1154

BULLETIN OF THE CHEMICAL SOCIETY OF JAPAN

Hajime Isun and Hisahiko ENaca

voL. 39

[Vol. 39, No. 6

1154—1160 (1966)

Studies of Calcichrome as a Spectrophotometric Reagent. I.
A New Spectrophotometric Method for the Determination of Copper
with Calcichrome and Its Basic Study
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Central Research Laboratory, Onoda Cement Co., Ltd., Koto-ku, Tokyo
(Received August 9, 1965)
It was found that Calcichrome, which has been recently established as a reagent for the

determination of calcium, forms a stable 1-to-1 complex with copper.

Basic studies were carried

out, in which the acid dissociation constants of Calcichrome and the apparent formation constant
of the complex were determined to be pKg,=7.2, pK,;,=11.5, and K=4.1x 10® respectively.
A new method for the determination of copper was also established.

Calcichrome, the self-coupling product of H-acid,
was recently suggested by Close and West!? as a
selective metallochromic indicator for the complexo-
metric titration of calcium. As the reagent has
several points of excellence, for instance, an easy
solubility in water and a stability for storage, it
has been used for the determination of calcium in
various materials by several investigators.2—%
It has also been found that the reagent can be used
as a spectrophotometric reagent for the determina-
tion of calcium.2-% The applicability of the
reagent to the determination of elements other
than calcium as a metallochromic or spectropho-
tometric reagent has not, however, yet been reported.
The authors have recently discovered that the rea-
gent reacts to form complexes with many other
metals, such as copper(I and II), iron(II and III),
aluminum(IIT), and titanium(IV). The present
paper will describe a direct spectrophotometric
method for the determination of copper with Cal-
cichrome and the results of a basic study of it, the
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outline of this work has already been reported in
Short Communication.®?

Experimental

Reagents.—Calcichrome Solution. — A Calcichrome
solution (2 x 10-3 M) was prepared by dissolving 0.9909
g. of Calcichrome in distilled water and diluting it to
500 ml. Working solutions were prepared from this
solution by dilution. The Calcichrome used in this
study was synthesized and purified by the method
proposed by Close et al.> However, as it contains
a small amount of chloride and sodium, furhter purifica-
tion was carried out as follows for use in potentiometric
titrations: Calcichrome was dissolved in distilled
water, and the resulting solution was passed through
a column packed with cation exchange resin, Amberlite
IR-120 (H-form), and then evaporated to dryness on
a steam bath, followed by drying at 105°C in an air
oven. The Calcichrome thus obtained was free from
chloride and sodium.

Standard Cupric Solution.—A standard cupric solution
corresponding to 1x10-2mol./l. of copper(Il) was
prepared by dissolving 2.4969 g. of cupric sulfate
penta-hydrate in distilled water, by then adding small
amounts of sulfuric acid to prevent any possible hydro-
lysis, and by diluting the mixture to 11. Working
solutions of copper(II) were prepared from this solution
by dilution.

Standard Cuprous Solution.—A standard cuprous solu-
tion corresponding to about 1 10-2 mol./l. of copper(I)
was prepared by dissolving about 1 g. of cuprous chloride
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in distilled water containing small amounts of hydro-
chloric acid, by then adding about 1g. of hydroxyl-
amine hydrochloride to prevent any possible oxida-
tion, and by diluting the mixture to 1 1. This solution
was standardized by the EDTA titration method,
using xylenol orange as an indicator. Working solutions
of copper(I) were prepared by diluting the standard
solution with distilled water.

Buffer Solutions.—Buffer solutions were prepared by
mixing 1M acetic acid and 1 M sodium acetate in the
ratios required.

Apparatus. — A Hitachi automatic  recording
spectrophotometer, model EPS-2, and a Hitachi
spectrophotometer, model 139, were used, together
with 1 cm. matched cells, for obtaining absorption
curves and for all the other absorbance measurements
respectively. A Toa Dempa glass-electrode pH meter,
model HM-5A, was used for all the pH measurements.

The Proposed Procedure for the Determina-
tion.—To a sample solution containing copper in a
50 ml. volumetric flask, 5 ml. of the Calcichrome solu-
tion (4x10-¢m) and 10 ml. of the buffer solution (pH
5.2) were added. After the solution had then been
diluted with distilled water to the mark, the absorbance
of the solution was measured at 535 or 310 my against
a reagent blank treated in a similar manner.

