Complexation and

Precipitation Reactions
and Titrations

tion and pr Meactions are important in many areas of science and everyday
scussed in thi pter. Black-and-white photography is one such area. Although digital
graphy has come to dominate consumer areas, film photography is still important in many
lications. Shown here are photomicrographs of a capillary chromatography column at <1300 (top)
nd %4900 (bottom) magnification. Black-and-white film consists of an emulsion of finely divided
AgBr coated on a polymer strip. Exposure to light from the scanning electron microscope causes reduc-
of some of the Ag™ ions to Ag atoms and corresponding oxidation of Br ms. These atoms
remain in the crystal lattice of AgBr as invisible defects, or the so-called late ge. Developing re-
many more Ag™ ions to Ag atoms in the granules of AgBr containing Ag atoms from the original
image. Development produces a visible negative image where dark regions of Ag atoms\represent

eas where light has exposed the film. The fiu‘step removes the unexpose
)2

highly stable silver thiosulfate complex [Ag(S,0; black metallic silver of the negative remains.
AgBr(s) + 25,04~ (aq) — [Ag(S,05),1°(ag) + Br(aq)

After the negative has been fixed, a positive image is prod by projecting@h ugh the negative
onto photographic paper. (M. T. Dulay, R. P. Kulkarni, and R. N. Zare, Anal. Chem., 1998, 70, 5103,
DOI: 10.1021/ac9806456. ©American Chemical Society. Courtesy of R. N. Zare, Stanford University.)

.

© American Chemical Society. Courtesy of R. N. Zare, Stanford
University, Chemistry Dept.

C omplexation reactions are widely used in analytical chemistry. One of the earliest uses
of these reactions was for titrating cations, a major topic of this chapter. In addition,
many complexes are colored or absorb ultraviolet radiation; the formation of these complexes
is often the basis for spectrophotometric determinations (see Chapter 26). Some complexes are
sparingly soluble and can be used in gravimetric analysis (see Chapter 12) or for precipitation
titrations as discussed in this chapter. Complexes are also widely used for extracting cations
from one solvent to another and for dissolving insoluble precipitates. The most useful complex
forming reagents are organic compounds containing several electron-donor groups that form
multiple covalent bonds with metal ions. Inorganic complexing agents are also used to control
solubility, form colored species, or form precipitates.

THE FORMATION OF COMPLEXES

Most metal ions react with electron-pair donors to form coordination compounds

or complexes. The donor species, or must have at least one pair of

© American Chemical Society. Courtesy of . - . A .
R. N. Zare, Stanford University, Chemistry Dept. unshared electrons available for bond formation. Water, ammonia, and halide ions
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are common inorganic ligands. In fact most metal ions in aqueous solution actually
exist as aquo complexes. Copper(II), for example, in aqueous solution is readily com-
plexed by water molecules to form species such as Cu(H,0),*". We often simplify
such complexes in chemical equations by writing the metal ion as if it were uncom-
plexed Cu”*. We should remember, however, that most metal ions are actually aquo
complexes in aqueous solution.

The number of covalent bonds that a cation tends to form with electron donors
is its coordination number. Typical values for coordination numbers are two, four,
and six. The species formed as a result of coordination can be electrically positive,
neutral, or negative. For example, copper(II), which has a coordination number
of four, forms a cationic ammine complex, Cu(NH;),**; a neutral complex with
glycine, Cu(NH,CH,COO),; and an anionic complex with chloride ion, CuCl,*".

Titrations based on complex formation, sometimes called complexometric titra-
tions, have been used for more than a century. The tru§ remarkable growth in their
analytical application, based on a particular class of coordination compounds called
chelates, began in the 1940s. A chelate is produced when a metal ion coordinates
with two or more donor groups of a single ligand to form a five- or six-membered
heterocyclic ring. The copper complex of glycine, mentioned in the previous para-
graph, is an example. In this complex, copper bonds to both the oxygen of the car-
boxyl group and the nitrogen of the amine group:

NH,
Cu*" + 2H—C|—C—OH —
&
\ Glycine

N
H,C—NH NH—CH, 4

Cu”* complex with glycine.

’

Aligand that has a single donor group, such as ammonia, is called unidentate
(single-toothed), whereas one such as glycine, which has two groups available for
covalent bonding, is called bidentate. Tridentate, tetradentate, pentadentate, and
hexadentate chelating agents are also known.

£

/T \
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18-crown-6 dibenzo-18-crown-6 cryptand 2,2,2

Crown ethers and cryptands.

Another important type of complex is formed between metal ions and cyclic
organic compounds, known as macrocycles. These molecules contain nine or
more atoms in the cycle and include at least three heteroatoms, usually oxygen,
nitrogen or sulfur. Crown ethers, such as 18-crown-6 and dibenzo-18-crown-6
are examples of organic macrocycles. Some macrocyclic compounds form three
dimensional cavities that can just accommodate appropriately sized metal ions.
Ligands known as cryptands are examples. Selectivity occurs to a large extent

Unless otherwise noted, all content on this page is © Cengage Learning.

17A The Formation of Complexes 401

A ligand is an ion or a molecule that
forms a covalent bond with a cation

or a neutral metal atom by donating a
pair of electrons, which are then shared
by the two.

Chelate is pronounced keelate and is
derived from the Greek word for claw.

-

Dentate comes from the Latin word
dentatus and means having toothlike
projections.

Molecular model of 18-crown-6. This
crown ether can form strong complexes
with alkali metal ions. The formation
constants of the Na*, K*, and Rb™"
complexes with 18-crown-6 are in the
10° to 10° range.

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). Editorial review has
deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.


Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight

Home
Highlight


402 CHAPTER17 Complexation and Precipitation Reactions and Titrations

because of the size and shape of the cycle or cavity relative to that of the metal
ion, although the nature of the heteroatoms and their electron densities, the com-
patibility of the donor atoms with the metal ion, and several other factors also
play important roles.

17A-1 Complexation Equilibria

The selectivity of a ligand for )
one metal ion over another refers
to the stability of the complexes

Complexation reactions involve a metal-ion M reacting with a ligand L to form a
complex ML, as shown in Equation 17-1:

formed. The higher the formation M+ L = ML a7-1)
constant of the metal-ligand {
complex, the better the selectivity where we have omitted the charges on the ions in order to be general. Complex-
of the ligand for the metal relative ation reactions occur in a stepwise fashion and the reaction above is often followed
to similar complexes formed with by additional reactionsr:\
other metals.
ML + L =ML, 17-2)
L ML, + L = ML, 17-3)
p ML, , + L=ML, (17-4)

" Unidentate ligands invariably add in a series of steps as shown !)ove. With mul-
tidentate ligands, the maximum coordination number of the cation may be satisfied
with only one or a few added ligands. For example, Cu(II), with a maximum coor-
dination number of 4, can form complexes with ammonia that have the formulas
Cu(NH;)*", Cu(NH;),”", Cu(NH;);*", and Cu(NH;)/**. With the bidentate li-

\ gand glycine (gly), the only complexes that form are Cu(gly)** and Cufgly),”*.
The equilibrium constants for complex formation reactions are generally written
as formation constants, as discussed in Chapter 9. Thus, each of the 'reactions 17-1
through 17-4 is associated with a stepwise formation constant X, through K. For
example, K| = [ML])/[M][L], K, = [MLZ]/[MLT[L], and so on. We can also write
the equilibria as the sum of individual steps. These have overall formation constants
designated by the symbol B,. Therefore,

|

[ML]
M+ L=ML Bl=m=](1 (17-5)
[ML,]
M + 2L = ML, B, = m = KK, 17-6)
[ML,]
M + 3L = ML, B; = m = KKK, Qa7-7)
M + nL =ML _M_KK K 17-8
nl — n Bn_ [M][L]n_ 14439 ° 2 Ihsy ( _)

Except for the first step, the overall formation constants are products of the stepwise
formation constants for the individual steps leading to the product.

For a given species like the free metal M, we can calculate an alpha value, which
is the fraction of the total metal concentration in that form. Thus, @y is the frac-
tion of the total metal present at equilibrium in the free metal form, ay is the
fraction in the ML form, and so on. As derived in Feature 17-1, the alpha values
are given by
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17A The Formation of Complexes 403

1
T T B + B + By[LY + - + B,IL]" a79)
Ay = AL (17-10)
1 + B,[L] + B,[L]1* + B5[L]° + - - - + B,[L]”
o = BaLI” 17-11)
ML, 1+ BI[L] + ﬁz[L]z + B3[L]3>+ ceo 4+ ﬂ”[L]"
ayr, = ALY 3 7-12)

1 + B;[L] + B,[L]* + B5[L1F % - - - & B,[L]*

FEATURE 17-1 \

Calculation of Alpha Values for Metal Complexes

The alpha values for metal-ligand cemplexes can be derived as we did for polyfunc-
tional acids in Section 15H. The alphas are defined as

N
(M] [ML] '
ay = 5| Qv = >
M M '
ML ML) )
anpp, — o amvL, = o N
The total metal c‘mentration cy can be written \

v = (M] + [ML] + [ML,] + --- + [ML,]

-

From the overall formation constants (Equations 17-5 through 17-8), the concentrations
of the complexes can be expressed in terms of the free metal concentration [M] to give™

’

ey = M1 + B, IMIIL] + B,IMIIL]> + - -+ + B,IMI][L]”
= [MI{1 + B,[L] + B,[L1* +--- + B,IL]"}

Now, e can be found as

[M] (M]

aMz =]

oM M] + B,IMI[L] + B,[IMI[L]* + --- + B,[IM][L]"

1
1+ ByIL] + B,ILIE + B[LI + - -+ + B,[L)”

Note that the form on the right is Equation 17-9. We can find ay; from

_Imi] _ B,IMI][L]
Ay Gy, M] + B,IMI[L] + B,[IMI[L]* + --- + B,IMI[L]"
B,[L]

1+ B,[L] + B,[L]* + B5[L]° + --- + B,[L]"

The rightmost form of this equation is identical to Equation 17-10. The other alpha
values in Equations 17-11 and 17-12 can be found in a similar manner.
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404 CHAPTER17 Complexation and Precipitation Reactions and Titrations

Note that these expressions are analogous to the a expressions we wrote for
polyfunctional acids and bases except that the equations here are written in terms
of formation equilibria while those for acids or bases are written in terms of disso-
ciation equilibria. Also, the master variable is the ligand concentration [L] instead of
the hydronium ion concentration. The denominators are the same for each a value.
Plots of the a values versus p[L] are known as distribution diagrams.

Spreadsheet Summary , In the first exercise in Chapter 9 of Applications
of Microsoft® Excel in\Analytz’ml Chemistry, 2nd ed., o values for the Cu(II)/
NH; complexes are calculated and used to plot distribution diagrams. The «
values for the Cd(II)/Clsystem are also calculated.

17A-2 The Forma§on of Insoluble Species

In the cases discussed in the previous section, the complexes formed are soluble in
solution. The addition of ligands to a metal ion, however, may result in insoluble spe-
cies, such as the familiar nickel-dimethylglyoxime precipitate. In many cases, the in-
termediate uncharged complexes in the stepwise formation scheme may be sparingly
soluble, whereas the addition of more ligand molecules may result in soluble species.
For example, adding Cl™ to Ag™ results in the insoluble AgCl precipitate. Addition of
a large excess of Cl™ produces soluble species AgCl, ", AgCl32_, anc’Agle -

In contrast to complexation equilibria, which are most oftet treated'as formma-
tion reactions, solubility equilibria are normally treated as dissociation reactions, as
discussed in Chapter 9. In general, for a sparingly soluble salt M{A, in a saturated

\ solution, we can write \

MA,(5) = xM""(ag) + yA* (aq) Ky = M7 ’(]Y (17-13)

where K, is the solubility product. Hence, for Bil;, the solubility product is written,
K, = [BP][I7]. \

The formation of soluble complexes can be used to control the concentration of free
metal ions in solution and thus control their reactivity. For example, we can prevent
a metal ion from precipitating or taking part in another reaction by forming a stable
complex, which decreases the free metal-ion concentration. The control of solubility by
complex formation is also used to achieve the separation of one metal ion from another.
If the ligand is capable of protonation, as discussed.in the next section, even more con-
trol can be accomplished by a combination of complexation and pH adjustment.

17A-3 Ligands That Can Protonate

Complexation equilibria can be complicated by side reactions involving the metal or
the ligand. Such side reactions make it possible to exert some additional control over
the complexes that form. Metals can form complexes with ligands other than the one
of interest. If these complexes are strong, we can effectively prevent complexation
with the ligand of interest. Ligands can also undergo side reactions. One of the most
common side reactions is that of a ligand that can protonate, that is, the ligand is a
weak acid or the conjugate base of a weak acid.

Complexation with Protonating Ligands

Consider the case of the formation of soluble complexes between the metal M and the
ligand L, where the ligand L is the conjugate base of a polyprotic acid and forms HL,
H,L, ... H,L for which again the charges have been omitted for generality. Adding
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17A The Formation of Complexes 405

acid to a solution containing M and L reduces the concentration of free L available
to complex with M and thus decreases the effectiveness of L as a complexing agent
(Le Chatelier’s principle). For example, ferric ions (Fe’™) form complexes with oxa-
late (C,0,*", which we abbreviate as ox*~) with formulas [Fe(ox)]*, [Fe(ox),] ", and
[Fe(ox)3]’ . Oxalate can protonate to form Hox and H,ox. In basic solution, where
most of the oxalate is present as ox*~ before complexation with Fe’™, the ferric/oxalate
complexes are very stable. Adding acid, however, protonates the oxalate ion, which in
turn causes dissociation of the ferric complexes.

