was guantita-
tively transfered tc the ‘titration cell. Twenty drops of a 10 per cent
agueous solution of PCV was added. The solution was titrated with
standard bismuth solution. The transmittance readings were both recorded
and immediately plotted on semi-logarithmic paper. The end point was
established by extrapolation. The results of a series of titrations

are presented in Table 13. In general, the curves were identical in
appearance to those shown in Fig. 15.

A study of the effect of the presence of other metal lons was
made. The titrations were conducted in the manner described for the
golutions containing only cobalt except that the excess EDTA added was
énough to complex all metal ions present and providsome uﬁéompiexed
EDPTA. The following metals did not interfere in the back titration: lead,
cadmium, zinc, aluninum, magnesium, calcium and barium. The results of
some of these titrations are presented in Table 1k. No auxiliary masking
agents were requir=d when these ions were present. In the presence of
aluminum, however, the pH had to be less than 1 otherwise a time effect
was Observed.

Titrations in the presence of nickel and copper were difficult to

carry out using this back titration method. A serious time effect was
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Representative Results for the Back Titration

of Cobalt

0.1000 M EDTA

Titration at pH ml Required ml Taken
0.5 5.11 5.14
0.6 h.49 bk
1.0 9.25 9.21
1.0 18.42 18.50
1.0 L.L8 h.51
1.0 2,68 2.66
1.0 5.59 5.60
1.0 3.30 3.29
1.0 5.07 5.08
1.5 23.40 23.56
2.0 7.78 779
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Table 4. Representative Results for Back Titration of
Cobalt in the Presence of Foreign Metals

0.1 M Solution of
Foreign Metal Ion

added Titration at 0.1000 M EDTA, ml
ml pH ml Required ml Taken

™™, 5(2oml 0.1 M

Na S0, for masking) 0.5 5.2k 5.20
mn*?, 5 0.6 k.60 h.63
Mn*e, s 0. .17 .17
un'?, 5 0.7 5.15 5.1k
uo*e, s 0.6 5.63 5.66
wo;e, 5 0.6 5.67 5.60
ca’®s, Mg'C 5 0.6 4,26 4. 26
Mg'e 12 1.0 5.56 5,63
INRER- 0.6 5.32 5.3k
Pt 12 1.0 b b1 I b3
Cu.I:2 1.0 2.68 2.67

+2
Cu - 10 1.5 13.39 13.35
cu'? 15 1.5 5.79 5.78
cu*? 15 0.6 4.60 k.65
N2 5 0.6 %.58 I.59

+2
n*e 15 0.6 8.56 8.57
¥*2 10, cu'® 5 0.6 7.10 7.08
1%, 7025, po*28, cu'2s

Mg*e5, cates 0.6 8.89 8.90

2+ co™(0 ¢) 2.0 18.12 18.15
Co+2(room temperature) 2.0 8.71 8.70
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observed. A study of the titratien reaction revealed that both nickel
and copper were slowly replaced from their EDTA complexes by bismuth.
The rate was not aided by changing the pH. Thus for those metals which
were slowly replaced the back titration procedure was further modified.
After the addition of excess EDTA, oxidiation and acidification, instead
of titrating the excess EDTA, an excess of bismuth over the amount of
EDTA added was provided. The replacement reaction now occurs rapidly;
the bismuth combining with all of the EDTA except that cembined with
cobalt(III). The excess of bismuth is now back titrated with a standard
EDTA solution gt the same wavelength used previously. Nickel and copper
do not interfere if the “"double" back titration procedure is used. The
results of & series of titrations using this‘modified.method are pre-
sented in Table 1h.

Several other common metal ione interfered with the titration and
a series of studies were made in order to eliminate the-interference.

When g solution of mangsnese alone was treated with an excess of
EDTA and the solution was made alkaline a yellow turbidity formed. Upon
gddition of hydrocgen peroxide a vigorous reaction occurred and manganese
dioxide precipitated. Upon acidification the pink color of the manganese-
(III)-EDTA complex appeared. Excess bismuth was added and the excess back
titrated with EDTA. The experimental value for the excess EDTA deter-
mined was always low indicating that not all of the EDTA in the manganese-
(III) complex had been replaced. In addition a slight time effect was

observed during the titration indicating that the replacement is occurring

slowly. This interference, due to the formation of the manganese(III)-

EDTA complex, can be eliminated by reducing the manganese( III) with ascorbic
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acid. Thus after the oxidation step and subsequent acidification of the
solution with nitric acid a spatula tip of ascorbic acid is added to the
sclution. Titrations of cobalt in the presence of manganese can be per-
formed successfully using this modification. A series of titrations
were performed to determine whether or not the ascorbic acid would re~
duce the cobalt(III). A solution of cobalt{IIT)-EDTA at pH 1.0 with
200 mg of ascorbic acid present at the end of 1 hour was titrated and
the correct amount of cobalt was found indicating no reduction of Co.

If mixtures of chromium(III) and cobalt are analyzed according
to the normal procedure the results obtained for cobalt are too high
indicating that some of the chromium is being co-titrated. Chromium
forms its EDTA complex only. very slowly so that it is precipitated
during the alkalinization step. Some of the chromium is oxidized to
chromete when hydrogen peroxide 1s added to the alkaline selution. When
the solution is acidified the precipitated chromium(III) hydroxide re-
dissolves. Any dichromate present per se would not interfere. However,
in the presence of left over hydrogen peroxide the dichromate is reduced

to chromium(III) which in statu nascendi rapidiy complexes with the

EDTA.

