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Foreword

The strong oxidising properties of Ag2+ are already used in the chemical and nuclear industry
to destroy organic waste. We aim to apply the process on radioactive graphite, organic resins
and effluents. The reaction mechanisms will be studied, taking into account the
thermodynamic and kinetic properties of the different reactions involved. For the
experimental analysis of these reactions, the accurate analytical determination of all species
involved, including Ag2+, is needed. An overview of different possible quantification methods
for Ag2+ was given in VVA/ss/96-05 and some practical aspects of the volumetric
quantification of Ag2+ using Tl+ and BrO3\ Tl+ and Ce4+, and of spectrophotometric and
polarographic quantification were given in VVA/ss/96-11. This document describes the
results of a systematic study of the volumetric quantification of Ag2+ using Tl+ and BrO3', and
of the spectrophotometric and polarographic quantification of Ag+ and Ag2+. This work was
carried out by Anne S0rensen during her stay, as an IAEA trainee, in October and November,
1996.

Summary

The influence of the nitric acid during the quantification of Tl+ by titration with KBrO3 is
investigated and the optimal analytical conditions for our purposes were determined. The best
analytical results were obtained when the titration was carried out with maximum 3 M HNO3

and 0.5 M NaCl. When those conditions are used, the determination is accurate and
reproducible. Only 10 % of the Ag2+ in a solution obtained by dissolving commercial
available AgO was determined by backtitration of an excess of Tl+ with KBrO3. Neither the
nitric acid, nor the precipitated AgCl interferes during the measurement. During the
dissolution of AgO in nitric acid, Ag2+ reacts with water and is reduced to Ag+. The prepared
Ag2+ solutions were therefore analysed for Ag+ using polarography with a platinum electrode.
The benefits and the limitation of the polarographic determination of Ag+ using a platinum
electrode are described. After dissolution in nitric acid, only 8-20 % of the Ag in the AgO
appears to be Ag2+. There was no quantitative recovery of all the silver, the total measured
silver content was 80 ± 20 %. This incomplete recovery can be explained by the low accuracy
and precision of the Ag+ polarographic determinations. Ag2+ was also determined by direct
and indirect spectrophotometry. The indirect determination was done by the determination
of Ce4+ after reaction with Ce3+. The produced Ce4+ was measured by direct
spectrophotometry. The linear range, accuracy and reproducibility of the spectrophotometric
determinations were analysed. The Ag2+ content in a solution obtained by dissolving
commercial available AgO was determined spectrophotometrically after adding an excess of
Ce3+ and by backtitration of an excess of Tl+ with KBrO3. There was a large difference
between the two methods. Although the brown colour of the AgNO3

+ disappears immediately
after addition of Tl+ or Ce3+, it might be possible that the overall reaction of Ag2+ with Ce3+

is faster than with Tl+, due to a difference in mechanism. The kinetics of the reaction of Ag2+

with Tl+ are consistent with a reaction mechanism that proceeds via two equivalent steps
which proceed via a kinetically distinguishable Tl2+ intermediate while this is not the case for
the reaction with Ce3+. We could not prove a well defined interference from Ce3+ or Ag+

during the spectrophotometric determination. In the future, the quantifications of Ag2+ by
measuring the Ce4+ concentration produced by the reaction with Ce3+, will also be verified
using potentiometric titration with Fe2+. In this way the spectrophotometric determination of
Ce4+ can be compared with the potentiometric titration of Ce4+ with Fe2+. Ag2+ can also be
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determined by the direct spectrophotometry. There is a region in which the absorbance of
Ag2+ changes linearly with the concentration. Since the dissolution of AgO leads to unknown
Ag2+ concentrations, it is very important to be able to measure the Ag2+ content accurately, in
order to establish useful calibration curves. Because we do not yet have an undeniable method
for the correct quantification of Ag2+, no quantitative indication of the linearity range can be
given at this point in time. Further evaluation of the titrimetric, spectrophotometric and
polarographic methods will continue, until two methods give comparable Ag2+ concentrations,
beginning with the potentiometric titration of Ce4+ with Fe2+.
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1 QUANTIFICATION OF TL+ BY TITRATION WITH KBRCK USING THE CONDITIONS

REPORTED BY WLLLARD AND YOUNG1 AFTER ZLNTL AND RLENACKER2

The theoretical aspects of this reaction were described in a previous report (VVA/ss/96-11).
In this work the influence of the nitric acid is investigated and we are looking for the optimal
analytical conditions for our purposes. The titration was carried out using different H+, Cl\
and NO3" concentrations.

1.1 Influence of HC1 and HNO?

1.1.1 Preparation of the solutions

Different Tl+ and BrO3 -solutions were prepared as described in appendix 1.

1.1.2 Analysis

Tl+ reacts quantitatively with BrO3'

3 TV * BrO, • 6 H' - 3 773* • Br " • 3 H2O

The end point was potentiometrically detected using a METTLER DL21(25) Titrator. The
titrations were all executed at a temperature of 50 °C. The influence of different
concentrations of HC1 and HNO3 was investigated (see table 1) and in some cases HC1 was
replaced by NaCl, and HNO3 was replaced by NaNO3 (table 2). The accuracy of the titration
as a function of [H+], [Cl~] and [NO3"] is given in figures 1 to 3. Apparently, for some
combinations of HC1-HNO3, the results are erratic. The interference is not due to higher
concentrations of a single ion because then there would be a systematic trend in one of these
figures. It is more likely that there is a combined effect of the Cl" and NO3' anions that causes
the results to be erratic. A total acid (HC1 + HNO3) concentration higher than 3 N leads to
the introduction of a systematic error. A Cl" concentration up to 2 N gives accurate results,
if the NO3" concentration is low. Nitric acid concentrations higher than 3 N also induce
systematic errors, and the errors increase when HC1 is added. The results seem to be better
when nitric acid is combined with NaCl instead of HC1. Therefore, the titrations will be
executed using maximum 3 N HNO3 and 0.5 N NaCl. This means that a dilution of 2 might
have to be introduced to analyse the samples resulting from future measurements with the
electrochemical oxidation of organic matter with Ag2+. The reason for the interference during
the Tr-determination in combination with HC1 and HN03 is not very clear at this moment.
Appendix 2 gives all the known reactions that could take place between the different
chemicals used. However, from those reactions, it is not clear why a combination of higher
HC1 and HNO3 acid concentrations cause such an erratic results.

1 Willard H.H. and Young P., 1930. Ceric sulphate as a volumetric oxidizing agent. X. The determination
of Thallium. J. Amer. Chem. Soc, 52, 36-42.

2Zintl
153, 276-280.

2Zintl E. und Rienacker G., 1926. Mafianalytische Bestimmung des Thalliums. Z. Anorg. Allgem. Chem.,
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Table 1: titrations of TV with BrOf using different HCl and HNO3 concentrations. The
results are given as the average of the number of measurements (n) with the error on the
average (confidence level of 0.95)

Concentration (M) Measured Tl / Given Tl

HCl HNO3 Tl (%) n

0.57 0 0.00466 99.8 ± 0.3 5

0.55 0.48 0.00450 99.9 ±0.3 5

0.53 0.93 0.00435 99.9 ±0.1 5

0.63 2.21 0.00386 99.1 ±0.5 5

0.65 5.68 0.00489 90 ±60 2

0.57 3.33 0.00466 97 ± 3 4

0.57 3.33 0.00349 97 1

0.60 2.80 0.00489 98.5 ± 0.7 5

0.60 3.50 0.00489 96.6 ±0.8 5

0.31 2.87 0.00502 99.5 ± 0.8 3

0.45 2.98 0.00489 99 ± 1 3

0.31 2.87 0.00337 99.6 ±0.7 2

0.62 3.09 0.00774 97 ± 2 4

1.46 2.73 0.00727 60 ± 8 3

1.06 2.84 0.00754 91 ± 6 2

0.78 2.91 0.0077 92 1

2.10 0 0.0078 99 ± 3 3

2.21 1.10 0.0078 60 ±20 3
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Table 2: titrations of Tl+ with BrO; using different HO, NaCl, NaNO3 and HNO3

concentrations. The results are given as the average of the number of measurements (n) with
the error on the average (confidence level ofO. 95)

HCI

0.6

0

0.6

0.6

0

0

Concentration (M)

HNO3

0

0.7

0

0

2.94

5.95

NaCl

1.35

0.75

/

/

0.49

0.5

NaNO3

0

0

0.625

0.875

/

/

Tl

0.0075

0.0075

0.0075

0.0075

0.0049

0.0049

Measured Tl / Given Tl

(%)

101 ± 2

100.4 ±0.7

100 ± 2

99.6

101 ± 2

90 ± 1 0

n

3

2

2

1

3

3

Figure 1: accuracy of the titration of TV with BrO/ as a function of the [H+J. The results
are given as the average of the number of measurements (n) with the error on the average (95
% confidence interval). Error bars are only given when the error is larger than 5 %

160

140

120

100

SO

60

40

20

0

-

• • • ; ' : ' : " : . . : : • ' V : <

: 1 M- ; 1

• • «. i." . •

• ' ' ' : . . . ' ' ' a

4

m

• . • • • 1 ; . . . . : .