For a diprotic acid, like oxalic acid, the fraction of the total oxalate-containing
species in any given form, ox”", Hox", and H,ox, is given by an alpha value (recall
Section 15H). Since |

er = [Hyox] + [Hox "] + [ox* 7] \ 17-14)
we can write the alpha values; «, a;, and @, as
Qo = o] _ ML (17-15)
e HPH+ KHT + KK,
(Hox'] _ Ky H7] (17-16)
a = = -
e P KT KK, '
(0] KoKy \
= 3 17-17
O, HTEE KH + KK, 7 o\

Since we are interested in the free oxalate concentration, we will be most concerned

with the highest a\alue, here a,. From Equation 17-17, we can write \

A 53 5 2l gl e )
2l e GBS ol 5T ey ) clale [71O)
Note that, as the solution gets more acidic, the first two terms in the denominator of
Equation 17-17 dominate, and a, and the free oxalate concentration decrease. When

the solution is very basic, the last term dominates, a, becomes nearly unity, and [ox* "]
=~ ¢y, indicating that nearly all the oxalate is in the ox>~ form in basic solution.

-

Conditional Formation Constants | (pH 43 il 5) Ly e JuSCiS i‘é\jl

To take into account the effect of pH on the free ligand concentration in a complex-

ation reaction, it is useful to introduce a conditional formation constant, or effec-
tive formation constant. Such constants are pH-dependent equilibrium constants
that apply at a single pH only. For the reaction of Fe’* with oxalate, for example, we
can write the formation constant K; for the first complex as

[Fe(ox)™] [Fe(ox)™]

&= [Fe’* ] [ox*7] - [Fe* layer 17-19)

At a particular pH value, «;, is constant, and we can combine K and «; to yield a
new conditional constant K:

(17-20)

The use of conditional constants greatly simplifies calculations because ¢y is
often known or is easily computed, but the free ligand concentration is not as eas-
ily determined. The overall formation constants, 8 values, for the higher complexes,
[Fe(ox),] ™ and [Fe(ox);]’~, can also be written as conditional constants.
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406 CHAPTER17

Tetradentate or hexadentate )
ligands are more satisfactory as
titrants than ligands with feﬁer
donor groups because their
reactions with cations are more
complete and because they tend

to form 1:1 complexes.

Figure 17-1  Titration curves for
complexometric titrations. Titration
of 60.0 mL of a solution that is 0.020 M
in metal M with (A) a 0.020 M solu-
tion of the tetradentate ligand D to
give MD as the product; (B) a 0.040
M solution of the bidentate ligand B
to give MB,; and (C) 2 0.080 M solu-
tion of the unidentate ligand A to give
MA,. The overall formation constant
for each product is 10%.
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Complexation and Precipitation Reactions and Titrations

Spreadsheet Summary Ligands that protonate are treated in Chapter 9
of Applications of Microsoft® Excel in Analytical Chemistry, 2nd ed. Alpha values

and conditional formation constants are calculated.

TITRATIONS WITH INORGANIC
COMPLEXING AGENTS

Complexation reactions have many uses in analytical chemistry. One of the earliest

uses, which is still widespread, is in complexometric titrations. In these titrations, a
metal ion reacts with a suitable ligand to form a complex, and the equivalence point
is determined by an indicator or an appropriate instrumental method. The formation
of soluble inorganic complexes is not widely used for titrations, but the formation of
precipitates, particularly'With silver nitrate as the titrant, is the basis for many impor-
tant determinations, as discussed in Section 17B-2.

17B51 Complexation Titrations

Cemplexometric titration curves are usually a plot of pM = —log [M] as a function
of the volume of titrant added. Usually in complexometric titrationsy the ligand is the
titrant, and the metal ion is the analyte, although occasionally the roles are reversed.
As we shall see later, many precipitation titrations use the metal ion as 'the titrant.
w complex stabil-
. . . . . . . . . . N .

ity and indistinct titration end points. As titrants, multidentate ligands, particularly
those having four or six donor groups, have two advantages over their unidentate

counterparts. First, they generally react more completely with cationsian us pro-
t ts. First, they g lly react letely with cat d th

Most simple inorganic ligands are unidentate, which can lead to

vide sharper end points. Second, they ordinarily react with metal ions in a single-step
process, whereas complex formation with unidentate ligands usually involves two or
more intermediate species (recall Equations 17-1 through 17-4).

The advantage of a single-step reaction is illustrated by the titration curves shown
in Figure 17-1. Each of the titrations shown involves a reaction that has an overall
equilibrium constant of 10%°. Curve 4 is computed for a reaction in which a metal-ion
M having a coordination number of four reacts with a tetradentate ligand D to form
the complex of MD (we have again omitted the charges on the two reactants for conve-
nience). Curve B is for the reaction of M with a hypothetical bidentate ligand B to give
MB, in two steps. The formation constant for the first step is 10'* and for the second

20

pM

10

0 10 20 30 40 50 60 70 80 90
Volume of reagent added, mL
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17B Titrations with Inorganic Complexing Agents 407

FEATURE 17-2

Determination of Hydrogen Cyanide in Acrylonitrile Plant Streams

Acrylonitrile, CH,=CH-—C==N, is an important chemical in the production of poly-
acrylonitrile. This thermoplastic was drawn into fine threads and woven into synthetic
fabrics such as Orlon, Acrilan, and Creslan. Although acrylic fibers are no longer pro-
duced in the US, they are still made in many countries. Hydrogen cyanide is an im-
purity in the plant streams that carry aqueous acrylonitrile. The cyanide is commonly
determined by titration with AgNOj3. The titration reaction is |

Ag" + 2CN~ — Ag(CN),”

In order to determine the end point of the titration, the aqueous sample is mixed
with a basic solution of potassium iodide before the titration. Before the equivalence
point, cyanide is in excess, and all the Ag" is complexfex As soon as all the cyanide
has been reacted, the first excess of Ag’ causes a permanent turbidity to appear in the

solution because of the formation of the Agl precipitate according to

AgJr +1 — Agl(s)
N

N
10%. Curve C involves a unidentate ligand, A, that forms MA/ in four steps with suc- '

cessive formation constants of 10%, 10%, 107, and 102 These curves demonstrate that a '

much sharper end point is obtained with a reaction that takes place in a single step. For )

this reason, multidentate ligands are usually preferred for complexometric titrations. N
The most widely used complexometric titration with a unidentate ligand is the titra-

tion of cyanide with silver nitrate, a method introduced by Liebig in the 1850s. This

method involves the formation of soluble Ag(CN), ", as discussed in Feature 17-2. Other \

common inorganic complexing agents and their applications are listed in Table 17-1.

-

Spreadsheet Summary The complexometric titration of Cd(II) wich
Cl" is considered in Chapter 9 of Applications of Microsoft® Excel in Analytz',cal
Chemistry, 2nd ed. A master equation approach is used.

17B-2 Precipitation Titrations

Precipitation titrations are based on reactions that yield ionic compounds of lim-
ited solubility. Precipitation titrimetry is one of the oldest analytical techniques, dat-
ing back to the mid-1800s. The slow rate at which most precipitates form, however,
limits the number of precipitating agents that can be used in titrations to a hand-
ful. We limit our discussion here to the most widely used and important precipitat-
ing reagent, silver nitrate, which is used for the determination of the halogens, the

TABLE 17-1

Typical Inorganic Complex-Forming Titrations

Titrant Analyte Remarks
Hg(NO3), Br~, CI7, SCN~, CN7, thiourea Products are neutral Hg(II) complexes;

various indicators used

AgNOj; CN™ Product is Ag(CN),"; indicator is I";
titrate to first turbidity of Agl

NiSO,4 CN~™ Product is Ni(CN),*~; indicator is Agl;
titrate to first turbidity of Agl

KCN Cu?t, ng*', Ni2™ Products are Cu(CN)*~, Hg(CN),, and

Ni(CN)~; various indicators used
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Complexation and Precipitation Reactions and Titrations

halogenlike anions, mercaptans, fatty acids, and several divalent inorganic anions.
Titrations with silver nitrate are sometimes called argentometric titrations.

The Shapes of Titration Curves

Titration curves for precipitation reactions are calculated in a completely analogous
way to the methods described in Section 14B for titrations involving strong acids
and strong bases. The only difference is that the solubility product of the precipitate
is substituted for the ion-product constant for water. Most indicators for argentomet-
ric titrations respond to changes in the concentrations of silver ions. Because of this
response, titration curves for precipitation reactions usually consist of a plot of pAg
versus volume of the silyer reagent (usually AgNO;). Example 17-1 illustrates how
p-functions are obtained for the preequivalence-point region, the postequivalence-
point region, and the ec&ivalence point for a typical precipitation titration.

EXAMPLE 17-1

alculate the silver ion concentration in terms of pAg during the titration
of 50.00 mL of 0.05000 M NaCl with 0.1000 M AgNO, after ghe addition of
tthie following volumes of reagent: (a) in the preequivalemiee Point region at
10.0Q mL, (b) at the equivalence point (25.00 mL), (c) after fhe equivalénce

pointlat 26.00 mL. For AgCl, K, = 1.82 X 10 ™.
AN

Solution

(a) Preequivalence-Point Data

At 10.00 mL, [Ag"] is very small and cannot be computed from stoichiemetric con-
siderations, but the molar concentration of chloride, ¢y, can be obtained readily. The
equilibrium concentration of chloride is essentially equal to cy,qy.

B original no. mmol CI~ —= no. mol AgNO; added
[CIT] = enae = o

total Volurg of solution
~(50.00 X 0.05000 — 10.00 X 0,1000)
50.00 + 10.00 .
K, 1.82 X 1071°
Agt] = —2_ = = =728 X 107°M
Ag"] = 1o 0.02500

pAg = —log(7.28 X 107%) = 8.14

=.0.02500 M

Additional points in the preequivalence-point region can be obtained in the same
way. Results of calculations of this kind are shown in the second column of Table 17-2.
TABLE 17-2

Changes in pAg in Titration of Cl~ with Standard AgNO,

pAg
50.00 mL of 0.0500 M NaCl 50.00 mL of 0.005 M NaCl

Volume of AgNO; with 0.1000 M AgNO, with 0.0100 M AgNO;
10.00 8.14 7.14
20.00 7.59 6.59
24.00 6.87 5.87
25.00 4.87 4.87
26.00 2.88 3.88
30.00 2.20 3.20
40.00 1.78 2.78
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17B Titrations with Inorganic Complexing Agents 409

(b) Equivalence Point pAg
At the equivalence point, [Ag"] = [Cl7],and [Ag"][Cl] = K,=182X 107"°=[Ag"]?

[Ag*] = VK, =V182X 107" =135 X 107’

pAg = —log(1.35 X 107°) = 4.87
(c) Postequivalence-Point Region
At 26.00 mL of AgNO;, Ag" is in excess so
26.00 X 0.1000 — 50.00 X 0.05000
[Ag+] =S CAgNO3 =S ( 76 00 ) 5 132 X IO-SM

pAg = —log(1.32 X 107°) = 2‘.88

Additional results in the postequivalence-point region are obtained in the same
way and are shown in Table 17-2. The titration curveg{: also be derived from the

charge-balance equation as shown for an acid/base titration in Feature 14-1.

The Effect of Concentration om Fitration Curves

The effect of reagent and analyte concentration on titration curves can be seen in

the data in Table 17-2 and the two curves shown in Figure 17-2. With 0.1000 M '
AgNO; (Curve A), the change in pAg in the equivalence-point region is large, about
2 pAg units. With the 0.01000 M reagent, the change is about 1 pAg unit, but still l

pronounced. An indicator that produces a signal in the 4.0 to 6.0 pAg region should
give a minimal error for the stronger solution. For the more dilute chloride solution
(Curve B), the change in pAg in the equivalence-point region would be drawn out

over a fairly large volume of reagent (~3 mL as shown by the dashed lines in the \
10 \
\
8
6 —_
0 Potential
< end-point
o .
region
. RN
2 Figure 17-2  Titration curve for (4),
50.00 mL of 0.05000 M NaCl titrated
with 0.1000 M AgNO;, and (B),
50.00 mL of 0.00500 M NaCl titrated
with 0.01000 M AgNO;. Note the
0 increased sharpness of the break at the
0.00 10.00 20.00 30.00 40.00 end point with the more concentrated
Volume AgNO;3, mL solution.
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410 CHAPTER17

A useful relationship can be )
derived by taking the negative
logarithm of both sides of a
solubility-product expression.

Thus, for silver chloride,

—log ((Ag][CI'])
—log [Ag"] — log [C17]

—log K,

pK,, = pAg + pCl

This expression is similar to the
acid-base expression for pK,,

pK, = pH + pOH

Figure 17-3  Effect of reaction com-
pleteness on precipitation titration
curves. For each curve, 50.00 mL of

2 0.0500 M solution of the anion was
titrated with 0.1000 M AgNO;. Note
that smaller values of K, give much
sharper breaks at the end point.
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Complexation and Precipitation Reactions and Titrations

figure) so that to determine the end point accurately would be impossible. The effect
here is analogous to that illustrated for acid/base titrations in Figure 14-4.

The Effect of Reaction Completeness on Titration Curves

Figure 17-3 illustrates the effect of solubility product on the sharpness of the end
point for titrations with 0.1 M silver nitrate. Note that the change in pAg at the
equivalence point becomes greater as the solubility products become smaller, that
is, as the reaction between the analyte and silver nitrate becomes more complete.
By choosing an indicator that changes color in the pAg region of 4 to 6, titration
of chloride ions should be possible with a minimal titration error. Note that ions
forming precipitates with solubility products much larger than about 107" do
not yield satisfactory end points.