Results and Discussion

Absorption Curves.—The absorption curves
of the copper-Calcichrome complex are shown in
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Fig. 1-a. Absorption spectra of Cu(I)-Calcichrome
complex and Calcichrome.

I: pH=3.2 Cu(I)-Calcichrome complex
Il : pH=4.1 Cu(l)-Calcichrome complex
III : pH=4.9 Cu(l)-Calcichrome complex
IV : pH=5.9 Cu(I)-Calcichrome complex
V : pH=7.2 Cu(I)-Calcichrome complex
Reference: reagent blank
I' : pH=3.2 Cu(I)-Calcichrome complex
II' : pH=4.1 Cu(I)-Calcichrome complex
IIT' : pH=4.9 Cu(I)-Calcichrome complex
IV' : pH=5.9 Cu(I)-Calcichrome complex
V': pH=7.2 Cu(I)-Calcichrome complex
Reference: water

I'": pH=3.2 Calcichrome alone

II'"" : pH=4.1 Calcichrome alone

III'" : pH=4.9 Calcichrome alone

IV’ : pH=5.9 Calcichrome alone

V' : pH=7.2 Calcichrome alone
Calcichrome : 3.2x10-% mol. /L.
Cu(I) : 3.2>1073% mol./L.

Reference:
water
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Fig. 1-b. Absorption spectra of Cu(II)-Calci-
chrome complex and Calcichrome.
I: pH=3.2 Cu(II)-Calcichrome complex
II : pH=4.1 Cu(I)-Calcichrome complex
II1 : pH=4.9 Cu(II)-Calcichrome complex
IV : pH=5.9 Cu(II)-Calcichrome complex
V: pH=7.2 Cu(II)-Calcichrome complex
Reference : reagent blank.
I': pH=3.2 Cu(II)-Calcichrome complex
II' : pH=4.1 Cu(II)-Calcichrome complex
IIT' : pH=4.9 Cu(II)-Calcichrome complex
IV': pH=5.9 Cu(II)-Calcichrome complex
V': pH=7.2 Cu(II)-Calcichrome complex
Reference: water
I': pH=3.2 Calcichrome alone
IT"" : pH=4.1 Calcichrome alone
III" : pH=4.9 Calcichrome alone
IV" : pH=5.9 Calcichrome alone
V'': pH=7.2 Calcichrome alone
Calcichrome : 3.2 1075 mol./l.
Cu(II) : 3.2x10-3 mol./L.

Reference:
water.

Absorbance

300 406
Wavelength, mp
of Cu(II)-Calci-

Fig. l-c. Absorption
chrome complex.
Calcichrome: 4x10-3mol./l,, pH: 5.0

I: Cu=0

II1: Cu:Cch=l:2} Reference: water
III: Cu: Cch=1:1
I1V: Cu: Cch=1:2
V: Cu: Cch=1:1

spectra

} Reference: reagent blank

Figs. 1-a, 1-b, and l-c. By comparing Fig. l-a
with Fig. 1-b, it will be found that these two figures
are exactly the same. The copper(I)-Calcichrome
complex, therefore, can not be distinguished from
the copper(II)-Calcichrome complex, and the
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species of the complex formed under the conditions
studied are one and the same because the maximum
absorption wavelengths of the curves obtained
against reagent blanks are identical at 535 mp.
(Although curve V in Fig. 1-a or 1-b differs from
the others, this is due to the fact that the absorption
curve of Calcichrome itself shifts to the long wave-
length side). The ultraviolet and visible absorption
curves of the copper(II)-Calcichrome complex at
PH 5.0 at various ratios of copper and Calcichrome
are shown in Fig. l-c, from which it may be seen
that the complex consisting of a 1-to-1 mixture has
two absorption maxima in the ultraviolet (42
307 mp) and visible (2,4, 565 mpy) regions, one
shoulder at about 700 my, and two isosbestic points
at 415 and 595 my respectively. The curves ob-
tained against a reagent blank have three absorp-
tion maxima (1pq, 310, 535, and 650 my). Al-
though these three wavelengths may be used for
the determination of copper(II), the sensitivities
at the first two wavelengths are higher than that at
the last, and approximately the same sensitivity
was obtained at the former.