• ':;• : : I . ; . : / : ' ; • : ' • . : ' •

1 '•—! h — -

u

m

3 4

IH+1M



VVA/ss/97-01 page 8 of 3 7

Figure 2: accuracy of the titration of TV with BrOf as a function of the [Cl'J
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Figure 3: accuracy of the titration of TV with BrOf as a function of the [NO3'J

120

100 $

80

r
40

20

2 3 4

N03-(M)



VVA/ss/97-01 page 9 of 37

2 QUANTIFICATION OF AG2+ BY BACKTITRATION OF THE EXCESS OF TL+ BY TITRATION
WITH KBROI USING THE CONDITIONS REPORTED BY WILLARD AND YOUNG1 AFTER

ZlNTL AND RlENACKER2

The theoretical aspects of this reaction were described in a previous report (VVA/ss/96-11).

2.1 Preparation of the solutions

Solutions of 0.2 N TV, 0.1 N BrO3", 0.01 N Ag2+, 0.01 N Ag+, and 2 M NaCl were prepared
as described in appendix 1.

2.2 Analysis

Ag2+ reacts quantitatively with Tl+, the excess of IT reacts quantitatively with BrO3

2 Ag2- • TV - 2 Ag- • TP-
3 TV * BrOi . 6 / 7 - 3 773* + Br- • 3 Hfi

The end point was potentiometrically detected using a METTLER TOLEDO DL55 Titrator.
During the titrations, the HNO3 and NaCl concentrations were always about 3 N and 0.5 N
respectively. The temperature was held constant at 50 °C. To a volume of 20 ml of the
0.01 N Ag2+ solution, 3 ml of the 0.2 N Tl+- solution were automatically added, followed by
a manual addition of 10 ml NaCl, and the resulting solution was titrated with the 0.1 N titrisol
BrO3" - standard. The results of the titrations are given in table 3. As can be seen from table
3, only 10 % of the Ag2+ was determined. It is possible that only part of the Ag from the AgO
is actually Ag2+, while the rest of the silver has already been reduced to Ag+. During the
dissolution of AgO in nitric acid, bubbles appear. This indicates that AgO reacts with water
to form O2 (bubbles). It might also be possible that the nitric acid and the precipitated AgCl
interfere during the measurement and cause erratic results. Therefore, the analysis was
repeated with exactly the same conditions as described above, except that AgNO3 was used
instead of AgO. To a volume of 10 ml of the 0.01 N Ag+ solution and 15 ml of 5.6 N HNO3,
3 ml of the 0.2 N Tl+- solution were automatically added, followed by a manual addition of
10 ml NaCl, and the resulting solution was titrated with the 0.1 N titrisol BrO3* - standard .
The results of this determination are given in table 4.
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Table 3: determination of a known amount ofAg2* by backtitration of the excess ofTl+ by
potentiometric titration with BrO3~ in 3 N HN03. The error on the average was calculated at
a confidence level of 0.95

Preparation

Ag2+

TI +

Determination

BrO3"

BrO3"

BrO3-

BrO3-

BrO3

Result

BrO3"

Tl+ (excess)

Ag2+

Volume (ml)

20

3

5.87

5.85

5.54

5.86

5.79

5.8 ± 0 . 2

Concentration (N)

0.01

0.20

0.1

0.1

0.1

0.1

0.1

0.1

Equivalents (mEq)

0.20

0.60

0.587

0.585

0.554

0.586

0.579

0.58 ± 0 . 0 2

0.58 ± 0.02

0.02 ± 0.02

Table 4: determination of a known amount of TV by potentiometric titration with BrOf in the
presence of Ag* and 3 M HNO3. The error on the average was calculated at a confidence
level of 0.95

Preparation

Ag2+

Determination

BrO3"

BrO3-

BrO3-

Result

BrO3"

Ag2+

Volume (ml)

0

3

5.90

5.91

5.95

5.92 ± 0.07

Concentration (N)

0

0.20

0.1

0.1

0.1

0.1

Equivalents (mEq)

0

0.60

0.590

0.591

0.595

0.592 ±0.007

0.592 ±0.007
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As can be seen from table 4, 99 ± 1 % of the Tl+ was determined in the presence of AgCl and
HNO3. ^ is therefore not likely that the nitric acid or the precipitated AgCl interferes during
the measurement to produce erratic results.

Since there is no interference from the nitric acid or the precipitated AgCl, it is likely that only
part of the Ag from the AgO is actually Ag2+, while the rest of the silver has already been
reduced to Ag+ before or during the dissolution. The prepared Ag2+ solutions were therefore
analysed for Ag+ using polarography with a platinum electrode. This is the only method that
can determine the Ag+ concentration in a solution containing both Ag2+ and Ag+. The benefits
and the limitation of the polarographic determination of Ag+ using a platinum electrode are
described in § 3. Table 5 gives the measured Ag2+ and Ag+ concentrations in a solution
obtained by dissolving commercial available AgO. For the practical details see appendices
1 and 3.

Table 5: determination of the Ag2* and Ag+ content in commercial available AgO (Acros).
The error on the average was calculated at a confidence level ofO. 95

Preparation

AgO

Determination

Ag2+ (potentiometric titration Tl+ & BrO3)

Ag+ (polarography)

Agtotal (Ag2+ + Ag+)

0.

0.004

0.03

0.03

Concentration (M)

A

050

±0.

±0.

±0.

.002

01

01

B

0.025

0.004 ± 0.003

0.014 ±0.004

0.019 ±0.005

After dissolution in nitric acid, only 8-16 % of the Ag in the AgO appears to be Ag2+. There
was no quantitative recovery of all the silver, the total measured silver content (Agtota, = Ag2+

+ Ag+) was respectively (70 ± 20) % and (80 ± 20 ) %. This incomplete recovery can be
explained by the low accuracy and precision of the Ag+ determinations as described in § 3.
The results in table 7 shows that a recovery significantly lower than 100 % is found when
standards are measured. Taking into account the analytical limitations of the polarographic
determinations described in § 3, it is clear that after dissolution of AgO, most of the silver is
Ag+ and not Ag2+. This implies that for every preparation of an Ag2+ solution, an accurate
determination of the actual Ag2+ concentrations will be necessary by combination of accurate
analytical methods. The accuracy of the Ag2+ determination by potentiometric titration with
Tl+ and BrO3" will be evaluated using spectrophotometric methods (see § 4).

When the same procedure of the T17BrO3" titration was used for the Ag27 T17BrO3" titration,
the potentiometric determinations of the Ag2+ solutions showed unreproducible irregular peaks
in the titration curve close to the equivalence point. These peaks caused the accuracy of the
determinations to be much lower (RSD (Relative Standard Deviation) 17-20 %). These peaks
were never encountered when only Tl+, or Tl+ in the presence of AgNO3, were measured,
which shows that a kinetically controlled side reaction appears during the measurement of the
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solution of AgO. The interference was eliminated by increasing the allowed time to reach
equilibration during the titration, and the reproducibility of the potentiometric titrations was
improved (RSD (Relative Standard Deviation) < 2 %).
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3 QUANTIFICATION OF AG+ BY POLAROGRAPHY

3.1 The polarography of silver: a literature study

Polarographic determination of Ag+ has been reported by several authors by measuring the
reduction current of Ag+ + e' - Ag using a mercury electrode or a platinum electrode. No data
on the quantitative measurement of Ag+ by measuring the oxidation current of Ag+ - Ag2+ +
e' at the platinum electrode was found. However, the kinetics of the Ag7Ag2+ couple at a
platinum electrode in perchloric and nitric acid was studied by Fleischmann et al.3. Because
of the low reproducibility of our results (see 3.2), special attention was given to explanations
and discussions about the reproducibility of the methods.

3.1.1 Platinum electrode

Reduction current: Ag+ + e~ - Ag

On platinum electrodes, silver has been shown to give a step wave, but this electrode has not
received wide acceptance for polarographic analytical measurements because of the
difficulties encountered in obtaining reproducible surfaces4. Despite the problems involved
in its use, Rogers et al.5 have obtained acceptable calibration curves with the platinum
electrode. The authors report that they experienced difficulty in obtaining a good curve
showing the known relationship between diffusion current and electrode area, despite care in
measuring and cleaning each electrode. The authors also emphasize the desirability of
selecting an electrode area according to the region of concentration that is being examined:
smaller electrodes are more suitable for higher concentrations and larger electrodes are more
suitable for lower concentrations.

Furthermore, Rogers et al.5 found that stirring markedly decreased the reproducibility of both
the half-wave potential and the diffusion current. In many cases, no half-wave potential could
be calculated because of failure to obtain a diffusion plateau. When half-wave potentials
could be determined, the values were often spread over a range of 0.06 V and the average
value appeared to be somewhat lower than for unstirred solutions. In quiet solutions, the
relationship between diffusion current (2-35 uA) and concentration of silver was linear
(between 1 - 10 10'3 M), but the precision was not as high as that obtained with the usual
dropping mercury electrode. For currents greater than 3 uA, the differences between two
values for a given solution were usually less than 10 %, often 5 %. For currents less than
3 uA, agreement between duplicates nearly always fell within the instrumental limits of ±

3Fleischmann M., Pletcher D. and Rafinski A., 1971. The kinetics of the silver(I)/silver(II) couple at a
platinum electrode in perchloric and nitric acid was studies. J. Appl. Electrochem. 1, 1-7.

4Kolthoff I.M and Elving P.J., 1966. Treatise on analytical Chemistry. Part II Analytical chemistry of
inorganic compounds. Volume 4: Aluminium • Calcium • Gold • Radon-Radium • Silver • Strontium-Barium.
Interscience publishers Inc., New York.