Titration Curves for Z&xtures of Anions

The methods developed in Example 17-1 for constructing precipitation titration
curves can be extended to mixtures that form precipitates of different solubilities.
To illustrate, consider 50.00 mL of a solution that is 0.0500 M in iodide ion and
0.0800 M in chloride ion titrated with 0.1000 M silver nitrate. The curve for the initial
stages of this titration is identical to the curve shown for iodide in Figure 17-3 because
silver chloride, with its much larger solubility product, does not be‘in to precipitate
until well into the titration.

It is interesting to determine how much iodide is precipitatedibefore appreciable
amounts of silver chloride form. With the appearance of the smallest amount of solid
silver chloride, the solubility-product expressions for both precipitates apply, and
division of one by the other provides the useful relationship

K,(Agl)  [Ag™I[T] 8.3 X 107" \

= = =456 X107
K, (AgCl)  [Ag™f[CIT]  1.82 X 107" > \

(] = (4.56 X 107)[CI7]
\

From this relationship, we see that the iodide concentration decreases to a tiny frac-
tion of the chloride ion concentration before silver chloride begins to precipitate.

|

16.0
- -17
- Kp=83x10
14.0
12.0 i
Br- K, =52x10
10.0
- -10
" ol —_Ky=18x10
< 80
=%
= -8
6o 105—Lw?0X0 " N |
4.0
Ky, =57%107°
BrOs ———— N\
2.0
0.0
0.00 10.00 20.00 30.00

Volume 0.1000 M AgNO3, mL
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17B Titrations with Inorganic Complexing Agents

So, for all practical purposes, silver chloride forms only after 25.00 mL of titrant have been

added in this titration. At this point, the chloride ion concentration is approximately

50.00 X 0.0800
_~[a] = 220 0.0533 M
fa- = Q] =20 ¥ 25.00 >33

Substituting into the previous equation yields
[I] = 4.56 X 107[Cl7] = 4.56 X 107 X 0.0533 = 2.43 X 10* M
The percentage of iodide unprecipitated at this point éan be calculated as follows:
amount I~ unprecipitated = (75.00mE)(2.43 X 10 *mmol I /mE) =1.82 X 10 °mmol
original amount I~ = (50.00 mL)(0.0500 tmol/mE) = 2.50 mmol

1.82 X 10°°¢

x\)OO/ =73 X 107°%
250 o=7.3 0

percentage I unprecipitated =

Thus, to within about 7.3 X 107> percent of the equivalence point for iodide, no
silver chloride forms. Up to this point, the titration curve is indistinguishable from
that for iodide alone, as shown in Figure 17-4. The data points for the first part of
the titration curve, shown by the'solid line, were computed on this basis.

As chloride ion begins to precipitate, however, the rapid decrease in pAg ends '
abruptly at a level that can be calculated from the solubility product for silver chlo- '
ride and the computed chloride concentration (0.0533 M): ‘

K,(AgCh 1.82 x 1071°
[Ag'] = — h =341 X 10°M

Cl™ 0.0533

pAg = —log(3.41 X 107) = 8.47

-

The sudden end to the sharp decrease in [Ag+] can be clearly seen in Figure 17-4
at pAg = 8.47. Further additions of silver nitrate decrease the chloride ion con-
centration, and the curve then becomes that for the titration of chloride by itself.
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0.0 Figure 17-4 Titration curves for
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0.0 10.0 200 300 40.0 500 60.0 70.0 50.00 mL of a solution 0.0800 M in

Volume 0.1000 M AgNO;, mL Cl” and 0.0500 M in I” or Br .
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412 CHAPTER17 Complexation and Precipitation Reactions and Titrations

For example, after 30.00 mL of titrant have been added,

0.00 X 0.0800 + 50.00 X 0.0500 — 30.00 X 0.100
o = a1 =2 > > = 0.0438M
50.00 + 30.00

In this expression, the first two terms in the numerator give the number of
millimoles of chloride and iodide, respectively, and the third term is the number
of millimoles of titrant. Therefore,

1.82 X 10710
Agh] = —"————— =416 X 10°M
[Ag] 0.0438
pAg = 8.38

The remainder of the data points for this curve can be computed in the same way as
for a curve of chloride by itself.

Curve 4 in Figure 17-4, which is the titration curve for the chloride/iodide mix-
ture just considered, is a composite of the individual curves for the two anionic spe-
cies. Two equivalence points are evident. Curve B is the titration curve for a mixture
of bromide and chloride ions. Note that the change associated with the first equiva-
lence point becomes less distinct as the solubilities of the two precipitates approach
one another. In the bromide/chloride titration, the initial pAg values are lower than
they are in the iodide/chloride titration because the solubility.of silver bromide ex-
ceeds that of silver iodide. Beyond the first equivalence point, however, where chlo-
ride ion is being titrated, the two titration curves are identical.

Titration curves similar to those in Figure 17-4 can be obtained experimentally
by measuring the potential of a silver electrode immersed in the analyte solution (see
Section 21C). These curves can then be use to determine the concentration of each
of the ions in mixtures of two halide ions.

End Points for Argentometric Titrations

Chemical, potentiometric, and amperometric end points are used in titrations with
silver nitrate. In this section, we describe one of the chemical indicator methods.
In potentiometric titrations, the potential difference between a silver electrode and
a reference electrode is measured as a function of titrant volume. Titration curves
similar to those shown in Figures 17-2, 17-3, and 17-4 are obtained. Potentiomet-
ric titrations are discussed in Section 21C. In amperometric titrations, the current
generated between a pair of silver electrodes is'measured and plotted as a function of
titrant volume. Amperometric methods are considered in Section 23B-4.

Chemical indicators produce a color change or occasionally the appearance or disap-
pearance of turbidity in the solution being titrated. The requirements for an indicator for
a precipitation titration are that (1) the color change should occur over a limited range in
p-function of the titrant or the analyte and (2) the color change should take place within
the steep portion of the titration curve for the analyte. For example, in Figure 17-3, we see
that the titration of iodide with any indicator providing a signal in the pAg range of about
4.0 to 12.0 should give a satisfactory end point. Note that, in contrast, the end-point signal
for the titration of chloride would be limited to a pAg of about 4.0 to 6.0.

The Volhard Method. The Volhard method is one of the most common argen-
tometric methods. In this method, silver ions are titrated with a standard solution of
thiocyanate ion:

Ag" + SCN™ = AgSCN(s)

Iron(III) serves as the indicator. The solution turns red with the first slight excess of
thiocyanate ion due to the formation of Fe(SCN)**.
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17C Organic Complexing Agents 413

The most important application of the Volhard method is the indirect determi-
nation of halide ions. A measured excess of standard silver nitrate solution is added
to the sample, and the excess silver is determined by back-titration with a standard
thiocyanate solution. The strongly acidic environment of the Volhard titration is a
distinct advantage over other titrations of halide ions because such ions as carbon-
ate, oxalate, and arsenate do not interfere. The silver salts of these ions are soluble in
acidic media but only slightly soluble in neutral media:

Silver chloride is more soluble than silver thiocyanate. As a result, in chloride de-
terminations using the Volhard method, the reaction N

AgCl(s) + SCN~ = AgSCN(s) + QI
\

occurs to a significant extent near the end of the back-titration. This reaction causes
the end point to fade and results in overconsumption of thiocyanate ion. The result-
ing low results for chloride can be overcome by ﬁlte;& the silver chloride before
undertaking the back-titration. Filtration is not required for other halides because

they form silver salts that are less soluble than silver thiocyanate.

Other Argentometric Methods.. In the Mohr method, sodium chromate serves
as the indicator for the argentometric titration of chloride, bromide, and cyanide
ions. Silver ions react with chromate to form the brick-red silver chromate (Ag,CrOy)
precipitate in the equivalence-point region. The Mohr method is now rarely used be- '

cause Cr(VI) is a carcinogen.
( Adsc‘ptlon indicators were first
described by K. Fajans, a Polish

chemist in 1926. Titrations

The Fajans method uses an adsorption indicator, an organic compound that
adsorbs onto or desorbs from the surface of the solid in a precipitation titration. Ide-

ally, the adsorption or desorption occurs near the equivalence point and results not invol\Ng adfPrption indicators
only in a color cha&ge but also in the transfer of color from the solution to the solid are rapidjaccurate, and reliable,
or vice versa. but their application is limited

to the fe\Y precipitation titrations
that form colloidal precipitates
rapidly.

mPN| Spreadsheet Summary In Chapter 9 of Applications of Microsofi®

RN Excel in Analytical Chemistry, 2nd ed., we plot a curve for the titration,of

ZX2=1 NaCl with AgNO;. A stoichiometric approach is first used and then a master
equation approach is explored. Finally, the problem is inverted, and the volume needed
to achieve a given pAg value is computed.

ORGANIC COMPLEXING AGENTS

Several different organic complexing agents have become important in analytical

chemistry because of their inherent sensitivity and potential selectivity in reacting
with metal ions. Organic reagents are particularly useful in precipitating metals, in
binding metals so as to prevent interferences, in extracting metals from one solvent
to another, and in forming complexes that absorb light for spectrophotometric deter-
minations. The most useful organic reagents form chelate complexes with metal ions.

Many organic reagents are useful in converting metal ions into forms that can be read-
ily extracted from water into an immiscible organic phase. Extractions are widely used to
separate metals of interest from potential interfering ions and for achieving a concentrat-
ing effect by transfer of the metal into a phase of smaller volume. Extractions are appli-
cable to much smaller amounts of metals than precipitations, and they avoid problems
associated with coprecipitation. Separations by extraction are considered in Section 31C.

Several of the most widely used organic complexing agents for extractions are
listed in Table 17-3. Some of these same reagents normally form insoluble species
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Complexation and Precipitation Reactions and Titrations

TABLE 17-3

Organic Reagents for Extracting Metals

Reagent Metal Tons Extracted Solvents

8-Hydroxyquinoline Zn**, Cu®™, Ni**, AP*, many others Water — Chloroform (CHCL;)
Diphenylthiocarbazone (dithizone) Cd*", Co*", Cu®", Pb**, many others Water — CHCI; or CCly

Acetylacetone
Ammonium pyrrolidine dithiocarbamate

Tenoyltrifluoroacetone

Fe>*, Cu?t, Zn?", U(VD), many others
Transition metals

Ca%t, ST, La", Pr*™ other rare earths

Water — CHCl;, CCly, or CH
Water — Methyl isobutyl ketone
‘Water — Benzene

Dibenzo-18-crown-6 Alkali metals, some alkaline earths Water — Benzene

with metal ions in aquegus solution. However, in extraction applications, the solubil-
ity of the metal chelate&
in the aqueous phase. In many cases, the pH of the aqueous phase is used to achieve

the organic phase keeps the complex from precipitating

some control over the extraction process since most of the reactions are pH depen-
dentyas shown in Equation 17-21.
N

nHX(org) + M”+(aq) = MX,,(org) + nH+(aq) 17-21)

\

Another important application of organic complexing agents is fin forming stable

rmination. Such
ction 17D-8. Or-
ganic complexing agents are also widely used in spectrophotometric determinations of

metal ions (see Chapter 26). In this instance, the metal-ligand complex is either colored

\ or absorbs ultraviolet radiation. Organic complexing agents are also commonly used in

complexes that bind a metal and prevent it from interfering in a d
complexing agents are called masking agents and are discussed in

electrochemical determinations and in molecular fluorescence spectrometry.

\
AMINOCARBOXYLIC ACID TITRATIONS

Tertiary amines that also contain carboxylic acid groups form remarkably stable

chelates with many metal ions.! Gerold Schwarzenbach, a Swiss chemist, first recog-
nized their potential as analytical reagents in 1945+ Since his original work, investi-
gators throughout the world have described applications of these compounds to the
volumetric determination of most of the metals in the periodic table.

17D-1 [Ethylenediaminetetraacetic Acid (EDTA)

Ethylenediaminetetraacetic acid, which is also called (ethylenedinitrilo)tetraacetic
acid and which is commonly shortened to EDTA, is the most widely used complexo-
metric titrant. EDTA has the structural formula

HOOC —H,C
N—CH,—CH,—N
HOOC —H,C

CH,— COOH

CH,— COOH
Structural formula of EDTA.

'See for example, R. Pribil, Applied Complexometry, New York: Pergamon, 1982; A. Ringbom and
E. Wanninen, in Treatise on Analytical Chemistry, 2nd ed., I. M. Kolthoff and P. J. Elving, eds., Part I,
Vol. 2, Chap, 11, New York: Wiley, 1979.
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17D Aminocarboxylic Acid Titrations 415

The EDTA molecule has six potential sites for bonding a metal ion: the four
carboxyl groups and the two amino.groups, each of the latter with an unshared pair
of electrons. Thus, EDTA is a hexadentate ligand.

\

Acidic Properties of EDTA

The dissociation constants for the acidic groups in EDTA are K; = 1.02 X 1072,
K, =214 X 102 K; = 6.92 X 1077, and K; = 5.50 X 10", Note that the first
two constants are of the same order of magnitude. This similarity suggests that the two
protons involved dissociate from opposite ends of the rather long molecule. Because

the protons are se‘ral atoms apart, the negative charge resulting from the'first dis-
sociation does not greatly influence the removal of the second proton. Note, however,
that the dissociation constants of the other two protons are much smaller and different
from one another. These protons are closer to the negatively charged carboxylate ions
resulting from the dissociations of the first two protons, and they are more difficult to
remove from the ion because of electrostatic attraction. |
The various EDTA species are often abbreviated H,Y, H;Y ™, H,Y*", HY?,
and Y*~. Feature 17-3 describes the EDTA species and shows their structural
formulas. Figure 17-5 illustrates how the relative amounts of these five species vary

as a function of pH. Note that the species H,Y*~ predominates from pH 3 to, 6.