The ultraviolet and visible absorption curves
of the copper(I)-Calcichrome complex under the
same conditions were exactly the same as those of
the copper(II)-Calcichrome complex; they are
therefore omitted here. Judging from the results
obtained above, the same considerations can be
made of the complex between copper(I) and Cal-
cichrome.

The Effect of pH on the Color Develop-
ment.—The effect of pH on the color develop-
ment of the copper(II)-Calcichrome complex was
examined by measuring the absorbance of the
complex at two wavelengths, 310 and 535 mg, in
which cases the concentrations of copper(II) and
Calcichrome were made to 4x 10-5 mol./l. The
results are shown in Fig. 2, from which it can be
seen that the maximum color development can
be obtained in the pH ranges from 5.0 to 6.5
when measured at 310 mg and from 5.0 to 5.5
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Fig. 2. Effect of pH on absorbance of the Cu-

(IT)-Calcichrome complex.

Concn. of Cu(II): 4x10-% mol./l.
Concn. of Calcichrome: 4 10-5 mol./l.
I: at 535 mp  II: at 310 mp
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at 535 mp, and that approximately the same
color intensity is obtained in these pH regions.

The effect of pH on the color development of
the copper(I)-Calcichrome complex was the same
as on that of the copper(II)-Calcichrome complex.

The Effect of the Amount of Calcichrome.
—The effect of the reagent concentration on the
color development was studied with two series
of colored solutions, one of which contained 31.8 pg.
of copper(II) (corresponding to 1:x10-5mol./l.)
and the other, 63.5 pg. of copper(II) (corresponding
to 2x10-%mol./l.). The pH values of the solu-
tions were kept constant at 5.2, and the absorbance
measurements were carried out at 535 myg. The
results are shown in Fig. 3. For both series, about
a 2-fold excess of the reagent over the copper(II)
concentration is necessary to obtain the maximum
color intensity.
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Absorbance
at 535 mpy

Fig. 3. Effect of amount of Calcichrome.
pH: 5.2, Reference: reagent blank
I: Cu(Il), 31.8 pg. II: Cu(II), 63.5 pg.

The same results were obtained when copper(I)
was used instead of copper(II). As a compromise
between sensitivity and absorbance by the blank
solution, 50 ml. of a 4x10-%M reagent solution
should be used with these copper concentrations.

The Stability of the Color.—The color of
the copper(I or II)-Calcichrome complex develops
instantaneously at room temperature and is very
stable, and there was no change in absorbance over
a period of 24 hr.

Adherence to Beer’s Law.—The linear rela-
tionship between the absorbance and the concentra-
tion of copper at 535 my was found to be dependent
upon the concentration of Calcichrome; Beer’s
law was obeyed when the molar ratio of copper(II)
to Calcichrome was less than about 0.8. The molar
extinction coefficient (¢) was about 8x 103, and
the sensitivity was 0.008 pg. Cu(II)/cm?, which
corresponds to log (I,/I)=0.001. Similar results
were obtained at 310 mg.

With the copper(I)-Calcichrome complex,
similar results (e: 8x10% sensitivity: 0.008 pg.
Cu(I)/cm?) were obtained.

The Effect of Diverse Ions.—The effect of
diverse ions on the determination of copper was
examined at pH 5.0. The results are summarised
in Table I, from which it can be concluded that
aluminum(III), iron(II and III), titanium(IV),
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vanadium(V), and zirconium(IV) interfere mar-
kedly, even in the smallest amounts, and that nickel-
(II), oxalate and thiosulfate, also interfere. Among
these, the interference by cations seems to be due
to the complex formation with Calcichrome under
the conditions examined.

TaeLeE [. EFFECT OF DIVERSE IONS
Cu taken: 75.5 ug.

Diverse ion, added Cu found Relative error
g 8- %
Agl) 500 75.5 + 0.0
AI(IIL) (25 87.6 +16.0

50 95.8 +26.9

75 102.3 +35.5

Ba(Il) 280 75.5 + 0.0
Ca(Il) 500 75.5 + 0.0
Cd(I1) 500 75.5 + 0.0
Co(II) 500 75.5 + 0.0
Cr(I11) 500 75.5 £ 0.0
Cr(VI) 500 75.5 + 0.0
Fe(II) 25 82.0 + 8.6
{ 50 87.0 +15.2