5Rogers L.B., Miller H.H., Goodridge R.B., and Stehney F., 1949. Automatic recording of polarographic
data. Anal. Chem., 21, 777-781.
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0.1 uA. It is possible to replace the large stationary electrode by a rotating micro-electrode.
Lord et al.6 have employed a technique in which silver in solution is concentrated on a
platinum electrode by plating out the silver for a fixed time at a known potential. The
potential is then changed uniformly in an anodic direction and the dissolution current is
measured as a function of time. The time-current integral is then a measure of the silver
stripped from the electrode. By controlling the plating conditions exactly, amounts of silver
ranging from 10* to 5 10'10 g in 20 ul to 25 ml volumes of solution have been measured to
within 10'°g.

Oxidation current: Ag+ - Ag2* + e'

No data on the quantitative measurement of Ag+ by measuring the oxidation current of Ag+

- Ag2+ + e" at the platinum electrode was found. However, Fleischmann et al.3 studied the
kinetics of the Ag+/Ag2+ couple at a platinum electrode in perchloric and nitric acid. They
found that Ag2+ can be produced in high current yields in a fast electrode reaction although the
conversion of Ag+ to Ag2+ is limited by the chemical reaction of Ag2+ with water. In quiet
solutions, the electrode process is controlled by diffusion of Ag+ to, and Ag2+ away from, the
electrode. Although the process proved to be a simple fast electron transfer reaction, the
kinetics of the Ag7Ag2+ system, and particularly the reduction of Ag2+, is dependent on the
immediate history of the platinum electrode. Figure 4 (after Fleischmann et al.3) shows two
cyclic voltammograms run in a solution of Ag+ under identical conditions except for the length
of the sweep towards negative potentials.

Figure 4: cyclic voltammograms oflO'2 MAgNO3 in 3 M HNO3 at a potential sweep rate of
100 Vs~'. Curve (a) Potential sweep range + 0.21 V to + 1.41 V (b) Potential sweep range +
0.81 Vto + 1.41 V (after Fleischmann3)

6Lord S.S., O'Neill R.C., and Rogers L.B., 1952. Coulometric determination of submicrogram amounts
of silver. Anal. Chem., 24, 209-213.



VVA/ss/97-01 page 15 of 37

The relatively minor change in the experimental conditions has marked effect on the reduction
of Ag2+; the voltammogram using the longer sweep shows a peak for the reduction of Ag2+

while no such peak is observed in the other case. The oxidation peak is affected less, although
a slight shift in the peak potential to a more positive value is observed as the sweep range is
shortened, and there is a difference in peak height (see scale in curve (a) and (b) in figure 4).
More generally, using the longer sweep range, it was found that the oxidation peak on the
sweep in the anodic direction behaves in the way expected for an electrode process controlled
by diffusion, i.e. a plot of peak current versus square root of potential sweep rate is linear and
the peak potential is independent of sweep rate. On the other hand, the reduction peak on the
sweep in the cathodic direction does not give similar plots, is always markedly stretched out
along the potential axis and its shape depends on the length of the sweep to negative
potentials. In a further set of experiments using a linear potential sweep and a solution which
contained 50 % Ag2+ and 50 % Ag+, the shape of the current-potential curves for the reduction
of Ag2+ was found to depend on the direction of the potential sweep.

At the positive potentials required for the oxidation of Ag+, a platinum electrode is known to
be covered with a layer of platinum oxide. Moreover, the thickness and the nature of the oxide
layer will depend on the electrode potential and will also be somewhat time dependent.
Therefore, the potentiodynamic experiments would seem to indicate that the kinetics of the
Ag7Ag2+ couple and particularly the reduction of Ag2+ are critically dependent on the oxide
coverage, the reaction becoming slower as the oxide layer becomes thicker. The reason for
the retardation of the reduction of the Ag2+ is not so clear although similar behaviour has been
observed for Co27Co3+, Mn2+/Mn3+ and Ce37Ce4+ couples; in each of these examples the
higher oxidation state can be produced on an oxide covered electrode while its reduction is
complicated and rapid only at potentials where the oxide layer is removed. The cause may be
the slow adsorption of the more highly charged species onto the electrode surface.

3.1.2 Mercury electrode

Reduction current: Ag+ + e~ ~Ag

Since silver is more noble than mercury, especially in dilute amalgams, and since both metals
form complexes of similar stabilities with the same ligands, it is usually impossible to
determine the true half-wave potential of silver ion or its complexes at the dropping mercury
electrode. The true reduction potential of silver from most supporting electrolytes is more
positive than the potential at which anodic dissolution of mercury begins, and consequently
it is only possible to observe a diffusion current due to silver ion and it is practically
impossible to observe a full polarographic wave. This type of analytical method has been used
in an alkali nitrate of perchlorate medium. The diffusion current under these conditions and
with a mercury pool anode is observed at zero potential.

Cave and Hume7 measured concentrations of 5 10"6 to 0.01 M silver by measuring the
diffusion current in a supporting electrolyte of 1 M potassium nitrate and 1 M potassium

7Cave GCB and Hume DN., 1952. Polarographic determination of low concentration of silver. Anal.
Chem., 24, 588.
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thiocyanate with an analytical error of about 5 %. Israel and Vromen8 measured low
concentrations of silver in the presence of copper and other interfering elements by measuring
the diffusion current in a supporting electrolyte composed of ammonium hydroxide,
ammonium chloride and potassium cyanate with an analytical error of about 0.7 - > 5 %,
depending on the concentration of the silver.

Dagnall and West9 have reported a unique polarographic step wave for silver. This is achieved
by using cyanide media from which the excess cyanide has been removed with Ni2+. With the
excess cyanide complexing Ni2+, the dissolution of mercury occurs at a potential more positive
than 0.0 V (versus SCE), whereas the reduction wave of the Ag(CN)2" complex occurs at -
0.25 V. This wave is reported to be essentially free from interference from other metal ions,
including the nickel cyanide complex which is reduced at -1.4 V. The authors have
demonstrated the analytical utility of the wave for silver concentrations within the range of
10"4to 10"6M.

3.2 Experimental

The oxidation current of Ag+ to Ag2+ is superimposed on the oxidation current of H2O and
therefore, the accuracy and the precision of this method are limited. The concentration range
for which the method is linear was determined and some known solutions were analysed using
the peak height and the peak area for quantification.

3.2.1 Linearity

3.2.1.1 Preparation of the solutions

3The prepared solutions include 10'2 M AgNO3, 0.5 and 1 M AgNO3 standard, 5.6 M HNO
solution and a solution for the bridge of 1 M NaNO3. All the details about the practical
aspects are given in appendix 3.

3.2.1.2 Analysis

For the polarographic determinations, an EG&G Potentiostat/Galvanostat Model 263 A was
used and the results were analysed using the EG&G Princeton Applied Research Model
270/250 Research Electrochemistry Software. A solid platinum electrode was used. After a
purge time of 5 minutes with N2, the potential sweep was started at 0.4 V and changed with
20 mV.s"1 up to 2.2 V. The differential puls mode was used, and we did not stir.

First, the concentration range for which the method is linear was determined and secondly,
some known solutions were analysed using the established calibration curves to assess the
accuracy and precision of the method. The average variation of the oxidation current as a
function of the Ag+ concentration is shown in table 6.

Israel Y. and Vromen A., 1959. Rapid polarographic determination of low concentration of silver in the
presence of interfering elements. Anal. Chem., 31, 1470-1473.

9Dagnall R.M. and West T.S., 1962. The polarography of silver. Talanta, 9, 925-929.
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Table 6: variation of the oxidation current of Ag+ to Ag2* as a function of the Ag+

concentration. The results are given as the average of the number of measurements (n) with
the error on the average (confidence level of 0.95)

Ag+ (mM) Peak height: -I (uA) Peak Area: -I (jiC) n

1,99

2,99

3,99

4,98

10,00

15,00

20,00

25,00

30,00

40,00

50,00

60,00

80,00

90,00

100,00

200,00

39

68 ±2

100 ±30

110± 30

221 ±1

350 ±14

470 ± 40

510±130

660 ± 60

720 ± 20

650 ±80

800 ±300

900 ± 200

1 000 ± 500

1 200 ± 400

/

140

270 ±30

390±110

430±110

920 ± 50

1 500 ± 70

2 100 ±200

2 400 ± 600

3 000± 100

3 700 ± 700

3 600 ± 800

5 000 ± 900

6 300 ± 300

7 000 ± 2 000

8 000 ± 1 000

10 000 ±9 000

1

3

3

3

3

3

3

3

3

5

3

6

3

4

3

3

Figure 5 shows that the peak height of the oxidation current changes linearly with the
concentration in a very small range (from 0 to about 30-40 mM) and that there is an
unacceptable large unreproducibility of the measurements when the Ag(I) concentration is
larger than 50 mM. Tabel 7 shows that only in the range from 0 to 30 mM a linear model can
explain the behaviour of the current versus the concentration. With higher concentration there
is a systematic decline in slope and a systematic increase in intercept and the data are better
explained by non linear models (table 8 and figure 6). Figure 7, table 9, table 10, and figure
8 show that essencialy the same conclusions can be drawn when the peak area of the oxidation
current is used. The limited reproducibility is due to the fact that the silver peak is
superimposed on the flank of the peak caused by the oxidation of water, and the integration
of the peak height/area was done without deconvolution. The height/area of the peak was
measured on the original curve and on the original curve with blank subtraction. The use of
deconvolution programs could improve the method significantly. The low reproducibility can
also be explained by the nature of the electrode as explained in § 3.1.1.
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Figure 5: the oxidation current ofAg* to Ag2* changes linearly from 0 to 30 mMwhen the
peak height is used to quantify the oxidation current
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Table 7: systematic linear analysis of the variation of the oxidation current as a function of
the Ag concentration: -I = a[Ag(I)J + b, when the peak height is used to quantify the oxidation
current