FEATURE 17-3

Species Present in a Solution of EDTA

When it is dissolved in water, EDTA behaves like an amino acid, such as glycine (see
Features 14-5 and 15-2). With EDTA, however, a double zwitterion forms, which
has the structure shown in Figure 17F-1a. Note that the net charge on this species is
zero and that it contains four acidic protons, two associated with two of the carboxyl
groups and the other two with the two amine groups. For simplicity, we usually ab-
breviate the double zwitterion as H,Y, where Y*~ is the fully deprotonated form of
Figure 17F-1e. The first and second steps in the dissociation process involve suc-
cessive loss of protons from the two carboxylic acid groups; the third and fourth
steps involve dissociation of the protonated amine groups. The structural formulas of
H;Y, H,Y*>", and HY?™ are shown in Figure 17F-1b, ¢, and d.

(continued)
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Figure 17-5 Composition of EDTA
solutions as a function of pH. Note
that the fully protonated form, H,Y is
only a major component in very acidic
solutions (pH < 3). Throughout the
pH range of 3 to 10, the species H,Y*~
and HY?™ are predominant. The fully
unprotonated form Y*~ is a significant
component only in very basic solutions
(pH > 10).

EDTA, a hexadentate ligand,
is among the most important
and widely used reagents in
titrimetry.

!

N

\

-

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). Editorial review has

deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.


Home
Highlight

Home
Underline

Home
Highlight

Home
Underline

Home
Highlight

Home
Highlight

Home
Highlight


416 CHAPTER17 Complexation and Precipitation Reactions and Titrations

~008 CH,COOH
—N—CH,—CH,—N—H?*
/ \
HOOCCH, CH,CO0-
(a) HY
“00CCH, _CH,COOH
“H—N—CH,—CH;—NTH" | ] Y
~0OCCH, CH,CO
(b) H,Y~
\ “00CCH, “ CH,CO0"

*H—N—CH,—CH,—N—H"

AN
~00CCH, CHZCC‘
(©) H,Y>
~00CCH,

:N—CH,—CH,
~00CCH,
(d) HY>
~O0OCCH, N /CHZCOO’
N—CH,—CH,—N}
~00CCH, CH,CO0-
(e) Y+

Figure 17F-1  Structure of H;Y and its dissociation products. Note that the fully
protonated species H;Y exist as a double zwitterion with the amine nitrogens and
two of the carboxylic acid groups protonated. The first two protons dissociate from
the carboxyl groups, while the last two come from the amine groups.
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17D Aminocarboxylic Acid Titrations 417

Reagents for EDTA Titrations

The free acid H;Y and the dihydrate of the sodium salt, Na,H,Y - 2H,0O, are commer-
cially available in reagent quality. The free acid can serve as a primary standard after it
has been dried for several hours at 130°C to 145°C. However, the free acid is not very
soluble in water and must be dissolved in a small amount of base for complete solution.

More commonly, the dihydrate, Na,H,Y - 2H,0O, is used to prepare standard so-
lutions. Under normal atmospheric conditions, the dihydrate contains.0.3% mois-
ture in excess of the stoichiometric water of hydration. For all but the most exacting
work, this excess is sufficiently reproducible to permit use of a corrected mass of the
salt in the direct preparation of a standard solution. If necessary, the pure dihydrate
can be prepared by drying at 80°C for several days in an-atmosphere of 50% rela-
tive humidity. Alternatively, an approximate concentration can be prepared and then
standardized against primary standard CaCO;.

Several compounds thatare chemically related to EDTA have also been inves-
tigated. Since these do not seem to offer significant advantages, we shall limit our
discussion here to the properties and applications of EDTA.

17D-2 Complexes of EDIA and Metal Ions

Solutions of EDTA are particularly valuable as titrants because the EDTA combines
with metal ionsin a 1:1 ratio regardless of the charge on the cation. For example, the
silver and aluminum complexes are formed by the reactions

Agt+ Y = AgY ™
\ APY + Y = AlY

EDTA is a remarkable reagent not only because it forms chelates with all cations
but also because most of these chelates are sufficiently stable for titrations. This great
stability undoubtedly results from the several complexing sites within the molecule
that give rise to a cagelike structure in which the cation is effectively surrounded and
isolated from solvent molecules. One of the common structures for metal/EDTA
complexes is shown in Figure 17-6. The abilicy of EDTA to form complexes with
metals is responsible for its widespread use as a preservative in foods and in biological
samples as discussed in Feature 17-4.

0
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Standard EDTA solutions can be
prepared by dissolving weighed
quantities of Na,H,Y - 2H,O

and diluting to the mark in a
volumetric flask.

( Nitrilotriacetic acid (NTA) is the

second most common amino-
polycarboxylic acid used for
titrations. It is a tetradentate
chelating agent and has the
structure

H,
COOH—CH, C—COOH
N,/
' AN
CH,— COOH
Structural formula of NTA.

N\

In general, we can write the
reactioniof the EDTA anion with
a metal i&M"+ as M"" + Y =
MY®P—o+

Figure 17-6  Structure of a metal/
EDTA complex. Note that EDTA
behaves here as a hexadentate ligand
in that six donor atoms are involved in
bonding the divalent metal cation.
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TABLE 17-4

Formation Constants for EDTA Complexes

Cation Ky log Kyy Cation Ky log Kyy
Ag” 2.1 X 107 7.32 Cu?* 6.3 X 10'® 18.80
Mg** 4.9 X 108 8.69 Zn** 3.2 X 10%° 16.50
Ca*" 5.0 %10 10.70 Ccd** 2.9 X 10'¢ 16.46
S’ 4.3 X108 8.63 Hg** 6.3 X 10 21.80
Ba?" 5.8 X107 7.76 Pb%* 1.1 X 1018 18.04
Mn?* 6.2 X 10? 813.79 AP 1.3 X 10'¢ 16.13
Fe’* 2.1 X 101 14.33 Fe?* 1.3 X 10® 25.1
Co** 2.0 X 10'¢ 16.31 V3t 7.9 X 10 25.9
N2t 4.2 x 10 18.62 Thi* 1.6 X 103 23.2

*Constants are valid at 20°C and ionic strength of 0.1.
Source: G. Schwarzenbach, Complexometric Titrations, London: Chapman and Hall, 1957, p. 8.

Table 17-4 lists formation constants Ky;y for common EDTA complexes. Note
that the constant refers to the equilibrium involving the fully unprotonated species
Y*~ with the metal ion:

AN
MY(n—4)+
\ M™ + Y& = MY" 9" Ky = %1 (17-22)
(M )
17D-3 Equilibrium Calculations Involving EDTA
\ A titration curve for the reaction of a cation'M”" with EDTA consists of a plot of

ists
pM (pM = —log[M""]) versus reagent volume. In the early stage of&tration, val-
ues for pM are readily computed by assuming that the equilibrium cincentration of

M”* is equal to its analytical concentration, which is found from stoichiometric data.

FEATURE 17-4

\

EDTA as a Preservative

Trace quantities of metal ions can efficiently catalyze the air
oxidation of many of the compounds present in foods and
biological samples (for example, proteins in blood). To prevent
such oxidation reactions, it is important to inactivate or re-
move even trace amounts of metal ions. Processed foods can
readily pick up trace quantities of metal ions while in contact
with various metallic containers (kettles and vats) during the
processing stages. EDTA is an excellent preservative for foods
and is a common ingredient of such commercial food prod-
ucts as mayonnaise, salad dressings, and oils. When EDTA is
added to foods, it so tightly binds most metal ions that they
are unable to catalyze the air oxidation reaction. EDTA and
other similar chelating agents are often called sequestering
agents because of their ability to remove or inactivate metal
ions. In addition to EDTA, some other common sequestering
agents are salts of citric and phosphoric acid. These agents can
protect the unsaturated side chains of triglycerides and other
components against air oxidation. Such oxidation reactions are
responsible for making fats and oils turn rancid. Sequestering

agents are also added, to prevent oxidation of easily oxidized
compounds, such as ascorbic acid.

It is important to add EDTA to preserve biological samples that
are to be stored for long periods. As in foods, EDTA forms very
stable complexes with metal ions and prevents them from catalyz-
ing air oxidation reactions that can lead to decomposition of pro-
teins and other compounds. During the murder trial of celebrity
and former football player O. J. Simpson, the use of EDTA as a
preservative became an important point of evidence. The prosecu-
tion team contended that if blood evidence had been planted on
the back fence at his former wife’s home, EDTA should be present,
but if the blood were from the murderer, no preservative should be
seen. Analytical evidence, obtained by using a sophisticated instru-
mental system (liquid chromatography combined with tandem
mass spectrometry), did show traces of EDTA, but the amounts
were very small and subject to differing interpretations.

’D. Margolick, “FBI Disputes Simpson Defense on Tainted Blood,”
New York Times, July 26, 1995, p. A12.

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). Editorial review has

Unless otherwise noted, all content on this page is © Cengage Learning.

deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.


Home
Rectangle
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Calculation of [M""] at and beyond the equivalence point requires the use of
Equation 17-22. In this region of the titration curve, it is difficult and time consuming
to apply Equation 17-22 if the pH is unknown and variable because both MY 91]
and [M""] are pH dependent. Fortunately, EDTA titrations are always performed in
solutions that are buffered to a known pH to avoid interferences by other cations or to
ensure satisfactory indicator behavior. Calculating [M”"] in a buffered solution con-
taining EDTA is a relatively straightforward procedure provided the pH is known. In
this computation, we use the alpha value for H,Y, ay (see Section 15H).

N\

(Y4 ]

‘r \

a, = (17-23)

where ¢r is the total molar concentration of uncomplexed EDTA.

er = [Y4] +1HY*] #[H,Y? ] +[HY” ] + [HY]

Note that, at a given pH, ay, the fraction of total EDTA in the unprotonated form,
. N
is constant.

Conditional Formation Constzmts

To obtain the conditional formation constant for the equilibrium shown in Equa-
tion 17-22, we substitute ¢y from Equation 17-23 for [Y*7] in the formation
constant expression (right side of Equation 17-22):

[MY(n*4)+]

K = —————
MY [M”+]a4cT

(17-24)

¥n+ -+ Y4— = MY(n—4)+

Combining the two constants s and Kyy yields the conditional formation constant Kjy

[(MY®~97]
Ky = akyy = M e (1?“25)
where K\ is a constant only at the pH for which o is applicable. \

Conditional constants are easily computed once the pH is known. They may be
used to calculate the equilibrium concentration of the metal ion and the complex at
the equivalence point and where there is an excess of reactant. Note that replacement
of [Y*7] with ¢y in the equilibrium-constant expression greatly simplifies calculations
because ¢y is easily determined from the reaction stoichiometry whereas [Y4] is not.

Computing a, Values for EDTA Solutions

An expression for calculating a4 at a given hydrogen ion concentration is obtained by
the method given in Section 15-H (see Feature 15-3). Thus, ay for EDTA is

KKK,
Qs = T4 13 12 F (17-26)
H]* + KHP + KKGHT) + KGKGHT] + KKK,
K KKK,
a, = %“ 17-27)

where Kj, K;, K;, and K; are the four dissociation constants for H,Y, and D is the
denominator of Equation 17-26.

-

Conditional formation constants
are pH dependent.

The alpha values for the other
EDTA species are calculated in
a similar manner and are found
to be

a, = [H']Y/D

a, = K[H']/D

a, = KK,[H']?/D
a, = KK,K,[H"]/D

Only «, is needed in calculating
titration curves.
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420 CHAPTER17 Complexation and Precipitation Reactions and Titrations

# 8 C 1] £ F G i | J K L M
1 Cacluation of ay for EDTA .
2 K values pH D values @y 149 |
3 K, 102602 10 110604 75218
d K3 2MWEQY 20 2ME-08 ITIE-MW 1 o= o B |
§ Ky 6WEOT 10  INE-N 251E-N Y ,
6 Ky S5S0E-11 40 230613 361E09 0sp 88
7 50 2ME-15 3I54EQT
8 60 36317 225605 | o osfhT 1N\ | N /
g 70  17IE-18 4.80E-04
10 80 154E-19 539E-03 o |
1 90 160E20 521E02 0% T 14 \ 'y ,
12 100 2ME21 035 , ,
1 110 9SEE-2 085 020\ -—l— 7 |
14 120 846E2 098 / ,
15 130 BXE2 100 oo ._\_.__.q»-‘ ,
’? Ho sNER 100 i 5 ? . N o 11 12 13 14| |
1
18 PH '

1% Documenation £
20 Call DI 10~-CIP+B537(100C 3 3+ B0 B3 (10~ CI2+BL B34 BE5 (10~-C I+ B B4 "BE5'BES
21 Coll E}=BiV B "B BT

\
Figure 17-7  Spreadsheet to calculate as for EDTA at selected pH values. Note that the acid dissociation constants for
EDTA are entered in column B (labels in column A). Next the pH values for which the calculations are to be done are
entered in column C. The formula for calculating the denominator D in Equations 17-26 and 17-27 isjaced into cell D3
and copied into D4 through D16. The final column E contains the equation for calculating the a values as given in
Equation 17-27. The graph shows a plot of a,versus pH over the pH range of 6 to 14. y

\

Figure 17-7 shows an Excel spreadsheet for calculating o at sele&d pH values
according to Equations 17-26 and 17-27. Note the wide variation ?f a, with pH.
This variation allows the effective complexing ability of EDTA to be dramatically
changed by varying the pH. Example 17-2 illustrates how the concentration of Y4 s
calculated for a solution of known pH.