75 91.0 +20.5

Fe(I1I) 25 119.8 +58.7
He(I1) 500 75.5 + 0.0
Mg(Il) 500 74.2 — 1.7
Mn(I1I) 500 75.5 + 0.0
Ni(ll) (50 78.4 + 3.8
500 79.5 + 5.3

Pb(II) 500 75.5 + 0.0
Si(IV) 500 75.5 + 0.0
Sn(II) 500 75.5 + 0.0
Se(II) 500 76.0 + 0.7
Ti(IV) 30 78.5 + 4.0
150 85.0 +12.6

300 87.5 +15.9

V(V) 12.5 80.0 + 6.0
37.5 88.5 +17.2

125 112.5 +49.0

Zn(1I) 500 75.5 + 0.0
Zr(IV) ( 50 78.0 + 0.7
250 81.0 + 7.3

500 84.0 +11.3

Cl- 2500 75.5 + 0.0
NO;~- 2500 75.5 + 0.0
POS- 2500 75.5 + 0.0
C;042- 25 74.5 — 1.3
75 73.0 - 3.3

250 70.0 - 6.7

S,04%- 50 75.0 - 0.7
75 72.8 — 3.6

250 72.3 — 4.2

The Composition of the Complex.—Attempts
to obtain the composition of the complex were
made by two methods, the continuous variation
method and the mole ratio method. These attempts
were performed at pH 5.2, and the absorbance
measurements were made at three wavelengths
between 510 and 545 my. Both methods revealed
that copper(I or II) forms a I-to-1 complex with
Calcichrome. These findings were further con-
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Fig. 4-a. Continuous variation method.

Copper concn. + Calcichrome concn.
=8x10-% mol.[l.

pH: 5.2. 1I: 535 mp, II: 545 my, I1I: 510 mpu
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[Cu(I)])/[Cch]
Fig. 4-b. Mole ratio method.
Concn. of Calcichrome: 4.2 1073 mol./l.
I: 510 mp, II: 535 my, I1I: 545 mpy

firmed by the experiments described below. As
an example, the results obtained by the applica-
tion of the continuous variation method to the
copper(II)-Calcichrome complex are shown in
Fig. 4-a, and those obtained by the application of
the mole ratio method to the copper(I)-Calcichrome
complex, in Fig. 4-b.

The Potentiometric Titration of Calci-
chrome and Its Copper Complex. — The
potentiometric titration of Calcichrome and its
copper(II) complex were carried out in order to
establish the mechanism of the reaction between
Calcichrome and copper, in which case the con-
centrations of Calcichrome and copper(II) were
made to 5x 10-*mol./l. the ionic strength was
kept constant at 0.1 using a sodium chloride solu-
tion and the titration was carried out at 25°C with
a 0.3 N potassium hydroxide solution. The results
are shown in Fig. 5, in which the curves I and
II show the titration curves of Calcichrome and
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Fig. 5. Potentiometric titration curves of Calci-
chrome and its copper(II) complex.
Concn. of Copper(II): 5x 104 mol./L
Concn. of Calcichrome: 5x10~4mol. /L.
Ionic strength: 0.1
I: Calcichrome alone
I1: Copper(II)-Calcichrome complex

its 1-to-1 copper(II) complex respectively. From
Fig. 5 it may be noticed that Calcichrome dissociates
to liberate five protons up to about pH 5 (point a)
that a) sixth proton is liberated up to about pH
8.5 (point b), and that the sixth proton is also lib-
erated in the complexation. According to the
constitutional formula of Calcichrome proposed
by Close et al.!? or Lukin et al.?, six sulfonic radicals
are contained in one molecule of Calcichrome.
Taking into consideration of the facts described
above, it is considered that sulfonic radical may
participate in the complexation. However, the
dissociation of sulfonic radicals are generally con-
sidered to occur in the lower pH region due to
their strongly acidic properties as are seen in the
cases of the dissociations of Chromotropic acid
and its derivatives. Therefore, there remain some
doubts to be concluded directly from the results
of the potentiometric titration alone that sulfonic
radical may participate in the complexation and
further studies should be carried out to solve the
problem.