Ag(I) (M) Variance explained (%)

0-15

0-20

0-30

0-40

0-50

0-60

0-80

0-90

0-100

22.3

21.3

21.5

19.2

15

12

11.1

10.2

10.1

±

±

±

±

±

±

±

±

±

0.4

0.7

0.5

0.7

1

1

0.9

0.8

0.7

-3.4 ±3.9

10±9

8.5 ±9.8

32 ±14

85 ±27

125 ±38

148 ±36

167 ±37

169 ±37

99.52

98.02

98.42

96.62

86.55

75.91

77.98

77.5

81.2



VVA/ss/97-01 page 19 of 37

Table 8: linear and non linear analysis of the variation of the oxidation current as a function
of the Ag concentration, when the peak height is used to quantify the oxidation current. The
results are graphically given infigure6

Model Parameters Variance

explained

-I = a + b[Ag] 10.1±0.7 169±37

a + b[Ag] + c[Ag]2 + d[Ag]3 -45±50 35±5

-I = a + b[Ag] + c[Ag]2 69±44 "l 8±2

-I = a+b[Ag]c -311 244

-0.6±0.1 0.0032±0.0009

-0.08±0.02 /

0.376 /

81.2

88.2

84.74

86.75
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Figure 6: linear and non linear analysis of the variation of the oxidation current as a function of the Ag concentration when the peak height is
used to quantify the oxidation current. For numerical values of the parameters, see table 8
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Figure 7: the oxidation current ofAg+ to Ag*+ changes linearly from 0 to 40 mM when the
peak area is used to quantify the oxidation current
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Table 9: systematic linear analysis of the variation of the oxidation current as a function of
the Ag concentration: -I = a[Ag(I)J + b, when the peak area is used to quantify the oxidation
current

Ag(I) (M) Variance explained (%)

0-15

0-20

0-25

0-30

0-40

0-50

0-60

0-80

0-90

0-100

0-200

102 ±

106 ±

101 ±

101 ±

97 ±

82 ±

81 ±

79 ±

76 ±

77 ±

57 ±

2

2

3

1

1

3

3

3

3

2

3

-51 ±19

-77 ± 22

-40 ± 36

-45 ±31

0±41

182 ±92

199 ±113

249 ±105

298±128

274±122

943 ± 234

99.32

99.39

98.70

99.26

98.89

94.31

93.83

95.36

94.351

95.59

84.84
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Table 10: linear and non linear analysis of the variation of the oxidation current as a function
of the Ag concentration, when the peak area is used to quantify the oxidation current

Model

a

57±3

100±300

-3±228

-1140±730

Parameters

b

943±234

90±20

100±7

626±306

c

/

-0.1±0.3

-0.24±0.04

0.56±0.09

d

/

0.001±0.001

/

1

Variance

explained

84.8

91.8

91.8

90.77

-I = a + b[Ag]

-I = a + b[Ag] + c[Ag]2 + d[Ag]3

-I = a + b[Ag] + c[Ag]2

-I = a + b[Ag]c
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Figure 8: linear and non linear analysis of the variation of the oxidation current as a function of the Ag concentration, when the peak area is used
to quantify the oxidation current. For numerical values of the parameters, see table 10
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3.2.2 Accuracy, precision, and reproducibility

3.2.2.1 Preparation of the solutions

The prepared solutions include 10"2 M AgNO3, 0.5 and 1 M AgNO3 standard, 5.6 M HNO3

solution and a solution for the bridge of 1 M NaNO3. All the details about the practical
aspects are given in appendix 3.

3.2.2.2 Analysis

For the polarographic determinations, an EG&G Potentiostat/Galvanostat Model 263A was
used and the results were analysed using the EG&G Princeton Applied Research Model
270/250 Research Electrochemistry Software. The determination of unknown concentrations
of Ag+ by polarography is not the most accurate or precise method, but it allows us to measure
only the Ag+ in a mixture of Ag+ and Ag2+. The limitations of the method were examined by
measuring known concentrations. The results are given in table 11.

Table 11: quantification of different known Ag+ concentrations by polarography and standard
addition. Values between brackets are when outliers were rejected. Errors were calculated
at a confidence level of 0.95

Known

[Ag+] (mM)

1.99

4.8

10

30

Measured concentration

... Peak Height

1.1 ± 1.3 (1.4 ±0.4)

4 ± 3 (4 ± 2)

16 ±30 (9 ±3)

18 ±43

(mM) using...

... Peak Area

0.9 ±0.9

3 ± 2

10±10

22 ±22

Concentration

range

0-15 mmole

0-17 mmole

0-24 mmole

0-45 mmole

The values in table show that both the accuracy and the precision of the method are low.
These analytical limitations will have to be taken into account during further work. In order
to improve the analysis, it will be interesting to test high slope LSV. Another possibility is
to test the derivative pulse polarography which keeps the working electrode at the initial
potential for about 80-90 % of the scan time. This could overcome adverse effects resulting
from the oxide layer on Pt. Another point of interest is to test the polarographic methods at
higher temperature because the selectivity Ag+ -* Ag2+ versus H2O —v O2 is better at higher
temperature.
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4 QUANTIFICATION OF AG* BY SPECTROPHOTOMETRY

The literature and the general and theoretical aspects of this reaction were described in a
previous report (VVA/ss/96-5) which describes, among others, the direct spectrophotometric
determination of Ag2+ l0 " n , and the indirect determination by e.g. determination of Ce4+ after
reaction with Ce3+:

Ag2' * Ce3> - Ag- • CeA*

The produced Ce4+ can be measured by direct spectrophotometry at 375, 400, 425 and 450
run10. Both methods described above were investigated.

4.1 Indirect determination of Ag2* by the determination of Ce4+ after reaction with

4.1.1 Spectrophotometric determination of Ce4+

Since tetravalent cerium ion is yellow, it can be measured by direct spectrophotometry at 375,
400,425 and 450 nm'°. For these spectrophotometric measurements, it is advised10 to measure
the produced Ce4+ relative to an amount of Co3+ - nitrate under identical conditions because
the spectrum of Ce4+ is very dependent upon the anions present. Under the specific
experimental conditions as given by the authors13, the molar absorptivity of Ce4+ was found
to be 12.88 1041 mole1 cm1.

4.1.1.1 Linearity

The variation of the absorbtion as a function of the Ce4+ concentration was analysed
spectrophotometrically for 1 N and 6 N HNO3.

4.1.1.1.1 Preparation of the solutions

A stock-solution containing about 1.00 g Ce4+1"1 was prepared by dissolving 0.235 g Ce(SO4)2

(MM(Ce(SO4)2) = 332.2352) in 100 ml HNO3 (1 or 6 N). This stock solution was diluted to
obtain the different concentrations between 10 and 300 mg I"1 (appendix 4).

10Po H.N., Swinehart J.H. and Allen T.L., 1968. The kinetics and mechanism of the oxidation of water by
silver (II) in concentrated nitric acid solution. Inorg. Chem., 7, 2, 244-249.

"Dundon R.W. and Gryder J.W., 1966. The kinetics of the silver(II)-thallium(I) reaction in nitric acid.
Inorg. Chem., 5, 986 - 989.

12Kirwin J.B., Peat F.D., Proll P.J., and Sutcliffe L.H., 1963. A kinetic and spectrophotometric
examination of silver(II) in perchlorate media. J. Phys. Chem., 67, 1617-16210.

13Singh N.S.B., Mohan S.V. and Balasubramanian G.R., 1984. Analytical aspects of cerium in simulation

studies experiment.. RRC-72.
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4.1.1.1.2 Analysis

The UV spectrum of the prepared solution was recorded between 200 and 700 nm with an
Ocean Optics SI000 Spectrophotometer. The absorbance was recorded at a wavelength of
345 nm. The results of the variation of the absorbance A

L
- log-^ = ebC

(with T = transmission, e = molar extinction coefficient in cm'1 mole1 dm3, b the pathlenght
in cm and C the concentration in mole dm'3) as a function of the Ce4+ concentration for 1 N
and 6 N HNO3 are given in table 12. The variation in absorbance A for the different solutions
is graphically represented in figure 9. Table 13 and figure 9 show that the absorbance of Ce4+

changes linearly with the concentration from 0 to 150 mg I"1 (0 - 1 10'3 M) in 1 N HNO3 and
from 0 to 60 mg I1 (0 - 4 10"4 M) in 6 N HNO3. The detection limits appear to be better in 6 N
HNO3. The error of the measurement of 10 mg I"1 is rather large, which indicates that this
concentration is close to the detection limits.

These results are comparable with previous results14 where a linear behaviour between the
Ce4+ concentration and the absorbance was found between 0 and 40 mg/1 in 6.17 N HNO3. In
this work1', it was pointed out that the Ce4+ solution in strong nitric acid is not stable, and that
a solution can only be kept in 1 N HNO3, when it is shielded from the light. Due to this
instability, we prepared a fresh solution of Ce4+ every day, and measured the solution
immediately after preparation.