’

EXAMPLE 17-2

Calculate the molar Y4 concentration in & 0.0200' M EDTA solution buffered
to a pH of 10.00.

Solution
At pH 10.00, ay is 0.35 (see Figure 17-7). Thus,

[Y*] = ayer = 0.35 X 0.0200 M = 7.00 X 10> M
e

Calculating the Cation Concentration in EDTA Solutions

In an EDTA titration, we are interested in finding the cation concentration as a
function of the amount of titrant (EDTA) added. Prior to the equivalence point, the
cation is in excess, and its concentration can be found from the reaction stoichiom-
etry. At the equivalence point and in the postequivalence-point region, however, the
conditional formation constant of the complex must be used to calculate the cat-
ion concentration. Example 17-3 demonstrates how the cation concentration can be
found in a solution of an EDTA complex. Example 17-4 illustrates this calculation
when excess EDTA is present.
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17D Aminocarboxylic Acid Titrations 421

EXAMPLE 17-3

Calculate the equilibrium concentration of Ni*" in a solution with an analyti-
cal NiY* concentration of 0.0150 M at pH (a) 3.0 and (b) 8.0.

Solution

— N —
From Table 17-4, o S8 ) [NiH] Dstae 0l

R
[NiY? ]
[Ni**10Y*"]

Ni?* + Y~ = NiY?~ Ky = = 4.2 X10'®

The equilibrium concentration of NiY*~ is equal to the analytical concentration of

the complex minus the concentration lost by dissociation. The concentration lost by Molecular model of NiY?~. This com-
dissociation is equal to the equilibriumNi** concentratign. Thus, plex is typical of the strong complexes
that EDTA forms with metal ions. The

S by 4 formation constant of the Ni*" com-

oSLsS S plex is 4.2 X 10",

If we assume that [Ni2+J << 0.0150, an assumption that is almost certainly valid in
light of the large formation constant of the complex, this equation simplifies to

[NiY?"] =0.0150 — [Ni**]

TNiYZ*] = 0.0150 '

| 2

Since the complexis the only source of both Ni*™ and the EDTA species,

INRT= Y9l + Nl (1,721 + [H,Y] + [HY] =lo |
Substitution of t}‘ equality into Equation 17-25 gives \

: [NiY>"] _ [NiY*~]
Ky = N2+ lep = N2 2 = oKy
\/\/
(a) The spreadsheet in Figure 17-7 indicates that ey is 2.51 X 10" at pH 3.(’\If

we substitute this value and the concentration of NiY*™ into the equation for Kjsy

-

we get

| *

0.0150
INE =251 X 107" X 4.2 X 10" = 1.05 X 10°

NPTl =V143 X 107°=12 X 10°M

(b) At pH 8.0, ay, and thus the conditional constant, is much larger. Therefore,
Ky = 5.39 X 107° X 4.2 X 10'® = 2.27 X 10
and, after we substitute this into the equation for Ky, we find that
[N2+] = _ 0.0150 — 81X 10 M Note that for both pH 3.0 and
2.27 X 10% ' pH 8.0, our assumption that

[Ni*"] < 0.0150 M is valid.
§ sdiaS solly 5 pH o 4kl
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422 CHAPTER17 Complexation and Precipitation Reactions and Titrations

EXAMPLE 17-4

Calculate the concentration of Ni*" in a solution that was prepared by mixing
50.0 mL of 0.0300 M Ni?" with 50.00 mL of 0.0500 M EDTA. The mixture was
buffered to a pH of 3.0.

Solution

The solution has an excess of EDTA, and:the analytical concentration of the complex
is determined by the amount of Ni** originally present. Thus,

N
50.00 mL X 0400 M 0.0150 M
- = 50.00 m - ——— = 0.
E (400 mL
(50.00 X 0.0500) mmol — (50.0 X 0.0300) mmol

Again, we will assume that [Ni*"] << [NiY?7] so that

[NiY?>"] = 0.0150 — [Ni**] ~ 0.0150 M
At this point, the total concentration of uncomplexed EDTA is given by its concentra-
tiOn, CEDTA* '
\ T = CEDTA — 0.0100 M

|
dasd sl a8 Jle ailiie
Lhagls Cr

If we substitute this value in Equation 17-25, we get

, 0.0150 =
= ———a———— — .
\ NY TUIN2Y] X 00100 Y \

Using the value of a; at pH 3.0 from Figure 17-7, we obtain

\
0.0150
[Ni**] = 5_11 5= 14X 10°M
0.0100 X 2.51 X 107" X 42X 10

Note again that our assumption that [Ni**] << [NiY*"] is valid.

.

17D-4 |EDTA Titration Curves

The principles illustrated in Examples 17-3 and 17-4 can be used to generate the
titration curve for a metal ion with EDTA in a solution of fixed pH. Example 17-5
demonstrates how a spreadsheet can be used to construct the titration curve.

EXAMPLE 17-5

Use a spreadsheet to construct the titration curve of pCa versus volume of
EDTA for 50.0 mL of 0.00500 M Ca?" titrated with 0.0100 M EDTA in a solu-
tion buffered to pH 10.0.
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17D Aminocarboxylic Acid Titrations 423

Solution

Initial Entries

The spreadsheet is shown in Figure 17-8. We enter the initial volume of Ca** in cell B3
and the initial Ca>* concentration in E2. The EDTA concentration is entered into cell E3.
The volumes for which pCa values are to be calculated are-entered into cells A5 through
A19. We also need the conditional formation constant for the CaY complex. This constant
is obtained from the formation constant of the complex (Table 17-4) and the'ay value for
EDTA at pH 10 (see Figure 17-7). If we substitute into Equation 17-25, we get

N

[CaY? "]
[Ca®" oy

= 0.35 X 5.0 X 10° = 1.75 X 10'°

Koy = : C¢4Kca¥

This value is entered into cell B2. Since the conditional constant is to be used in fur-
ther calculations, we do not round off to keep only significant figures at this point.

Preequivalence-Point Values for pCa | ) g Uj‘ﬁ .Hml
The initial [Ca®*] at 0.00 mL titrant is just the value in cell E2. Hence, =E2 is en-
tered into cell B5. The initial pCa is calculated from the initial [Ca®*] by taking the

negative logarithm as shown in the documentation for cell E5. This formula is copied '

into cells E6 through E19. For ‘the other entries prior to the equivalence point, the

equilibrium concentration of Ca*" is equal to the untitrated excess of the cation plus '

any Ca”" resulting from dissociation of the complex. The latter concentration is equal '

to cr. Usually, ¢ is small relative to'the analytical concentration of the uncomplexed y
calcium ion. For example, after 5.00 mL of EDTA has been added,

T &5 B [ D E F G H P | J Y IK] L M
ﬂtﬂu Thration of Ca™ at pH 10.0 [

2 Keay 1758410 Indipl ccpe. 0 00500 2 [

3 Vol Ca™. mi 50.00 : 0.0100

4 VoLEDTA, mL [Ca™LM [Ca¥] & pCa || 1
5 0.00 0.00500 230 10 x \ B y—
L] 5.00 JeLED3 244 ==

) 1000 50€.03 260

3 15.00 1 S4E.03 281

9 2000 i 04 315 s ‘l—l

10 24 00 1 35E.08 387 |

1 25 00 4 36E 07 0003133 636

12 26 00 143209 0003289 0000132 B85 P | 6 -+ +

13 30 00 2B6E.10 0003125 O DODE2S G 5q & |

! ] 35.00 143E-10 000291 0001176 985 |

15 4000 952E11 0002778 0007667 1002 I

16 45 00 TME- 11 0002632 0002105 10.15 & ‘:

7 5000 & TIE-NM 00025 0002500 1024 pe

18 55 00 4 T6E-17 0002381 0002857 1032 e -

~ P ~ g PR g o

19 60 00 4 08E-17 0002273 0003162 1039 Sl <

20 Documentation )

21 Cell B6=(5851"SES2-AG"SESIVBE53+AS)

22 Cefl B11=SORTI((385I"SES2YSEII+A11))EEE2)

23 Ced B12=C120D12°5852) 0

24 Cell C11=(3B83°SES2)(3853+A11) 0 10 20 30 0 50 0
25 Coll D12=(M12°3ES3-SB53SE52Y 3885 +A12) Velume EUTA. ml

26 Cell E5=LOG(B5) )

27

Figure 17-8  Spreadsheet for the titration of 50.00 mL of 0.00500 M Ca”>* with 0.0100 M EDTA in a solution buffered
at pH 10.0.
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424 CHAPTER17 Complexation and Precipitation Reactions and Titrations

_50.0 mL X 0.00500 M — 5.00 mL X 0.0100 M u
(50 + 5.00) mL

__50.0 mL X 0.00500 M — 5.00 mL X 0.0100 M
55.00 mL

[Ca*"]

°r

We thus enter into.cell B6 the formula shown in the documentation section of the
spreadsheet. The reader should verify that the spreadsheet formula is equivalent to the
expression for [Ca**] given above. The volume of titrant (A6) is the only value that
changes in this preequivalence-point region. The other preequivalence-point values of
pCa are calculated by copying the formula in cell B6 into cells B7 through B10.
| -

The Equivalence-Point pCa. g e -
At theequivalence point (25.00 mL of EDTA), we follow the method shown in
Example 17-3 and fisst compute the analytical concentration of CaY*™:

(50.0 X 0.00500) mmol
(50.0 + 25.0) mL

CCay’~ —

-

\ . S
The only source of Ca** ions is the dissociation of the complex. It also follows that
the Ca’* concentration must be equal to the sum of the concentrations of the uncom-

plexed EDTA, ¢r. Therefore, '
[Ca®*] = ¢p, and [CaY? ] = e — [Ca?f] = Qiz—

The formula for [CaY? "] is entered into cell C11. Be sure to verify this formula for
yourself. To obtain [Ca®*], we substitute into the expression for Ky,

K., = [C3Y2¥] e CCay?~ \
S [C e (Gt \

CCay?*

[Ca%*] =

!

Koy

We enter into cell B11 the formula corresponding te this expression.

Postequivalence-Point pCa ) PR o

Beyond the equivalence point, analytical concentrations of CaY*~ and EDTA are ob-
tained directly from the stoichiometry. Since there is excess EDTA, a calculation similar
to that in Example 17-4 is then performed. For example, after the addition of 26.0 mL
of EDTA, we can write

(50.0 X 0.00500) mmol
(50.0 + 26.0) mL

(26.0 X 0.0100) mL — (50.0 X 0.00500) mL
76.0 mL

CCay*~ —

CEDTA —

As an approximation,

(50.0 X 0.00500) mmol
(50.0 + 26.0) mL

[CaYzi] = Ccay- ' T [Caz+] = Qoge= 5=

We note that this expression is the same as that previously entered into cell C11. Therefore,
we copy that equation into cell C12. We also note that [CaY*"] will be given by this same
expression (with the volume varied) throughout the remainder of the titration. Hence, the
formula in cell C12 is copied into cells C13 through C19. Also, we approximate
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17D Aminocarboxylic Acid Titrations 425

(26.0 X 0.0100) mL — (50.0 X 0.00500) mL
76.0 mL

. 2+7 i
er = egpra T [Ca®'] = cppy =

We enter this formula into cell D12 and copy it into cells D13 through D16.
To calculate [Ca®*], we then substitute this approximation for ¢y in the conditional
formation-constant expression, and obtain

. [CaY?™] Ny Caiy2-
== [C32+] X ot B [Ca2+] X CEDIA
[Ca2+] - CCaY?™

!
cepta X Koy |

Hence, the [Ca**] in cell B12 is computed from the valuesi cells C12 and D12. We copy
this formula into cells B13 through B19, and plot the titrati& curve shown in Figure 17-8.

BIN| Spreadsheet Summar}; The alpha values for EDTA are calculated and
used to plot a distribution diagram in Chapter 9 of Applications of Micro-
—= soft® Excel in Analytical Chemistry, 2nd ed. The titration of the tetraprotic acid '
EDTA with base is also considered. '

Curve A in Figure 17-9 is a plot of data for the titration in Example 17-5. Curve B
is the titration curve for a solution of magnesium ion under identical conditions.

The formation co&tant for the EDTA complex of magnesium is smaller than that \
A \
10.0
Ca* N
8.0 B
i
6.0
Caln™ + HY? = HIn> + CaY?>"
red
= | N\
o
4.0
Figure 17-9 EDTA titration curves
. : . . for 50.0 mL of 0.00500 M Ca**
MgIn~ + HY? = HIn> + MgY? (Koo = 1.75 X 10" and Mg?*
red blue Cay — 1 . and Mg
2.0 (K gy = 1.72 X 10) at pH 10.0.
Note that because of the larger forma-
0.0 10.0 20.0 30.0 40.0 tion constant, the reaction of calcium
Volume 0.0100 M EDTA for Ca®*, mL ion with EDTA is more complete,
and a larger change occurs in the
equivalence-point region. The shaded
0.0 10.0 200 30.0 40.0 areas show the transition range for the
Volume 0.0100 M EDTA for Mg**, mL indicator Eriochrome Black T.
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426 CHAPTER17 Complexation and Precipitation Reactions and Titrations

pCa

Figure 17-10 Influence of pH on
the titration of 0.0100 M Ca®" with
0.0100 M EDTA. Note that the end
point becomes less sharp as the pH de-

creases because the complex-formation 0w
reaction is less complete under these \ 10 20 30 40 50 60
circumstances. Volume of 0.0100 M EDTA, mL

of the calcium complex and this produces a smaller change in the p-function in the
equivalence-point region.