Thus, if a solution containing chromium{III), cobait{II) ard
EDTA is boiled a®% pH 3-4 the deep violet of the chromium(IIT)-EDTA
compiex appears. The excess EDTA can be titrated with bismuth solu-
tion. This titration givgs the chromium alone since the cobalt is in
the divalent state and is readily replaced by bismuth. In a second
aliquot the sum of cobalt and chromium can be obtained if the procedure

is slightly modified. PFirst the sample solution is boiled with eXcess




1L

EDTA tc hasten the complexation of the chromium, the solution Is cooled
and made alkaline. Then the cobalt is oxidized with hydrogen peroxide.
The titration is performed at pH 1 and the sum of cobalt and chromium
is obtained. The cobalt is determined by difference.

Thorium forms a highly stable EDTA complex and will be cotitrated
unless it is masked by the addition of sodium sulfate. The titration
must be performed at pH 0.5 in order to prevent the formation of basic
bismuth sulfate which will precipitate at a higher pH.

Other metals which form highly stsble EDTA complexes will be co-
titrated. TFor example bismuth, zlrcenium, indium end gallium all inter-
fere (82). No masking agent is known for these ions. Mercury interferes
by producing erratic time effects which could not be eliminated. Al-
though mercury ordinarily is masked with bromide this was 1lmpossible
under the conditions of the titration since bismuth 6xy-bromidevpreci-
pitated. 8Silver seriously interfered because it is first precipitated
as the oxide during the oxidation step and it also catalyzed the decom-
position ef the EEDTA by the hydrogen peroxide which caused a vigorous
reaction.

Iron is known to cause an interference (84). Theoretically, it
should be cotitrated since it has a very high stability constant with
EDTA. It destroys the indicator, however, thus its presence renders
the titration impossible.

At pH 0.5 only a few anions were found to interfere. Citrate
and tartrate interfere by masking the bismuth against EDTA. Halides
interfere by forming insoluble bismuth oxy-halides. ZEven at pH 0.5

very small amounts of chloride cause a turbidity. The melybdate anion
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interferes because it reacts with the indicator thus masking it against
bismuth.

The possibility of determining the sum of cobalt and nickel in

a sample by combining this approach with a method for determining nickel
at OOC was investigated (14). The sample solution containing nickel

and cobalt was treated in the normal fashion, 4.e., oxidation, acidifi-
cation, etc., but just before back titration with bismuth the solution
was cooled to 0°C by the addition of ice to the sample seolution in the
titration cell. The nickel reacts sc slowly at 0°C that none of it is
replaced from the EDTA complex during the titration. Thus, the back
titration with bismuth provides the basis fer obtaining the sum of nickel
and cobalt. The solution was then allowed to warm to room temperature
s0 that the bismuth replaced the nickel. The excess of bismuth was ti-
trated with EDTA and the amount of cobalt calculated. Table 1k contains
the result of a determination carried out in this mannmer.

Titrgting at OOC was lmpossible unless water vapor was prevented
from condensing on the cold titration cell. This problem was easily
overcome by allowing a gentle flow of nitrogen gas to pass over the cell
face during the titration. DNo difficulties were encountered using this
modification.

On the basis of the considerations just discussed the following
method for selectively analyzing for cobalt will be ocutlined. The so-
lution containing cobalt and other metal ions is pipetted into a beaker.
A measured amount of a standard EDTA solution is added so that all of
the metal ions present (with the exception of the alkali metals) are

complexed and some EDTA is present in excess. The pH of the solution
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is raised to 10 by addition of sodium hydroxide. .A pH meter is used

to measure the pH while adding the sodium hydroxide. Then 4 to 5 drops
of 30 per cent hydrogen peroxide-is added to oxidize the cobalt(II).

Next nitric acid is added dropwise -until the pH is less than about 2.

The nature of the interfering ilons present will determine the final pH.
-A spatula tip of urea is added. This solution is quantitatively trans-
fered to the titration cell and the photetitrator is adjusted to about

90 per cent trensmittance with this solution. Adjustment to lOO‘pér cent
trensmittance is avoided so that a safety range i1s provided;if the trans-
mlittance is slightly higher at the end point beacuse of dilution. The
-excess EDTA is then back titrated with a standard bismuth solution.

If nickel end copper are present, instead of titrating with

standard bilsmuth end exactly measured excess of bismuth is added. A&n
excess of bismuth is signaled by the change in color of the indicator.

The excess bismuth is then back titrated with standerd EDTA solution.

- Summery

A highly selective method for titrating cobalt has been devised
based on the conversion of cobalt(II) to the highly stable cobalt(III)-
EDTA complex. The titration is performed at a pH less than 2 where
most metal-EDTA complexes are completely or nearly completely dissoci-
ated. The cobalt must be oxidized in the presence of an excess of EDTA
and the excess EDTA is back titrated with standard bismuth solution.
For practically all of the common metals this procedure is satisfactory.
Copper and nickel are replaced very slowly from their EDTA cemplexes,
however. In order to overcome this kinetic problem an excess of bis-

muth sclution is added instead of back-titrating with bismuth. The
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replacement reaction occurs much more rapidly under this condition. The
excess bismuth is now back titrated with a standard EDTA solution. Pyro-

catechol violet is used as a step indicator and gives excellent photo-

metric titration curves.

Most metal ions will not interfere either because the pH is too
low or they can be masked. The.most’serious interference which cannot
be prevented is due to iron. To usé<this‘method then one must first

separate iron. Chromium interferes but the method can be modified in

guch & way so as 10 enable the determination of both cobalt and éhrom-
ium.

Nickel and cobalt can be determined in the same solutien by per-
forming two titrations. The sum of nickel and cobalt is obtained by
titrating the excess EDTA with blsmuth at OOC. An excess of bismuth is
then added after the end point and the solution is warmed to room temper-
ature. The bismuth replaces the nickel frem its EDTA complex and the

remginder of the uncomplexed bismuth is back-titrated with EDTA.
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