Table 12: the absorbance ofCe(IV) changes linearly with the Ce4+ concentration from 0 to
150 mg I'1 in 1 N HN0} and from 0 to 60 mg I'1 in 6 N HN03. The results are given as the
average of the number of measurements (n) with the error on the average (confidence level
of 0.95)

Ce^Cmgl"1)

10 (9.99 ±0.08)

30 (30.0 ± 0.2)

40 (39.9 ±0.3)

60 (59.9 ±0.5)

100 (99.9 ±0.8)

141

201

281

1 N HNO3

0.12 ±0.05

0.36 ±0.05

0.48 ± 0.07

0.74 ± 0.04

1.23 ±0.03

1.673

2.1

2.43

Absorbance

n

3

3

3

4

4

/

/

/

6 N HNO3

0.28 ± 0.08

1.0 ±0.2

1.3 ±0.1

1.84 ±0.08

2.4 ±0.3

/

/

/

n

3

3

3

3

3

/

/

/

14Petitfour B., 1996. Introduction a I'analyse du complexe Ag(NO3)
+.

polarographiques par regression multiparam&rique. These de Stage.
D6convolution de pics
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Figure 9: the absorbance ofCe(IV) changes linearly from 0 to 150 mg I'1 in 1 N HNO3 and
from 0 to 60 mg t' in 6NHNO3
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Table 13: systematic linear analysis of the variation of the absorbance as a function of the Ce
concentration: A = afCe(IV)] + bfor 1 and 6 N HNO3

Ce(IV)(M) a b Variance explained (%)

IN HNO3

0-30

0-40

0-60

0-100

0-140

0-200

0-280

6N HNO3

0-30

0-40

0-60

0-100

0.0121

0.0129

0.0125

0.0124

0.0122

0.0114

0.0095

0.034

0.035

0.031

0.023

± 0.0008

± 0.0005

± 0.0003

± 0.0002

± 0.0002

± 0.0002

± 0.0005

± 0.002

±0.001

±0.001

± 0.002

-0.006 ± 0.02

-0.008 ± 0.02

-0.014 ±0.012

-0.009 ±0.010

-0.012 ±0.010

0.036 ± 0.02

0.14 ±0.05

-0.06 ± 0.05

-0.07 ± 0.04

0.01 ± 0.04

0.25 ± 0.09

98.23

98.81

99.34

99.73

99.75

99.27

95.83

98.43

99.02

98.93

94.25

4.1.1.2 Precision, and reproducibility

The limitations on the precision, and reproducibility of the analytical method were examined
by measuring known Ce4+-concentrations using the established calibration curves (figure 9).

4.1.1.2.1 Preparation of the solutions

A stock-solution containing about 1.00 g Ce4+ I"1 was prepared by dissolving 0.3 g
Ce(SO4)2.4H2O (MM(Ce(SO4)2.4H2O) = 404.30) in 100 ml HNO3 (1 or 6 N). This stock
solution was diluted to obtain the different concentrations between 10 and 300 mg I"1

(appendix 4).

4.1.1.2.2 Analysis

Table 14 gives the determined concentrations in 1 and 6 N HN03. As can be seen from the
table, a concentration of 10 mg/1 or smaller cannot be determined accurately, nor precisely.
The precision of determinations in 1 N HNO3 of concentrations between 12 and 20 mg/1 is
acceptable (92-95 % of the given amount is recovered with a relative standard deviation of 10-
17 %) and the precision of determinations in 1 N HNO3 of concentrations between 40 and 140
mg/1 is good (100-107 % of the given amount is recovered with a relative standard deviation
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of 2 %).

Table 14: quantification of different known Ce(IV) concentrations by spectrophotometry. The
results are given as the average of the number of measurements (n=4) with the error on the
average (confidence level of 0.95)

Known

[Ce(VI)] (mM)

10.0 ±0.1

11.96 ±0.05

15.95 ±0.07

19.93 ±0.09

40.2 ±0.5

60.3 ± 0.7

70.3 ±0.8

100

140

8.9

40.7 ±

58

64

...6

±0.

0.2

±2

± 2

Measured concentration

NHNO3

9 (89 ± 9 %)

/

/

/

(101.1 ±0.5%)

(96 ± 4 %)

(92 ± 2 %)

1

1

(mM) in ...

... 1 N HNO3

7.5 ±1.5 (75 ±15%)

11 ± 3 (90 ± 20 %)

15 ±3 (90 ±20%)

19 ±3 (90 ±20%)

40 ± 2 (99 ± 5 %)

/

/

107 ±4 (107 ±4%)

142 ±5 (101 ±3%)

4.1.2 Quantification of Ag2+ by measuring Ce4+ after reaction with Ce3+

As described above, Ag2+ reacts quantitatively with Ce3+

Ag1- + Ce31 - Ag- * CeA"

and measurement of the produced Ce4+ allows us to quantify the Ag2+.

4.1.2.1 Preparation of the solutions

The preparation of 0.015 M solution of AgO, Ce2(SO4)3 and Ce(NO3)3, and other solutions like
the 0.05 M TINO3 are given in appendix 4.

4.1.2.2 Analysis

The Ag2+ concentration in a 0.015 M solution, prepared by dissolving commercial available
AgO, was measured by backtitration of an excess of Tl+ with BrO3~ at 50 °C (see § 2) and was
determined by UV measurement of the Ce4+ concentration after reaction with an excess of Ce3+

at room temperature. Both the Tl+ and the Ce3+ were added to samples of the same Ag2+-
solution within a minimal time intervall of maximum a few minutes. Table 15 gives the
results.
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For the UV analysis, dilutions were made in order to obtain concentrations, so that all the
concentrations analysed were within the linear range of the method. As can be seen from
Table 15, there is a large difference between the two methods and also between the analysis
in 1 and 6 N HNO3.

Table 15: quantification o/Ag2+ by potentiometric determination of an excess of TV and by
spectrophotometric determination of the produced Ce4+ after reaction with Ce3+. The results
are given as the average of the number of measurements (n) with the error on the average
(confidence level of 0.95)

AgO

(mM)

6 N HNO3

Measured Ag2+

... Tl+ / BrO3

concentration (mM)

... Ce3+ /

with ...

Ce4+

15.06 0.8 ±1.1 3.3 ±0.1

( 6 ± 7 % ) (21.7 ±0.7%)

(n = 3) (n=12)

1 N HNO3

15.06 2.9 ±0.6 8.1 ±0.2

(19 ±4%) ( 5 4 ± 1 % )

(n = 3) (n=12)

The difference between the results in 6 and 1 N HNO3 could be explained by the preparation
method of the Ag2+- solution. For the analysis in 6 N HNO3, the AgO was diluted in 6 N
HNO3, while for the analysis in 1 N HNO3, the AgO was diluted in concentrated HNO3. When
AgO is dissolved, there is an obvious production of gas bubbles, which is most likely O2,
produced by the oxidation of water by Ag2+. The production of gas bubbles is less when
concentrated acid is used instead of 6 N. This is obviously due to the higher water content of
the more diluted acid, which favours the reaction of Ag2+ with water over the formation of the
AgNO3

+ ion. Minimizing the reduction of Ag2+ during the dissolution of AgO can thus be
obtained by using the highest available concentrated acid.

The difference between the two measuring methods cannot be attributed to the reaction of
Ag2+ with water because the Tl+ and the Ce3+ were both added to the Ag2+-solutions at the
same time (within a small time interval of about 3 min). Although the brown colour of the
AgNO3

+ disappears immediately on addition of Tl+ or Ce3+, it might be possible that the
overall reaction of Ag2+ with Ce3+ is faster than with Tl+, due to a difference in mechanism.
The kinetics of the reaction of Ag2+ with Tl+ are consistent with a reaction mechanism that
proceeds via two equivalent steps which proceed via a kinetically distinguishable Tl2+

intermediate9:
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Ag*<
NO,

Ag2-

• NO,

• Tl-

+ Tl2'

•* Ag- +

•* ^g* +

r/2-
TV-

[In the light of this mechanism, it is interesting to go back to the observation on page 8. It could be possible that
the Tl2+ is responsible for the observed difference between the TI7BrO3" and the Ag27 T17BrO3" titration as
described on page 8. The potentiometric determinations of the Ag2+ solutions showed unreproducible irregular
peaks in the titration curve close to the equivalence point. These peaks caused the accuracy of the
determinations to be much lower (RSD (Relative Standard Deviation) 17-20 %). These peaks were never
encountered when only Tl+, or Tl+ in the presence of AgNO3, were measured, which shows that a kinetically
controlled side reaction appears during the measurement of the solution of AgO. This interference, that could
be the presence of Tl2+, was eliminated by increasing the allowed time to reach equilibration during the titration,
and the reproducibility of the potentiometric titrations was improved (RSD (Relative Standard Deviation) < 2

%)•]

No mechanism for the reaction

C e 3 • Ag2- - Ce4> • Ag'

was found in the literature. Although this reaction might also proceed via NO3 radicals, there
will never be an intermediate like Tl2+.

At this point, some suspicions concerning the correctness of the potentiometric titration
AgO/T17BrO3" raised, because the amount of Ag2+ recovered with this method, compared with
the Ce method, is decidedly too small. If the results were correct, it would imply that
minimum 80 % of Ag2+ is reduced during dissolution or that the quality of the product is very
poor, or both. Since this seems very extreme, it is likely that there is a problem with the
titration itself or in the dissolution process, and additional investigation is needed. We think
for example to investigated the effect of dissolving in an ultrasound bath, or dissolving in the
presence of O2 (bubbling), at another temperature, or in fuming (90 %) HNO3, or the
measurement of electrochemically generated Ag2+ and comparison of the method with other
independent analysis methods.