Figure 17-10 shows titration curves for calcium ion in solutions buffered to vari-
ous pH levels. Recall that a, and hence Ky, becomes smaller as the pH decreases. As
the conditional formation constant becomes less favorable, there is asmaller change in
pCa in the equivalence-point region. Figure 17-10 shows that an'adequate end point
in the titration of calcium requires that the pH be greater than about 8.0. As shown
in Figure 17-11, however, cations with larger formation constants provide sharp end
points even in acidic media. If we assume that the conditional constant should be at

\ least 10° to obtain a satisfactory end point with'a 0.01 M solution of t&
can calculate the minimum pH needed.’ Figure 17-12 shows this minimum pH for a

etal ion, we

satisfactory end point in the titration of various metal ions in the absOR@Pof compet-
ing complexing agents. Note that a moderately acidic environment is satisfactory for
many divalent heavy-metal cations and that a strongly acidic medium can be tolerated
in the titration of such ions as iron(III) and indium(III).

Spreadsheet Summary  We construct the titration curve for the titration
of Ca** with EDTA by both a stoichiometric approach and a master equation
approach in Chapter 9 of Applications of Microsoft® Excel in Analytical Chemistry,
2nd ed. The effect of pH on the shape and end point of the titration curve is examined.

20.0 Kgey-= 1.3 x 10%
"4 < i
s da J‘J 16.0 Kygy2-= 6.3 x 107!
)
= 12.0 Kzny2-=3.2x 1016
= <0 Kpey2-=2.1x 10"
Keay2-=5.0 x 1012
4.0
Figure 17-11  Titration curves for
50.0 mL of 0.0100 M solutions of 10.0 20.0 30.0 40.0 50.0 60.0
various cations at pH 6.0. Volume of 0.0100 M EDTA, mL

3C. N. Reilley and R. W. Schmid, Anal. Chem., 1958, 30, 947, DOI: 10.1021/ac601372022
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2 N T -
8 Sl adY pH GreS
. leisn O sl A
_ et EDTA L ks
24
22
z 20
p>
3
g
- 18
16
14
12 Figure 17-12 Minimum pH needed
for satisfactory titration of various cat-
ions with EDTA. (Reprinted (adapted)
10 with permission from C. N. Reilley
and R."WZ Schmid, Anal. Chem., 1958,
8 30, 947, DOI: 10.1021/ac601372022.
— : Copyright 1958 American Chemical
0 2 4 6 8 10 12 14 Society.)
\ pH \
17D-5 The Effect of Other Complexing Agents on EDTA \

Titration Curves

\

Many cations form hydrous oxide precipitates (hydroxides, oxides, or oxyhydroxides)
when the pH is raised to the level required for their successful titration with EDTA.
When we encounter this problem, an auxiliary complexing agent is needed to keep
the cation in solution. For example, zinc(Il) is usually titrated in a medium that has
fairly high concentrations of ammonia and ammonium chloride. These species buf-
fer the solution to a pH that ensures complete reaction between cation and titrant. In
addition, ammonia forms ammine complexes with zinc(II) and prevents formation
of the sparingly soluble zinc hydroxide, particularly in the early stages of the titra-
tion. A somewhat more realistic description of the reaction is then

Zn(NH,),>* + HY® — ZnY> + 3NH, + NH,*

2+ Often, auxiliary complexing
3 > .
agents must be used in
EDTA titrations to prevent

The solution also contains such other zinc/ammonia species as Zn(NH3)
Zn(NH,),”" and Zn(NH;)**. Calculation of pZn in a solution that contains am-

monia must take these species into account as shown in Feature 17-5. Qualitatively, precipitation of the analyte as

complexation of a cation by an auxiliary complexing reagent causes preequivalence a hydrous oxide. Such reagents

pM values to be larger than in a comparable solution without the reagent. cause the end points to be less
sharp.

Figure 17-13 shows two theoretical curves for the titration of zinc(II) with EDTA
at pH 9.00. The equilibrium concentration of ammonia was 0.100 M for one titra-
tion and 0.0100 M for the other. Note that, when the ammonia concentration is
higher, the change in pZn near the equivalence point decreases. For this reason, the

Unless otherwise noted, all content on this page is © Cengage Learning.

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). Editorial review has
deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.


Home
Highlight

Home
Text Box
کمترین pH لازم برای تیتراسیون یونهای مختلف با EDTA


428 CHAPTER17 Complexation and Precipitation Reactions and Titrations

16.0
14.0
12.0 S
Znln™ + HY®" = HIn>" + ZnY?>
- red blue
N 100 -
Figure 17-13 Influence of ammonia 8.0 N\
concentration on the end point for the
titration of 50.0 mL of 0.00500 M
Zn*". Solutions buffered to pH 9.00. 60
The shaded region shows the transition
range for Eriochrome Black T. Note 4.0
that ammonia decreases the change in 0.0 ~ 100 20.0 300 40.0
pZn in the equivalence-point region. Volume 0.0100 M EDTA, mL

doncentration of auxiliary complexing reagents should always be kept to the mini-
mum required to prevent precipitation of the analyte. Note that the auxiliary com-
plexing agent does not affect pZn beyond the equivalence point. O‘ the other hand,
keep in mind that ey, and thus pH, plays an important role in de'lning this part of
the titration curve (see Figure 17-10).

FEATURE 17-5

\ EDTA Titration Curves When a Complexing Agent Is Present \

We can describe the effects of an auxiliary complexing reagent by a procedure similar
to that used to determine the influence of pH on EDTA titration curves. In this case,
we define a quantity a,; that is analogous to a:

(M 14

ay =" (17-28)

where ¢y is the sum of the concentrations of all species containing the metal ion that
are not combined with EDTA. For solutions containing zinc(I) and ammonia, then

ey = [Zn?"] + [Zn(NH;)** I+ [Zn(NH;),**]
+ [Zn(NH;);**] + [Zn(NH;) "] (17-29)

The value of @y can be expressed in terms of the ammonia concentration and the for-
mation constants for the various ammine complexes as we describe for a general metal-
ligand reaction in Feature 17-1. The result is an equation analogous to Equation 17-9:

1
1+ B,[NH,] + B,INH,]? + B,[NH,]® + B,[NH,]*

ay (17-30)
Finally, we obtain a conditional constant for the equilibrium between EDTA and
zinc(II) in an ammonia/ammonium chloride buffer by substituting Equation 17-28
into Equation 17-25 and rearranging

ZnY?"
Ky = asanKyy = 25 C“ ] (17-31)
MCT
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17D Aminocarboxylic Acid Titrations 429

The new conditional constant K7y applies at a single concentration of ammonia as
well as at a single pH.

To show how Equations 17-28 to 17-31 can be used to construct a titration curve,
we can calculate the pZn of solutions prepared by adding 20.0, 25.0, and 30.0 mL of
0.0100 M EDTA to 50.0 mL of 0.00500 M Zn**. Assume that both the Zn** and
EDTA solutions are 0.100 M in NH; and 0.175 M in NH,CI to provide a constant
pH of 9.0.

In Appendix 4, we find that the logarithms of the stepwise formation constants for
the four zinc complexes with ammonia are 2.21, 2.29, 2.36, and 2.03. Thus,

B = antilog 2.21 = 1.62 X 10*
\
B, = antilog (2.21 + 2.29) = 3.16 X 10*

B, = antilog (2.21 42,29 + 2.36) =‘.24 X 106
B4 = antilog (2.21 + 2.29 + 2.36 + 2.03) = 7.76 X 10°

Calculating the CoanditionalfConstant

A value for ay can be calculated from Equation 17-30 by assuming that

the molar and analytical concentrations of ammonia are the same; thus, for '
[NH;] = onpy, = 0.100 M, %

o = ! )

1+ 162 X 0.100 + 3,16 X 10* X (0.100)> + 7.24 X 10° X (0.100)> + 7.76 X 10® X (0.100)* A

1.17 X 102

A value for sz is found in Table 17-4, and ay for pH 9.0 is given in Figure 17-7. \
Substituting into Equation 17-31, we find

-

Kroy =521 X 1072 X 1.17 X 107° X 3.12 X 10'° = 1.9 X 10'°
\

Calculating pZn after Adding 20.0 mL of EDTA /

At this point, only part of the zinc has been complexed by EDTA. The remainder is
present as Zn*" and the four ammine complexes. By definition, the sum of the con-
centrations of these five species is ¢y. Therefore,

~50.00 mL X 0.00500 M — 20.0 mL X 0.0100 M
70.00 mL

=714 X 107*M

™M

Substitution of this value into Equation 17-28 gives

[Zn?'] = eyay = (7.14 X 1079(1.17 X 107°) = 835 X 10° M
pZn = 8.08

Calculating pZn after Adding 25.0 mL of EDTA
Twenty-five milliliters is the equivalence point, and the analytical concentration of
ZnY*" is
_50.00 X 000500 _
T 500 + 25.0 '

(continued)
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The sum of the concentrations of the various zinc species not combined with EDTA
equals the sum of the concentrations of the uncomplexed EDTA species:

M= or
And
[(ZnY* ] =333 X 107 = ¢, =333 X 10°M
Substituting this value into Equation 17-31, we have

333%x 107
(CM)Z

g =419 X 1077 M

\
Koy =19 X 10"

With Equation 17-28;we find that

L [ze?t] = vy = (4.19 X 1077)(1.17 X 107°) = 4.90 X 1072 M

\ pZn = 11.31
/

'Calculating pZn after Adding 30.0 mL of EDTA '

Because the solution now contains excess EDTA, ‘
N

30.0 X 0.0100 — 50.0 X 0.00500 _
\ CEDTA — €T = 30.0 = 6.25 X {4 M

and since essentially all of the original Zn*" is now complexed, \

~50.00 X 0.00500

- = [ZnY?" =312 X 107°M
zme- = [Zn¥) 80.0 3
Rearranging Equation 17-31 gives
ZnY*~ 3.12 X 1073
5 = e ] =263X107°M

oKy (625 X 1079(1.9 X 10'9)
and, from Equation 17-28,

[Zn*"] = eyay = (2.63 X 10719(1.17 X 107°) = 3.08 X 10°° M
pZn = 14.51

17D-6 Indicators for EDTA Titrations

Nearly 200 organic compounds have been investigated as indicators for metal ions
in EDTA titrations. The most common indicators are given by Dean.* In general,
these indicators are organic dyes that form colored chelates with metal ions in a
pM range that is characteristic of the particular cation and dye. The complexes are
often intensely colored and can be detected visually at concentrations in the range of
10 t0 107 M.

47. A. Dean, Analytical Chemistry Handbook, New York: McGraw-Hill, 1995, p. 3.95.

Copyright 2013 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s). Editorial review has
deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



17D Aminocarboxylic Acid Titrations 431

ON

OH

Figure 17-14  Structure and mo-
lecular model of Eriochrome Black T.
The compound contains a sulfonic
acid group that completely dissociates
in water and two phenolic groups that
only partially dissociate.

Eriochrome Black T is a typical metal-ion indicator that is used in the titration of
several common cations. The structural formula of Eriochrome Black T is shown in
Figure 17-14. Its behavior as a weak acid is described by the equations

\
H,O + H,In~ = HIn*" + H;0" K, =5X 107" '
red . blue
H,0 + HIn> =1In” + H,0" K, =28 X 10" "
blue orange

Note that the acids and. their conjugate bases have different colors. Thus, Eriochrome
Black T behaves asan acid/base indicator as well as a metal-ion indicator.

The metal complexes of Eriochrome Black T are generally red, as is HyIn". Thus, \
for metal-ion detection, it is necessary to adjust the pH to 7 or above so that the blue
form of the species, HiIn?", predominates in the absence of a metal ion. Until the
equivalence point in a titration, the indicator complexes the excess metal ion so that
the solution is red. With the first slight excess of EDTA, the solution turns blue as a
result of the reaction )

-

MIn + HY®> = HIn*>” + MY?*~
red blue

Eriochrome Black T forms red complexes with more than two dozen metal ions,
but the formation constants of only a few are appropriate for end-point detection. As
shown in Example 17-6, the applicability of a given indicator for an EDTA titration
can be determined from the change in pM in the equivalence-point region, provided
the formation constant for the metal-indicator complex is known.

EXAMPLE 17-6

Determine the transition ranges for Eriochrome Black T in titrations of Mg*"
and Ca®* at pH 10.0, given (a) that the second acid dissociation constant for
the indicator is

) e [H,0*][n*] )
HIn** + H,O =1In* + H,O K, = W =28 X 10 *
n

(continued)

°C.N. Reilley and R. W. Schmid, Anal. Chem., 1959, 31, 887, DOI: 10.1021/ac601372022.
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432 CHAPTER17 Complexation and Precipitation Reactions and Titrations

(b) that the formation constant for Mgln™ is

Mg*" + In®” = Mgln~ K [MgToe 1.0 X 10’
m = n =———— =],

. ’ T Mg ]

and (c) that the analggous formation constant for Ca*" is 2.5 X 10°.

Solution

We assume, as we did earlier (see Section 14A-1), that a detectable color change re-
quires a tenfold excess of one or the other of the colored species, that is, a detectable
color change is observed when the ratio [Mgln~]/[HIn*"] changes from 10 to 0.10.
The product of K; for the indicator and K for MgIn™ contains this ratio:

Mgln~ [H50+]
: g%l J:2.8><10*12><1.0><107=2.8><1(r5
[HIn®" JiMg**]

Substituting 1.0 X107 for [H;0™] and 10 and 0.10 for the ratio yields, the range of
[Mg*"] over which the color change occurs is
N

\ [Mg**] =36 X107 to 3.6X107’M
pMg = 5.4 * 1.0 L

.