Aside from the experimental results obtained
above, the authors considered here on the basis of
the general consideration that the group which
participate in the complexation is hydroxyl radical
rather than sulfonic. Therefore, it may be consid-
ered that the dissociation of Calcichrome is shown
by Eq. 1, and that copper(II) and/or copper(I)
is combined with a hydroxyl radical in the Calci-
chrome molecule, the reaction in this case being
shown by Eq. 2 or 3:

H,Cch® 2 Hy_,Cch™- 4+ mH* (N
H;Cché- + Cu?+* 2 CuH,Cch’- + H* (2)
H;Ccht- + Cut 2 CuH,Cch®- + H* (3)
The Effect of pH on the Absorbance of Cal-
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cichrome.—The effect of pH on the absorbance
of Calcichrome was examined. Here the concentra-
tion of Calcichrome was 4 x 10-% mol./l., the ionic
strength was kept constant at 0.25 using a sodium
chloride solution, and the absorbance measurements
were carried out at 630 mp. The results are shown
in Fig. 6, from which it will be found that three
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Fig. 6. Effect of pH on absorbance of Calci-
chrome.

Conen. of Calcichrome: 4 10~% mol.[L
Ionic strength: 0.25

ionic species are present under the conditions
examined. Taking account of the discussions
described above, these three species are considered
to correspond to HzCchf~, H,Cch’-, and HCch®-
respectively.

The Acid Dissociation Constant of Cal-
cichrome.—As has been described already,
Calcichrome is dissociated as shown by Eq. 1. The
seventh and eighth acid dissociation constant,
K., and K,,, are:

K., = [H,Cch] [H]/[H;Cch] (4)*

K,, = [HCch] [H]/[H,Cch] (5)*
Therefore,

pK., = pH—log[H,Cch]/[H;Cch] (6)*

pK., = pH—log[HCch]/[H,Cch] (T)y*

As the concentrations are proportional to the ab-
sorbances, pK,, and pK,, are given by the fol-
lowing equations:

pK,, = pH—log(E,—E)/(E—E>) (8)
pKq, = pH—log(E;— E')/(E" — E;) 9)
in which E,, E,, and E; are the absorbances of

H,Cchf-, H,Cch’-, and HCch®- respectively at
a constant wavelength, and E and E' are the ab-
sorbances of the solutions, consisting of H;Cch®~
and H,Cch™-, and H,Cch’- and HCch®- respec-
tively, at arbitrary pH values.

The actual examinations were carried out as
follows: The concentration of Calcichrome was

* Electronic charges were omitted for the sake of simplicity.
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maintained at a constant value, 43x10-5mol./l,,
and suitable amounts of a disodium hydrogen phos-
phate - potassium dihydrogen phosphate buffer
solution (for the determination of pK,,) or a 0.1 N
sodium hydroxide solution (for the determination
of pK,,) were added to give seven arbitrary pH
values between 6.60 and 8.00, or between 10.80
and 11.90, respectively. In both cases, suitable
amounts of a sodium chloride solution were added
to keep the ionic strength (g) constant at 0.1.
The absorbance measurements were then carried
out at 630 my. The pK,, and pK,, values were
calculated from Egs. 8 and 9 respectively, and the
average values of the seven runs are shown in Table
II.

TasLe 1I. pKy AND pK,; OF CALCICHROME
pKa; 7.2 (p=0.1, 27°C)
pKag** 11.5 (p=0.1, 23°C)

The Equilibrium Constant.—From the results
described above, it seems obvious that copper reacts
with Calcichrome to form a 1-to-1 complex and that
one proton is liberated as the result of deprotona-
tion during the complex formation. Independent
of these facts, on the other hand, the following
assumptions and the related examinations were
made in order to obtain the equilibrium constant,
and also to confirm the facts described above.
If the reaction between Calcichrome and copper
is obeyed to Eq. 10,

Cu?* + Hy_,Cch®- 2
CuHy_ ¢z 4 m)CchCr+md= + mH~* (10)
the total absorbance at equilibrium, D, is:
D = g(a—x) + ex(b—x) + ex (11)

where €, €;, and & are the molar extinction coef-
ficients of copper, Calcichrome, and the complex
respectively, a and b are the initial concentrations
of copper and Calcichrome respectively, and x is
the concentration of the complex at equilibrium.
As ¢, is equal to 0, and so may be neglected
under these conditions, Eq. 11 can be rearranged
to:

D = &y(b—x) + ex (12)

The equilibrium constant, K', may be defined as
Eq. 13:

K' = [CuHy- ¢ 4 myCch][H]™/[Cu)[H, - ,Cch]
x[H]™/(a—x)(b—x) (13)*
If the initial concentration of copper, a, is chosen
to be equal to that of Calcichrome, Eq. 13 can be
rearranged to:

K' = x[H]™/(b—x)? (14)
By introducing Eq. 12 into Eq. 14, Eq. 15 is
obtained:

a/(D—D') = 1/(e—¢;) +

{l/K'(e — &)} 2{[H]™/(D — D")}/2  (15)
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where D' is the absorbance of the reagent blank.
When experiments are carried out under suitable
conditions and the experimental values of a/(D-D")
are plotted against the values of {[H]™/(D-D')}!/2,
and if the assumption of the value of m is correct,
the plots give straight lines with a slope of {1/K’
(e —e3)}/2 and an intercept of 1/(e—e¢;).

The actual experiments were carried out under
the following conditions. The concentrations of
Calcichrome and copper were kept at the same
concentration (2x10-°M), the ionic strengths
of the solutions were kept at 0.1 with an acetic acid -
sodium acetate buffer solution which was added to
each solution in order to control the pH value,
and the absorbance measurements were carried out
at 525, 535, and 545 mp on six solutions of different
pH values between 3.91 and 4.63. The results
obtained by plotting the experimental values of

13 -
10 15 20 25 30 35
{[H]/(D—D")}1/2, x10-2
Fig. 7-a. Plots of af(D—D') vs. {[H]/(D—D")}/?

at”various wavelengths (in the case of m=1).
(1): at 535 mp, (2): at 525 mpy, (3): at 545 mp

19¢
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af(D—D"), x10-+

14

13

0 0 2 L3 40
[H]/(D—D")/%, x 1073
Fig. 7-b. Plots of a/(D—D') vs. [H]/(D—D')/2

at various wavelengths (in the case of m=2).
(I): at 535 my, (2): at 525 mp, (3): at 545 mpy



1160

TasrLe IIIL.

[Vol. 39, No. 6

SLOPE AND INTERCEPT OF LINES AND EQUILIBRIUM CONSTANT

(in the case of m=1)

Wavelength at 535 mp at 525 mp at 545 mp Average

Slope 2.07x10-3 2.12x10-3 2.11x10-3 2.10x10-3

Intercept 1.12x10-4 112104 1.22x10-# 1.15x 104
K 26.1 24.9 27.4 26.1

a/(D-D') against the values of {[H]™/(D-D')}/?
are shown in Figs. 7-a and 7-b. As may be seen
from Fig. 7-a, when the value of m was assumed
to be unity, the plots gave straight lines with a slope
of 2.10 (on the average). When another value,
e. g., two, was assumed for m, however, no straight
lines were obtained (shown in Fig. 7-b). There-
fore, it may be concluded that one proton is liberated
during the complex formation and that the copper-
Calcichrome complex formed at the investigated
PH value has a molar ratio of 1 to 1. The slopes
and the intercepts of lines indicated in Fig. 7-a,
which were calculated by the method of least
squares, are shown in Table III. The equilibrium
constant, K', calculated from these values is also
shown in Table III.

The Apparent Formation Constant.—The
apparent formation constant, K, was then calculated
by Eq. 16 using the values of the acid dissociation
constant, pK,,, and the equilibrium constant, K',
already obtained. The wvalue of 4.1x10® was
obtained as the value of K:

K = [CuH,Cch]/[Cu][H;Cch]
= K'|K,,

(16)*

which shows a fair stability of the complex.

Summary

The reaction between copper(I or II) and
Calcichrome has been studied spectrophotometri-
cally in order to establish the optimum conditions
for the determination of copper. In the pH range
approximately from 3 to 8, copper(I or II) reacts
with Calcichrome to form a stable bluish-violet
l-to-1 complex. The complex has three absorp-
tion maxima, at 310, 535, and approximately at
650 mpy, when measured against a reagent blank.
Beer’s law is obeyed when the molar ratio of copper
to Calcichrome is less than about 0.8. The molar
extinction coefficient of the complex has been cal-
culated to be 8000. The acid dissociation constants
of Calcichrome (pK,, and pK,,) and the apparent
formation constant (K) were 7.2 and 11.5 (p=
0.1), and 4.1 x 108 respectively. Many other metals,
such as aluminum(III), iron(II and III), titanium
(IV), vanadium(V) and zirconium(IV), interfere
with the determination.