It might also be possible that Ce3+ or Ag+ interfere during the spectrophotometric
determination. Therefore, the influence of Ce3+ and Ag+ on the spectrophotometric
measurement of Ce4+ were investigated. In the future the determinations of Ag2+ by measuring
the Ce4+ concentration produced by the reaction with Ce3+ will also be measured by
potentiometric titration with Fe2+. In this way, the spectrophotometric determination of Ce4+

can be compared with the potentiometric titration of Ce4+ with Fe2+.

4.1.3 Influence of Ce3+ during the spectrophotometric determination of Ce4+

It might be possible that Ce3+ interferes during the spectrophotometric determination of Ce4+.
Therefore, the influence of Ce3+ on the spectrophotometric measurement of Ce4+ was
investigated by measuring the change in absorbance and the Ce4+ recovery when different
concentrations of Ce3+ are present. The practical details can be found in appendix 4, the
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results in table 16. This test was done for the 1 N HNO3 solution. The figures in table 16
show clearly that the presence of Ce3+ has an influence on the determination of Ce4+ when both
the Ce3+ and the Ce4+ concentrations are larger than 20 mg/1. Therefore it will be necessary
to make a calibration curve with Ce4+ solutions containing the same amount of Ce3+ as can be
expected in the unknown. The accuracy and precision of the method will have to be evaluated
again using the calibration curve established in the presence of Ce3+.

Table 16: the influence ofCe3+ during the spectrophotometric determination ofCe4+ in 1 N
HNO3

Given Ce4+

(mg/1)

20

30

40

60

Measured

0

21.1 (106

/

41.5(104

58.8 (98 (

Ce4+ (mg/1) in the

20

%) 21.6(108

31.3(104

%) 41.4(104

Vo) 63.2(105

presence of Ce3+concentrations

o/ \ on/o) zU.

0/ \ 1C
/o) JJ,

%) 45

0 / \ £LH

/o) o/.

40

.5(102%)

.2(117%)

.7 (114 %)

.8(113%)

24.3

33.3

47.6

71.1

of (mg/1)

200

(121 %)

(111 %)

(119%)

(119%)

4.1.4 Influence of Ag+ during the spectrophotometric determination of Ce4+

It might be possible that Ag+ interferes during the spectrophotometric determination of Ce4+.
Therefore, the influence of Ag+ on the spectrophotometric measurement of Ce4+ was
investigated by measuring the change in absorbance and the Ce4+ recovery when different
concentrations of Ag+ are present. The practical details can be found in appendix 4, the results
in table 17. This test was done for the 1 N HNO3 solution.

Table 17: the influence ofAg+ during the spectrophotometric determination ofCe4* in 1 N
HNO3

Given Ce4+ Measured Ce4+ (mg/1) in the presence of Ag+concentrations of (mg/1)

(mg/1) 43.2 215

20 19.8(99%) 11.5(57%)

30 30.4(101%) 17.6(58%)

40 43.1(108%) 30.2(76%)

60 63.4(106%) 50.6(84%)

The figures in table 17 show clearly that the presence of high concentrations of Ag+ has an
influence on the determination of Ce4+. There is however no indication that limited
concentrations of Ag+ interfere during the measurement of Ce4+.
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4.1.5 The combined influence of Ce3+ and Ag+ during the spectrophotometric
determination of Ce4+

It might also be possible that the presence of both Ag+ and Ce3+ together interferes during the
spectrophotometric determination of Ce4+. Therefore, the influence of the presence of both
Ag+ and Ce3+ together, on the spectrophotometric measurement of Ce4+ was investigated by
measuring the change in absorbance and the Ce4+ recovery when different concentrations of
Ag+ and Ce3+ are present. The practical details can be found in appendix 4, the results in table
18. This test was done for the 1 N HNO3 solution. Table 19 gives the measured concentration
of Ce4+ without any other substances present, using the same calibration curves as for the
previous experiments.

Table 18: the influence ofAg+ and Ce3+ during the spectrophotometric determination ofCe^+

in I NHNO3

Given Ce4+ Measured Ce4+ (mg/1) in the presence of Ce3+ and Ag+concentrations
of (mg/1)

(mg/1) [Ag+] = 43.2, [Ce3+] = 40 [Ag+] = 215, [Ce3+] = 200

20 16.9(84%) 20.2(101%)

30 25.6(85%) 27.1(90%)

40 39.2(98%) 43.3(108%)

60 59.8(100%) 66.6(111%)

Table 19: the spectrophotometric determination ofCe^ in 1 N HN03 using the previously
established calibration curves

Given Ce4+(mg/l) Measured Ce4+ (mg/1)

20 16.89(84%)

40 35.37 (88 %)

60 60.41 (101 %)

Comparison of the results in table 18 and 19 indicates that the presence of both Ag+ and Ce3+

together do not really influence the measurement of Ce4+. The accuracy of the method does
not seem to be very high with a recovery of the given concentrations between 85-110 %. This
reduction in accuracy can however never explain the difference between the UV-spectrometric
determinations and the potentiometric determination of Ag2+ as seen in table 16. The
difference between the two methods is a factor between 2.8 and 3.9, which is far more that the
10-20 % inaccuracy of the spectrophotometric determination. The cause of the difference
between T17BrO3' potentiometric and Ce4+ -spectrophotometric measurements to quantify
Ag2+ will have to be investigated further. This will be done by the quantification of Ag2+ by
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measuring Ce4+ after reaction with Ce3+ spectrophotometrically and cross checking the Ce4+

determination with potentiometric titration with Fe2+. At the same time, the same Ag2+

solution will be quantified using the T17BrO3" potentiometric titration.

4.2 Direct Measurement of Ag2+

The literature and the general and theoretical aspects of this reaction were described in a
previous report (VVA/ss/96-5), which describes, among others, the direct spectrophotometric
determination of Ag2+ 8 9 l0. The absorption spectrum van Ag2+ in HNO3 has a single
absorption peak at 390-395 run and an extinction coefficient of 2 500 - 2 900 M'cm"1. The
different experimental conditions given in the literature are summarised in table 20 . These
authors also found that the Lambert-Beer law is followed and that the extinction coefficients
are thus the same for low and high Ag2+ concentrations. Figure 10 gives an example of an
absorption spectrum of Ag2+ in HNO3

 8.

Table 20: wavelength and extinction coefficient for Ag2+ in HN03

Wavelength
(nm)

390

394

394

Extinction Coefficient
(M-'cm-1)

2 860 ± 50

2 530 ±50

3 400

Solution

6,17MHNO3

6,18 and 4,66 MHN03

8,82 M HNO3

Reference

8

9

9

Figure 10: the absorption spectrum of Ag2+ in
HNO3: A = 6,0 M; B = 3,0 M; C = 1,5 M at
25 °C"'
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The extinction coefficient of Ag2+ can be calculated if the concentration of Ag2+-nitrate in the
solution can be determined8. This may be done by measuring the oxidizing power of this
species with a justifiable assumption that the [Ag3+] in solution is extremely small compared
to [Ag2+]. This assumption was justified by Po et al.8. The optical density of a cold Ag2+

solution can be measured and the concentration of Ag2+ can be determined by reaction with
standard Ce3+ solution. Potentiometric titration of the resulting Ce4+ with standard FeSO4

leads to the Ag2+ concentration:

Ag2- + Ce3- - Ag- • Ce'-
Ce4' • Fe2- - Ce3' + Fe3"

4.2.1 Linearity

The variation of the absorbtion as a function of the Ag2+ concentration was analysed
spectrophotometrically in 6 N HNO3.

4.2.1.1 Preparation of the solutions

A stock-solution of 0.01 M AgO was prepared by dissolving 0.287 g AgO in 250 ml HNO3

(6 N). This stock solution was diluted to obtain the different concentrations between 10'4 and
10"3M (appendix 5).

4.2.1.2 Analysis

The UV spectrum of the prepared solution was recorded between 200 and 700 nm with an
Ocean Optics SI000 Spectrophotometer. The absorbance was recorded at a wavelength of
390 nm. The results of the variation of the absorbance A as a function of the Ag2+

concentration for 6 N HNO3 is given in table 21. The variation in absorbance A is graphically
represented in figure 11. As can be seen from the table and the figure, there is a region in
which the absorbance of Ag2+ changes linearly with the concentration. Since the dissolution
of AgO leads to unknown Ag2+ concentrations, it is very important to be able to measure the
Ag2+ content accurately, in order to establish useful calibration curves. The Ag2+ content was
determined using the Tl+/Br03" potentiometric titrations. Due to the kinetic effects described
in § 2 (page 8) the concentration of the Ag2+ could not be determined accurately for the first
experiment. The second experiment resulted in the measured concentration of (10 ± 2) %
recovery of the theoretical maximum amount of Ag2+. Because we do not yet have a
undeniable method of correct quantification of Ag2+, the units in figure 11 must be seen as
arbitrary units. The measured concentrations given in table 21 are the closest estimate to the
real Ag2+ concentrations.
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Table 21: the absorbance of Ag*+ changes linearly with concentration in a limited
concentration range. The results are given as the average of the number of measurements
(n = 3) with the error on the average (confidence level of 0.95)

Ag2+

Theoretical

0.0927

0.2781

0.3708

0.5562

0.9270

0.743

1.486

2.23

3.716

5.574

(mM)

Measured

?

?

?

?

?

0.074 ±0.015

0.15 ±0.03

0.23 ± 0.05

0.37 ±0.07

0.6 ±0.1

Ag2 +(

Theoretical

10

30

40

60

100

80

160

241

401

601

mg/1)

Measured

9

?