Proceeding in the same way, we find the range for pCa to be 3.8 % lO.

Transition ranges for magnesium and calcium are indicated on the t&‘ation curves
in Figure 17-9. The curves show that, Eriochrome Black T is ideal forthe titration of
magnesium, but it is unsatisfactory for calcium. Note that the formatign constant for
Caln™ is only about 1/40 that for MgIn™. Because of the lower formation constant,
significant conversion of Caln™ to HIn?~ occurs well before equivalence. A similar cal-
culation shows that Eriochrome Black T is also well suited for the titration of zinc with
EDTA (see Figure 17-13). {

A limitation of Eriochrome Black T is that its solutions decompose slowly with
standing. Solutions of Calmagite (see Figure'17-15), an indicator that for all practi-
cal purposes is identical in behavior to Eriochrome Black T, do not appear to suf-
fer this disadvantage. Many other metal indicators have been developed for EDTA

SO;
HO

HO
Figure 17-15 Structural formula and
molecular model of Calmagite. Note
the similarity to Eriochrome Black T CH,
(see Figure 17-14).
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titrations.® In contrast to Eriochrome Black T, some of these indicators can be used
in strongly acidic media.

17D-7 Titration Methods Involving EDTA

Next, we describe several different types of titration methods that can be used with
EDTA.

Direct titration procedures
with a metal-ion indicator that
responds to the analyte are the
easiest and most convenient to

N use. Methods that incorporate an
Many of the metals in the periodic table can be determined by titration with stan- added metal ion are also used.
dard EDTA solutions. Some methods are based on indicators that respond to the

analyte itself, while others are based on an added metal ion.

Direct Titration

Methods Based on Indicators forfthe Analyte. §Dean’ lists nearly 40 metal
ions that can be determined by direct titration with EDTA using metal-ion in-
dicators. Indicators that respond to-the metal directly cannot be used in all cases
cither because an indicator with an-appropriate transition range is not available or
because the reaction between the metal ion and EDTA is so slow as to make titration

impractical.
\
Methods Based on Indicators for an Added Metal Ion. In cases where a '
good, direct indicator for the analyte is unavailable, a small amount of a metal ion for
which a good indicator is available can be added. The metal ion must form a com- l

plex that is less stable than the analyte complex. For example, indicators for calcium
ion are generally less satisfactory than those we have described for magnesium ion.
Consequently, a small amount of magnesium chloride is often added to .an EDTA
solution thatis to K used for the determination of calcium. In this case, Eriochrome \
Black T can be used as indicator. In the initial stages of the titration, magnesium ions
are displaced from the EDTA complex by calcium ions and are free to combine with
the Eriochrome Black T, therefore imparting a red color to the solution. When all of

-

the calcium ions have been complexed, however, the liberated magnesium ions again
combine with the EDTA until the end point is observed. This procedure requires
standardization of the EDTA solution against primary-standard calcium carbonate.

Potentiometric Methods. Potential measurements can be used for end-point de-
tection in the EDTA titration of those metal ions for which specific ion electrodes
are available. Electrodes of this type are described in Section 21D-1.

Spectrophotometric Methods. Measurement of UV/visible absorption can also
be used to determine the end points of titrations (see Section 26A-4). In these cases,
a spectrophotometer responds to the color change in the titration rather than relying
on a visual determination of the end point.

Back-Titration Methods

Back-titrations are useful for the determination of cations that form stable EDTA
complexes and for which a satisfactory indicator is not available. The method is
also useful for cations such as Cr(IIl) and Co(IlI) that react slowly with EDTA. A
measured excess of standard EDTA solution is added to the analyte solution. After
the reaction is judged complete, the excess EDTA is back-titrated with a standard

“See, for example, J. A. Dean, Analytical Chemistry Handbook, New York: McGraw-Hill, 1995,
pp- 3.94-3.96.
7J. A. Dean, ibid, pp. 3.104-3.109.
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magnesium or zinc ion solution to an Eriochrome Black T or Calmagite end point.®
For this procedure to be successful, it is necessary that the magnesium or zinc ions

form an EDTA complex that is less stable than the corresponding analyte complex.
Back-titration procedures are )
used when no suitable indicator
is available, when the reaction

Back-titration is also useful for analyzing samples that contain anions that could
form precipitates with the analyte under the analytical conditions. The excess EDTA

between analyte and EDTA is complexes the analyte and prevents precipitate formation.

slow, or when the analyte forms o] oy

precipitates at the pH required Displacement Mepigeis

for its titration. In displacement titrations, an unmeasured excess of a solution containing the magne-

sium or zinc complex of EDTA is introduced into the analyte solution. If the analyte
forms a more stable complex than that of magnesium or zinc, the following displace-
ment reaction occurs:

\[gY% + M* - MY* + Mg**

where M?" represents the analyte cation. The liberated Mg*" or, in some cases Zn*,
is then titrated with a standard EDTA solution.

N

1?D-8 The Scope of EDTA Titrations

Complexometric titrations with EDTA have been applied to t ! determination
of virtually every metal cation with the exception of the alkali metal ions. Be-
cause EDTA complexes most cations, the reagent might appear at first glance
to-be totally lacking in selectivity. In fact, however, considerable control over
interferences can be realized by pH regulation. For example, trivalent cations
\ can usually be titrated without interference from divalent species Kmaintaining
the solution at a pH of about 1 (see Figure 17-12). At this pH, the less stable
divalent chelates do not form to any significant extent, but trix\alent ions are
quantitatively complexed.
Similarly, ions such as cadmium and zinc;"which form more stable EDTA
chelates than does magnesium, can be determined in the presence of the mag-
nesium by buffering the mixture to pH 7 before titration. Eriochrome Black T
serves as an indicator for the cadmium or zin¢ end points without interference
from magnesium because the indicator chelate with magnesium is not formed at
this pH.
Finally, interference from a particular cation can sometimes be eliminated by
A masking agent is a )
complexing agent that reacts
selectively with a component
in a solution to prevent that
component from interfering in a ions in the presence of ions such as cadmium, cobalt, copper, nickel, zinc, and
determination. palladium. All of these ions form sufficiently stable cyanide complexes to prevent
reaction with EDTA. Feature 17-6 illustrates how masking and demasking re-

agents are used to improve the selectivity of EDTA reactions.

adding a suitable masking agent, an auxiliary ligand that preferentially forms
highly stable complexes with the potential interfering ion.” Thus, cyanide ion is
often used as a masking agent to permit the titration of magnesium and calcium

8For a discussion of the back-titration procedure, see C. Macca and M. Fiorana, /. Chem. Educ.,
1986, 63, 121, DOIL: 10.1021/6(1063})121.

For further information, see D. D. Perrin, Masking and Demasking of Chemical Reactions, New York:
Wiley-Interscience, 19705 J. A. Dean, Analytical Chemistry Handbook, New York: McGraw-Hill,
1995, pp. 3.92-3.111.
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FEATURE 17-6

Enhancing the Selectivity of EDTA Titrations with Masking and Demask-
ing Agents

Lead, magnesium, and zinc can be determined in a single sample by two titrations
with standard EDTA and one titration with standard Mg®*. The sample is first
treated with an excess of NaCN, which masks Zn*"Tand prevents it from reacting
with EDTA: \

AN

Zn* + 4CN~ = Zn(CN) 2~
The Pb** and Mg”" are then titrated with standard EbTA. After the equivalence
point has been reached, a solution of the complexing agent BAL (2-3-dimercapto-1-
propanol, CH,SHCHSHCH,OH), which we will Wr{;\as R(SH),, is added to the
solution. This bidentate ligand reacts selectively to forma complex with Pb** that is
much more stable than PbY*":

PbY?~ + 2R(SH), = Pb(RS), + 2H" + Y~

The liberated Y~ is then titrated*with a standard solution of Mg**. Finally, the zinc
is demasked by adding formaldehyde: '

Zn(CN) 2T + 4HCHO + 4H,0 — Zn** + 4HOCH,CN + 40H" ‘
The liberated Zn>" is then titrated with the standard EDTA solution.

\ ¢ \

N

-

o’
N’/

W YV \

Molecular model of BAL (2,3-dimercapto-
1-propanol, CH,SHCHSHCH,OH).

Suppose the initial titration of Mg*" and Pb** required 42.22 mL of 0.02064 M
EDTA. Titration of the Y*~ liberated by the BAL consumed 19.35 mL.of
0.007657 M Mg2+. After addition of formaldehyde, the liberated Zn*" was ti-
trated with 28.63 mL of the EDTA solution. Calculate the percent of the three
elements if a 0.4085-g sample was used.

amount (Pb*" + Mg*") in mmol = 42.22 X 0.02064 = 0.87142
The second titration gives the amount of Pb**. Thus,

amount Pb** in mmol = 19.35 X 0.007657 = 0.14816
amount Mg”" in mmol = 0.87142 — 0.14816 = 0.72326

Finally, from the third titration, we obtain

amount Zn>" in mmol = 28.63 X 0.02064 = 0.59092

(continued)
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To obtain the percentages, we write

0.14816 mmelPb X 0.2072 g Pb/mmelPb

0.4085 g sample

0.72326 mmol Mg X 0.024305 g Mg/mmol Mg
0.4085 g sample
0.59095 mmel-Zn X 0.06538 ¢ Zn/mmelZn

0.4085 g sample

X 100% = 7.515% Pb

X 100% = 4.303% Mg

X 100% = 9.459% Zn

17D-g Determinxion of Water Hardness

Hard water contains calcium, )
magnesium, and heavy metal

ions that form precipitates with
soap (but not detergents).

Historically, water “hardness” was defined in terms of the capacity of cations in the
water to replace the sodium or potassium ions in soaps and form sparingly solu-
ble products that cause “scum” in the sink or bathtub. Most multiply charged cat-
ions'share this undesirable property. In natural waters, however, the concentrations
of calcium and magnesium ions generally far exceed those of any other metal ion.
Consequently, hardness is now expressed in terms of the concentration of calcium
carbonate that is equivalent to the total concentration of all the multivalent cations
in the sample.

The determination of hardness is a useful analytical test that erovides a measure
of the quality of water for household and industrial uses. The test is important to
industry because hard water, on being heated, precipitates calcium carbonate, which
\ clogs boilers and pipes.

Water hardness is usually determined by an EDTA titration after the sample has
been buffered to pH 10. Magnesium, which forms the least stable I&DTA complex
of all of the common multivalent cations in typical water samples, is not titrated
until enough reagent has been added to complex all of the other cations in the
sample. Therefore, a magnesium-ion indicator;such as Calmagite or Eriochrome
Black T, can serve as indicator in water-hardness titrations. Often, a small concen-
tration of the magnesium-EDTA chelate is incorporated in the buffer or in the
titrant to ensure the presence of sufficient magnesium ions for satisfactory indica-
tor action. Feature 17-7 gives an example of a kit for testing household water for
hardness.

FEATURE 17-7

Test Kits for Water Hardness

Test kits for determining the hardness of household water are available at stores sell-
ing water softeners and plumbing supplies. They usually consist of a vessel calibrated
to contain a known volume of water, a packet containing an appropriate amount of
a solid buffer mixture, an indicator solution, and a bottle of standard EDTA, which
is equipped with a medicine dropper. A typical kit is shown in Figure 17F-2. The
number of drops of standard reagent needed to cause a color change is counted. The
EDTA solution is usually prepared with a concentration such that one drop corre-
sponds to one grain (about 0.065 g) of calcium carbonate per gallon of water. Home
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water softeners that use ion-exchange processes to remove hardness are discussed in

N\
Figure 17F-2 Typical kit for testing household water for hardness.

Questions and Problems 437

<
WEB The disodium salt of EDTA (Na,H,Y - 2H,0) is widely used to prepare standal EDTA
WORK solutions. The free acid is also used, but it is not very soluble in water. Use a search engine i

to locate the Materials Safety Data Sheets for these reagents. What are the solubilities of
he two reagents in water in g/100mL? What, if any, are the health effects of these cl‘Iemi-
als? What is the J. T. Baker Safe-T-Data™ Rating for the disodium salt. What precau

S

are recommended when working with these reagents in the laboratory? How shoul% the
reagents or solutions containing them be disposed?

QUESTIONS AND PROBLEMS

17-1. Define
*(a) ligand.
(b) chelate.
*(c) tetradentate chelating agent.
(d) adsorption indicator.
*(e) argentometric titration.
(f) conditional formation constant.
*(g) EDTA displacement titration.
(h) water hardness.
17-2. Why are multidentate ligands preferable to unidentate
ligands for complexometric titrations?
*17-3. Describe three general methods for performing EDTA
titrations. What are the advantages of each?
17-4. Write chemical equations and equilibrium-constant ex-
pressions for the stepwise formation of
*(a) Ag(5203)23_-
(b) Ni(CN),*.
(c) Cd(SCN);~.
*17-5. Explain how stepwise and overall formation constants
are related.

17-6.

*17-7.

17-8

b

*17-9.

17-10.

.

Write chemical formulas for the following complex
ions:

(a) hexamminezinc(II)

(b) dichloroargentate

(¢) disulfatocuprate(Il)

(d) trioxalotoferrate(III)

(e) hexacyanoferrate(Il)

In what respect is the Fajans method superior to the
Volhard method for the titration of chloride ion?
Briefly explain why the sparingly soluble product must
be removed by filtration before you back-titrate the ex-
cess silver ion in the Volhard determination of

(a) chloride ion.

(b) cyanide ion.

(c) carbonate ion.