7

7

7

8.0± 1.6

16±3

24 ±5

40 ±8

60 ±10

Absorbance

0.177

0.075

0.168

0.157

0.179

0.326

0.838

1.417

2.526

2.533

Figure 11: the absorbance of Ag2* changes linearly with concentration in a limited
concentration range

200 400 600

Ag2+ (arbitrary units)

800
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Conclusion

The influence of the nitric acid during the quantification of Tl+ by titration with KBrO3 is
investigated and the optimal analytical conditions for our purposes were determined. The best
analytical results were obtained when the titration was carried out with maximum 3 M of
HNO3 and 0.5 M NaCl. When those conditions are used, the determination is accurate and
reproducible. Only 10 % of the Ag2+ in a solution obtained by dissolving commercial
available AgO was determined by backtitration of an excess of Tl+ with KBrO3. Nor the nitric
acid, nor the precipitated AgCl interferes during the measurement. During the dissolution of
AgO in nitric acid Ag2+ reacts with water and is reduced to Ag+. The prepared Ag2+ solutions
were therefore analysed for Ag+ using polarography with a platinum electrode. The benefits
and the limitation of the polarographic determination of Ag+ using a platinum electrode are
described. After dissolution in nitric acid, only 8-20 % of the Ag in the AgO appears to be
Ag2+. There was no quantitative recovery of all the silver, the total measured silver content
was 80 ± 20 %. This incomplete recovery can be explained by the low accuracy and precision
of the Ag+ polarographic determinations. Ag2+ was also determined by direct and indirect
spectrophotometry. The indirect determination was done by the determination of Ce4+ after
reaction with Ce3+. The produced Ce4+ was measured by direct spectrophotometry. The linear
range, accuracy and reproducibility of the spectrophotometric determinations were analysed,
and the Ag2+ content in a solution obtained by dissolving commercial available AgO was
determined spectrophotometrically after adding an excess of Ce3+ and by backtitration of an
excess of Tl+ with KBrO3. There was a large difference between the two methods. Although
the brown colour of the AgNO3

+ disappears immediately after addition of Tl+ or Ce3+, it might
be possible that the overall reaction of Ag2+ with Ce3+ is faster than with Tl+, due to a
difference in mechanism. The kinetics of the reaction of Ag2+ with Tl+ are consistent with a
reaction mechanism that proceeds via two equivalent steps which proceed via a kinetically
distinguishable Tl2+ intermediate while this is not the case for the reaction with Ce3+. We
could not prove a well defined interference from Ce3+ or Ag+ during the spectrophotometric
determination. In the future, the determinations of Ag2+ by measuring the Ce4+ concentration
produced by the reaction with Ce3+ will also be measured by potentiometric titration with Fe2+.
In this way the spectrophotometric determination of Ce4+ can be compared with the
potentiometric titration of Ce4+ with Fe2+. Ag2+ can also be determined by the direct
spectrophotometry. There is a region in which the absorbance of Ag2+ changes linearly with
the concentration. Since the dissolution of AgO leads to unknown Ag2+ concentrations, it is
very important to be able to measure the Ag2+ content accurately, in order to establish useful
calibration curves. Because we do not yet have an undeniable method for the correct
quantification of Ag2+, no quantitative indication of the linearity range can be given at this
point in time. Further evaluation of the titrimetric, spectrophotometric and polarographic
methods will continue, until two methods give comparable Ag2+ concentrations, beginning
with the potentiometric titration of Ce4+ with Fe2+.
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APPENDIX 1:

Experimental conditions of the potentiometric titrations (by Anne Sorensen)
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EXPERIMENTAL WORK

Willard and Young:
Titration with KBrO3

Chemicals:
concentrated HC1
concentrated HNO3

Prepared solutions:
0.1 N titrisol standard KBrO3

1 g Tl titrisol standard in 1000 ml water (A) conc=4.892768*103 mole/1
1 g Tl titrisol standard in 500 ml water (B) conc=9.785535*10"3 mole/1
6.6180 g T1NO3 in 250 ml water (C) conc=9.938*10"2 mole/1 date: 04.10.1996
11.6785 g NaCl in 100 ml water (D) conc=1.998 M date: 10-10.1996
11.6833 g NaCl in 100 ml water (D) conc=2.00 M date: 24-10-1996
8.5157 gNaNO3 in 100 ml water (E) conc=1.002 M date: 11-10-1996

Experiments:

1: solution:
40 ml Tl-solution A
2 ml HC1
titrated with 0.1 N KBrO3

temperature: Machine 50.5 °C; thermometer 49.5 °C
ID 1-5

2: solution:
40 ml Tl-solution A
2 ml HC1
1.5 ml HNO3; cone = 0.483 mole/1
titrated with 0.1 N KBrO3

temperature: Machine 50.5 °C; thermometer 49.5 °C
ID 6-10

3: solution:
40 ml Tl-solution A
2 ml HC1
3 ml HNO3; cone = 0.933 mole/1
titrated with 0.1 N KBrO3

temperature: Machine 50.5 °C; thermometer 49.5 °C
ID 11-15
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4: solution:
30 ml Tl-solution A
2 ml HCl
6 ml HNO3; cone = 2.211 mole/1
titrated with 0.1 N KBrO3

temperature: Machine 50.5 °C; thermometer 49.5 °C
ID 16-20

5: solution:
20 ml Tl-solution B
2 ml HCl
15 ml HNO3; cone =5.68 mole/1
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49.5 °C
ID 21,22
Note: Precipitation if HCl is added before HNO3

6: solution:
20 ml Tl-solution B
2 ml HCl
10 ml HNO3; cone =3.33 mole/1
10 ml water
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49.5 °C
ID 23,25-27

solution:
30 ml Tl-solution A
2 ml HCl
10 ml HNO3; cone =3.33 mole/1
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49.5 °C
ID 24

7: solution:
20 ml Tl-solution B
2 ml HCl
8 ml HNO3; cone =2.8 mole/1
10 ml water
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49.5 °C
ID 28-32
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8: solution:
20 ml Tl-solution B
2 ml HC1
10 ml HNO3; cone =2.8 mole/1
8 ml water
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49.5 °C
ID 33-37
Note: All measurements are too low

9: solution:
20 ml Tl-solution B
1 ml HC1; conc=0.3 mole/1
8 ml HNO3; cone =2.87 mole/1
10 ml water
titrated with 0. IN KBrO3

temperature: Machine 50.5 °C; thermometer 48.5 °C
ID 38-40
Note: Equivalence point is divided in two "peaks" in all three experiments

10: solution:
20 ml Tl-solution B
1.5 ml HC1; conc=0.45 mole/1
8.5 ml HNO3; cone =2.975 mole/1
10 ml water
titrated with 0.1NKBrO3

temperature: Machine 50.5 °C; thermometer 48.5 °C
ID 41-43

11: solution:
20 ml Tl-solution A
1 ml HC1; conc=0.3 mole/1
8 ml HNO3. conc=2.87 mole/1
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 48.5 °C
ID 44-45

12: solution:
3 ml Tl-solution C
2 ml HC1; conc=0.62 mole/1
8.5 ml HNO3; cone =3.09 mole/1
25 ml water
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titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49 °C
ID 46-49

13: solution:
3 ml Tl-solution C
5 ml HC1; conc=1.46 mole/1
8 ml HNO3; cone =2.73 mole/1
25 ml water
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49 °C
ID 50-52
Note: All measurements were much too low

14: solution:
3 ml Tl-solution C
3.5 ml HC1; cone = 1.06 mole/1
8 ml HNO3; cone =2.84 mole/1
25 ml water
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49 °C
ID 53-54
Note: All measurements were a bit too low

15: solution:
3 ml Tl-solution C
2.5 ml HC1; cone = 0.779 mole/1
8 ml HNO3; cone =2.91 mole/1
25 ml water
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49 °C
ID 55
Note: measurement was a bit low, but acceptable

16: solution:
3 ml Tl-solution C
7 ml HC1; cone = 2.1 mole/1
30 ml water
titrated with 0.1NKBrO3

temperature: Machine 50.5 °C; thermometer 48.5 °C
ID 56-58
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Note: A very small amount of precipitate occurs if the HCl is added too fast, but it dissolves
when the solution is titrated.