Why does the charge on the surface of precipitate parti-
cles change sign at the equivalence point of a titration?
Outline a method for the determination of K based
on argentometry. Write balanced equations for the
chemical reactions.
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Write equations in terms of the acid dissociation con-
stants and [H'] for the highest alpha value for each
of the following weak acid ligands:

(a) acetate (a;).

(b) tartrate ().

(c) phosphate (c3).

Write conditional formation constants for 1:1 complexes
of Fe(IlT) with each of the ligands in Problem 17-11.
Express these constants in terms of the a value and the
formation constant and in terms of concentrations as in
Equation 17-20.

Write a conditional overall formation constant for
[Fe(ox);]°" in terms of @, for oxalic acid and the 3 value
for the complex. Also express the conditional constant
in terms of concentrations as in Equation 17-20.
Propose a complexometric method for the determina-
tion of the individual components in a solution con-
taining In’*, Zn*", and Mg*".

Given an overall complex formation reaction of
M + nL = ML,, with an overall formation constant
of 3,, show that the following relationship holds:

log B, = pM + npL — pML,

Why is a small amount of MgY*" often added to a
water specimen that is to be titrated for hardness?

An EDTA solution, was prepared by dissolving 3.426
g of purified and dried Na,H,Y,-2H,0 in sufficient
water to give 1.000 L. Calculate the molar concen-
tration, given that the solute contained 0.3% excess
moisture (see Section 17D-1).

A solution was prepared by dissolving about 3.0 g of
NaH,Y, 2H,0 in approximately 1 L of water and stan-
dardizing against 50.00-mL aliquots of 0.004423 M
Mg?**. An average titration of 30.27 mL was required.
Calculate the molar concentration of the EDTA.

A solution contains 1.569 mg of CoSO, (155.0 g/
mol) per milliliter. Calculate

(a) the volume of 0.007840 M EDTA needed to ti-
trate a 25.00-mL aliquot of this solution.

the volume of 0.009275 M Zn?" needed to ti-
trate the excess reagent after addition of 50.00
mL 0f 0.007840 M EDTA to a 25.00-mL aliquot
of this solution.

the volume of 0.007840 M EDTA needed to
titrate the Zn** displaced by Co** following
addition of an unmeasured excess of ZnY?>" to a
25.00-mL aliquot of the CoSOy solution. The

reaction is

(b)

(o)

Co?* 4+ ZnY?” = CoY?™ + Zn**

Calculate the volume of 0.0500 M EDTA needed to
titrate

*(@) 29.13 mL of 0.0598 M Mg(NOj),.

(b) the Cain 0.1598 g of CaCO;.

*17-21.

17-22.

17-23.

17-24.

17-25.

17-26.

*17-27.

17-28.
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*(c) the Ca in a 0.4861-g mineral specimen that
is 81.4% brushite, CaHPO,-2H,0 (172.09
g/mol).

(d) the Mg in a 0.1795-g sample of the mineral
hydromagnesite, 3MgCO;Mg(OH),-3H,0
(365.3 g/mol).

*(e) the Ca and Mg in a 0.1612-g sample that is
92:5% dolomite, CaCO3-MgCOj; (184.4 g/mol).

The Zn in a 0.7457-g sample of foot powder was

titrated with 22.57 mL of 0.01639 M EDTA. Calcu-

late the percent Zn in this sample.

The Cr plating on a surface that measured 3.00 X

4.00 cm was dissolved in HCL The pH was suitably

adjusted, following which 15.00 mL of 0.01768 M

EDTA were introduced. The excess reagent required

a 4.30-mL back-titration with 0.008120 M Cu?".

Calculate the average weight of Cr on each square

centimeter of surface.

A silver nitrate solution contains 14.77 g of primary-

standard AgNOj; in 1.00 L. What volume of this

solution will be needed to react with

*(a) 0.2631 g of NaCl?

(b) 0.1799 g of Na,CrO4?

*(c) 64.13 mg of NazAsO,?

(d) 381.1 mg of BaCl,-2H,0?

*(e) 25.00 mL of 0.05361 M Na;POy?

(f) 50.00 mL of 0.01808 M H,S?

What is the molar analytical concentration of a silver

nitrate solution if a 25.00-mL aliquot,reacts with each

amount of solute listed in Problem 17-23?

What minimum volume of 0.09621 M AgNO; will

be needed to assure an excess of silver ion in the titra-

tion of

*(a) an impure NaCl sample that weighs 0.2513 g?

(b) a0.3462-g sample that is 74.52% (w/w) ZnCl,?

*(c) 25.00 mL of 0.01907 M AICl;?

A Fajans titration of a 0.7908-g sample required

45.32 mL of 0.1046 M AgNO;. Express the results of

this analysis in terms of the percentage of

(a) CI.

(b) BaCl,-H,0.

(c) ZnCl,-2NH,CI (243.28 g/mol).

The Tl in a 9.57-g sample of rodenticide was oxidized

to the trivalent state and treated with an unmeasured

excess of Mg/EDTA solution. The reaction is

TP + MgY27 —>TIY + MgZJr

Titration of the liberated Mg** required 12.77 mL
0f 0.03610 M EDTA. Calculate the percent T1,SOy
(504.8 g/mol) in the sample.

An EDTA solution was prepared by dissolving approx-
imately 4 g of the disodium salt in approximately 1 L
of water. An average of 42.35 mL of this solution was
required to titrate 50.00-mL aliquots of a standard
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that contained 0.7682 g of MgCO; per liter. Titration
of a 25.00-mL sample of mineral water at pH 10 re-
quired 18.81 mL of the EDTA solution. A 50.00-mL
aliquot of the mineral water was rendered strongly
alkaline to precipitate the magnesium at Mg(OH),.
Titration with a calcium-specific indicator required
31.54 mL of the EDTA solution. Calculate
(a) the molar concentration of the EDTA solution.
(b) the concentration of CaCOj in the mineral water
in ppm.
(c) the concentration of MgCOj in the mineral wa-
ter in ppm.
A 50.00-mL aliquot of a solution containing iron(II)
and iron(III) required 10.98 mL of 0.01500 M
EDTA when titrated at pH 2.0 and 23.70 mL when
titrated at pH 6.0. Express the concentration of each
solute in parts per million.
A 24-hr urine specimen was diluted to 2.000 L. Af-
ter the solution was buffered to pH 10, a 10.00-mL
aliquot was titrated with 23.57 mL of 0.004590 M
EDTA. The calcium in a second 10.00-mL aliquot
was isolated as CaC,Q,(s); redissolved in acid, and ti-
trated with 10.53 mL of the EDTA solution. Assum-
ing that 15 to 300 mg of magnesium and 50 to 400
mg of calcium per day are normal, did this specimen
fall within these ranges?
A 1.509-gysample of a Pb/Cd alloy was dissolved in
acid and diluted to exactly 250.0 mL in a volumetric
flask. A 50.00-mL aliquot of the diluted solution was
brought to a pH of 10.0 with a NH,"/NHj buffer;
the subsequent titration involved both cations and
required 28.89 mL of 0.06950 M EDTA. A second
50.00-mL aliquot was brought to a pH of 10.0 with
an HCN/NaCN bulffer, which also served to mask the
Cd**; 11.56 mL of the EDTA solution were needed
to titrate the Pb*". Calculate the percent Pb and Cd
in the sample.
A 0.6004-g sample of Ni/Cu condenser tubing
was dissolved in acid and diluted to 100.0 mL
in a volumetric flask. Titration of both cations in a
25.00-mL aliquot of this solution required 45.81
mL of 0.05285 M EDTA. Mercaptoacetic acid and
NH; were then introduced; production of the
Cu complex with the former resulted in the release
of an equivalent amount of EDTA, which required a
22.85-mL titration with 0.07238 M Mg”". Calculate
the percent Cu and Ni in the alloy.
Calamine, which is used for relief of skin irritations,
is a mixture of zinc and iron oxides. A 1.056-g sample
of dried calamine was dissolved in acid and diluted to
250.0 mL. Potassium fluoride was added toa 10.00-mL
aliquot of the diluted solution to mask the iron; af-
ter suitable adjustment of the pH, Zn*" consumed

38.37 mL of 0.01133 M EDTA. A second 50.00-mL

*17-343
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aliquot was suitably buffered and titrated with 2.30
mL of 0.002647 M ZnY*" solution:

Fe*t + ZnY?™ = FeY™ + Zn?"

Calculate the percentages of ZnO and Fe,Oy; in the
sample.

A 3.650-g sample containing bromate and bromide
was dissolved in sufficient water to give 250.0 mL.
After acidification, silver nitrate was introduced to a
25.00-mL aliquot to precipitate AgBr, which was fil-
tered, washed, and then redissolved in an ammoniacal
solution of potassium tetracyanonickelate(II):

Ni(CN),*~ + 2AgBr(s) = 2Ag(CN),” + Ni** + 2Br~

The liberated nickel ion required 26.73 mL of
0.02089 M EDTA. The bromate in a 10.00-mL
aliquot was reduced to bromide with arsenic(III)
prior to the addition of silver nitrate. The same
procedure was followed, and the released nickel ion
was titrated with 21:94 mL of the EDTA solution.
Calculate the percentages of NaBr and NaBrO; in
the sample.

The potassium ion in a:250.0-mL sample of mineral
water was precipitated with sodium tetraphenylborate:

K* + B(C4H,),~ —KB(C,H;)(s)

The precipitate was filtered, washed, and redissolved
in an organic solvent. An excess of the mercury(II)/

EDTA chelate was added:

4HgY?™ + B(C(Hy),~ + 4H,0 —
H4BO, + 4C,H,Hg* + 4HY?~ +OH~

The liberated EDTA was titrated with 29.64 mL of
0.05581 M Mg”". Calculate the potassium ion con-
centration in parts per million.

Chromel is an alloy composed of nickel, iron, and
chromium. A 0.6553-g sample was dissolved and
diluted to 250.0 mL. When a 50.00-mL aliquot of
0.05173 M EDTA was mixed with an equal volume
of the diluted sample, all three ions were chelated,
and a 5.34-mL back-titration with 0.06139 M
copper(II) was required. The chromium in a second
50.0-mL aliquot was masked through the addition
of hexamethylenetetramine; titration of the Fe and
Ni required 36.98 mL of 0.05173 M EDTA. Iron
and chromium were masked with pyrophosphate in
a third 50.0-mL aliquot, and the nickel was titrated
with 24.53 mL of the EDTA solution. Calculate
the percentages of nickel, chromium, and iron in

the alloy.
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A 0.3304-g sample of brass (containing lead, zinc,
copper, and tin) was dissolved in nitric acid. The
sparingly soluble SnO,-4H,0 was removed by filtra-
tion, and the combined filtrate and washings were
then diluted to 500.0 mL. A 10.00-mL aliquot was
suitably buffered; titration of the lead, zinc, and cop-
per in this aliquot required 34.78 mL of 0.002700
M EDTA. The copper in a 25.00-mL aliquot was
masked with thiosulfate; the lead and zinc were then
titrated with 25.62 mL of the EDTA solution. Cya-
nide ion was used to mask the copper and zinc in a
100-mL aliquot; 10.00 mL of the EDTA solution
was needed to titrate the lead ion. Determine the
composition of the brass sample; evaluate the per-
centage of tin by difference.

Calculate conditional constants for the formation of
the EDTA complex of Fe*™ at a pH of (a) 6.0, (b) 8.0,
and (c) 10.0. "

Calculate conditional constants for the formation
of the EDTA complex of Ba" at a pH of (a) 5.0,
(b) 7.0, (c) 9.0, and (d) 11.0.

Construct a titration curve for 50.00 mL of 0.01000 M
Sr** with 0.02000-M EDTA in a solution buffered
to pH 11.0. Calculate pSr values after the addition of
0.00, 10.00, 24.00, 24.90, 25.00, 25.10, 26.00, and
30.00 mL of titrant.

Constructa titrativ curve for 50.00 mL of 0.0150
M Fe*" with'0.0300 M EDTA in a solution buffered
to pH 7.0. Calculate pFe values after the addition of
0.00, 10.00, 24.00, 24.90, 25.00, 25.10, 26.00, and
30.00 mL of titrant.

*17-42.

17-43.
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Titration of Ca*" and Mg*" in a 50.00-mL sample of

hard water required 23.65 mL of 0.01205 M EDTA.

A second 50.00-mL aliquot was made strongly basic

with NaOH to precipitate Mg®* as Mg(OH),(s). The

supernatant liquid was titrated with 14.53 mL of the

EDTA solution. Calculate

(a) the total hardness of the water sample, expressed
as ppm CaCO;.

(b) the concentration of CaCOyj in the sample in ppm.

(c) the concentration of MgCO; in the sample in ppm.

Challenge Problem: Zinc sulfide, ZnS, is sparingly

soluble in most situations. With ammonia, Zn**

forms four complexes, Zn(NH;)**, Zn(NH;),*",

Zn(NH;);*", and Zn(NH;),*". Ammonia is, of

course, a base, and $*~ is the anion of the weak diprotic

acid, H,S. Find the molar solubility of zinc sulfide in

(a) pH-7.0 water.

(b) a solution containing 0.100 M NHj.

(¢) a pH-9.00 ammonia/ammonium ion buffer

with a total NH;/NH, " concentration of 0.100 M.

the same solution as in part (c)fxcept that it also

contains 0.100 M EDTA.

(e) Use a search engine and locz:li a Materials Safety
Data Sheet (MSDS) for ZnS. Determine what
health hazards ZnS poses. y

(f) Determine if there is a phosphorescent pigment
containing ZnS. What activates\he pigment to
“glow in the dark™

(g) Determine what uses ZnS has in making opti-
cal components. Why is ZnS useful for these

components?
\

(d)

’
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