17: solution:
3 ml Tl-solution C
7 ml HCl; conc-2.2mole/l
3 ml HN03; conc=l.l mole/1
25 ml water
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 48.5 °C
ID 59-61
Note: HCl was added slowly to avoid precipitation

All measurements were much too low

18: solution:
3 ml Tl-solution C
20 ml water
17mlNaCl-solutionD
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 48.5 °C
ID 62
Note: Precipitation

No eq.point obtained

19: solution:
3 ml Tl-solution C
2 ml HCl; conc=0.6 mole/1
15 ml NaCl-solution D; cone Cl-=1.35
20 ml water
titrated with 0.1NKBrO3

temperature: Machine 50.5 °C; thermometer 48.5 °C
ID 63-65
Note: White precipitation which dissolves during titration

20: solution:
3 ml Tl-solution C
2 ml HNO3; conc=0.7 mole/1
15 ml NaCl-solution D; cone Cl-=0.75
20 ml water
titrated with 0.1NKBrO3

temperature: Machine 50.5 °C; thermometer 48.5 °C
ID 66-67
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Note: White precipitation which dissolves during titration

21: solution:
3 ml Tl-solution C
2 ml HC1; conc=0.6 mole/1
25 ml NaNO3-solution E; concNO3=0.625
10 ml water
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 48.5 °C
ID 68-69
Note: White precipitation which dissolves during titration

22: solution:
3 ml Tl-solution C
2 ml HC1; conc=0.6 mole/1
35 ml NaNO3-solution E; concNO3=0.875
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 48.5 °C
ID 70
Note: White precipitation which dissolves during titration

23: solution:
2 ml Tl-solution C
10 ml NaCl-solution D; concCl=0.5 mole/1
8.5 ml HNO3; concHNO3=2.938 mole/1
20 ml water
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49 °C
ID 71-73
Note: White precipitation which dissolves during titration

24: solution:
2 ml Tl-solution C
10 ml NaCl-solution D; concCl=0.5 mole/1
17 ml HNO3; concHNO3"=5.95 mole/1
11 ml water
titrated with 0.1N KBrO3

temperature: Machine 50.5 °C; thermometer 49 °C
ID 74-76
Note: White precipitation which dissolves during titration
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SILVER(II) TITRATION/BACKTITRATION WITH BROMATE

To test the method:
AgO-solution: 1.2384 g in 215 ml cone HNO3 and water until 1 1

concentration: 9.9976* 10"3M
AgNO3-solution: 0.8544 g AgNO3 dissolved in 500 ml water (date: 29-10-1996)

concentration: 0.01 M
Solutions:
2 M NaCl-solution
0.09938 M TT-solution

Experiments 1:28-10-1996
(1-5)
20 ml AgO-solution
Automatically added 3 ml Tl-solution
Then with pipette added 10 ml NaCl
Titrated with Bromate (BrO3)

Temperature: 50.5 °C
Note: A lot of precipitate when the NaCl-solution is added.

Experiments 2:29-10-1996
d-3)
10 ml AgNO3-solution
15mlHNO3(5.6M)
Automatically added 3 ml Tl-solution
Then with pipette added 10 ml NaCl
Titrated with Bromate (BrO3)

Temperature: 50.5 °C
Note: Experiment with silver(I) in the bulk

A lot of precipitate when the NaCl-solution is added.
The results shows, that AgCl precipitation do not interfere the determination of Tl.
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SILVER

TITRATION A N D POLAROGRAPHY

AgNO3 solution C; conc=0.500 M (see appendix 3)

experiment 24:
solution in 250 ml:

1.5482 g AgO cone 0.049994 mole/1
105 mlconc. HNO3 cone 6 M
water

Date: 30-10-1996
Determinations 5 times

POLAROGRAPHY:

25 ml solution
25 ml water

addl 0.5 ml AgNO3 solution C
add2 0.5 ml AgNO3 solution C
add3 0.5 ml AgNO3 solution C

TITRATION

1: 5 ml solution
20 ml water

2: 3 ml T1+ - solution (0.09938 M)

3: 10mlNaCl(2M)

experiment 25:
solution in 250 ml:

0.7731 g AgO cone 0.02496 mole/1
105 ml cone. HNO3 cone 6 M
water

Date: 31-10-1996
Determinations 5 times

addl 0.5 ml AgNO3 solution C
POLAROGRAPHY: add2 0.5 ml AgNO3 solution C

add3 0.5 ml AgNO3 solution C
25 ml solution
25 ml water
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TITRATION

1: 10 ml solution
20 ml water

2: 3 ml Tl+ - solution (0.09938 m)

3: 10mlNaCl(2M)
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APPENDIX 2:

Korenman I., 1960. Analytical Chemistry of Thallium. Academy of Science of the USSR.
Israel Program for Scientific Translations. Jerusalem 1963.
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THE FOLLOWING REACTIONS MAY OCCUR WITH TL+:

Complexation:

TV • Cl •* TICI

TICI + a- * TICI2

TV . 2 C/ - TICK

TV • NO3 •* TINO3

TV * Br * TIBr

TV * OH « TIOH

K
[TICl]

[TV][CV]
4.00 - 3.23

[TlCl2]
K - — — = 0.37

[TIO][CV]
[TlCl2]

K = — — = 1.48 - 1.20
[TV][CV]2

[TINOA
K - — '— - 1.92

[TV][NO,]

K - P*»] - 40

K - Vl°W . 6.67

At pH = 1 or lower, the hydroxide complexes can be neglected, but all the other complexes
may occur.

Precipitation:

TV + Cl

TV * Br

TV * BrO}

TlCli

TlBrl

TlBrO^l

Ks = [T1][CV] = 4.1 105 (0 °Q - 2.7 103 (100 °C)

Ks = [TV][Br] = 7.1 107 (0 °Q - 3.6 105 (100 ° Q

Ks = [Tl][BrO3] = 8.9 105

THE FOLLOWING REACTIONS MAY OCCUR WITH TL3+:

Complexation:

r/3- + a ^ TicP-

TicP- + a * TICI;

TICI% * a * TICIA

TP• * 4 ci - - r/c/4

TP- + 6 CV * TICK

K =

A:

K

[7/3][C/]
1.25 108

3.13 10s

[TIC12][CV]
= 1.59 102

A: = — ^ — — . 4.00 io2

[77C/3][a-]

[TICVAK =

K

[773'][C/-]4

[Hcg

[773][C7]6

= 2.5 1O1S

= 9.09 1020
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TV' • Br - TIBr2

TIBr2- + Br *

•I * Br *

• Br" - TIBr,

TV' * 4 Br•- » TIBr,

TV' * 6 flr -

K .

K =

K =

K -

[TV][Br]

[TIBr;]

[TlBr2][Br]
[TIBrJ

7.7 106

4 104

[TlBr;][Br]

K .

K .

[TlBr3][Br]

[TIBr,]

[77J'][A--]4

[TlJ][Br ]6

= 5. 102

= 7.7 10"

= 4.0 1031

TV
[TINOh

K - — — = 0.66
[TV-][NO3]

Hydrolysis

TV- * OH * TIOH2- K
[TV][OH]

= 1.47 1014

TV' * 2 OH *> TIOH- K =

TV' + H2O - TIOH2- * H-

TIOH2- * HO » Tl(OH)'2 • H-

77(M?3)3 - 3 H2O * 77(6>//)3 + 3 HNO3

[TV][OH]2
2.08 1013

K = 0.072 - 6.9

[Tl{OH)'2][H]
K . J_^ ^ L _ L = 0,032

[TIOH2]

[Tl(OH)-2][H]

[TIOH2]
= 13.6

Other

Ks = 1.9 10 12 (15 °C ) - 7.3 1010 (100 °C)
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APPENDIX 3:

Experimental conditions of the polarographic determinations (by Anne S0rensen)
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POLAROGRAPHY

Prepared solutions:

Ag(I)-A: 1.6932 g AgNO3 in 1000 ml water; conc=9.9676*10"3 mole/1
Ag(I)-B: 1 M AgNO3 standard, 100 ml
Ag(I)-C: 21.2486 g AgNO3 in 250 ml, conc= 0.500 M

HNO3 solution A: 100 ml cone. HNO3 in 250 ml; O5 .6 M
Bridge-solution 21.2450 g NaNO3 in 250 ml; O l M

Experiment 1 and 2:
These experiments were only carried out to get to know the machine without that precise
preparations of solutions.

Experiment 3:
During the experiment white precipitate was observed in the solution which can be AgCl. The
Cl" is coming from the reference electrode. The result can therefore not be used

Experiment 4:
Now there is builded a bridge to avoid ( or minimize) precipitation in the solution, and it
works. The peaks of silver and of water are very close, but there is nothing to do about it.

Experiment 5 (A, B, C):
reference:

25 ml HNO3 solution A
25 ml water

test:
25 ml HNO3 solution A
25 ml Ag(I)-A

Add:
1: 0.200 ml Ag(I)-B
2: 0.200 ml Ag(I)-B
3:0.200mlAg(I)-B

Note: Bridge used; no precipitation

The area of linearity for determination of silver(II) is investigated:
All experiments are carried out minimum 3 times (A, B, C). The solution in the bridge is
changed every day to make sure; that there is the best connection.

Experiment 6 (A, B, C):
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25 ml HNO3

20 ml AgNO3 (A)
5 ml H2O
Ag-concentration=0.00399 M

Experiment 7 (A, B, C):

25 ml HN03

15mlAgNO3(A)
10mlH2O
Ag-concentration=0.00299 M

Experiment 8 A:

25 ml HNO3
10 ml AgNOj(A)
15mlH2O
Ag-concentration=0.00199 M

Experiment 9 (A, B, C):

25 ml HNO3
5 ml AgNO3 (B)
20 ml H2O
Ag-concentration=0.1 M

Experiment 10 (A, B, C):

25 ml HNO3
2 ml AgNO3 (B)
23 ml H2O
Ag-concentration=0.04 M

Experiment 11 (A, B, C):

25 ml HNO3
1 ml AgNO3 (B)
24 ml H2O
Ag-concentration=0.02 M

Experiment 12 (A, B, C):

25 ml HNO3
0.5 ml AgNO3 (B)
24.5 ml H2O
Ag-concentration=0.01 M
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Experiment 13 (A, B, C, D, E):

25 ml HNO3

1.5mlAgNO3(B)
23.5 ml H2O
Ag-concentration=0.03 M
Experiment 14 (A, B, C):

25 ml HNO3
0.75 ml AgNO3 (B)
24.25 ml H2O
Ag-concentration=0.015 M

Experiment 15 (A, B, C):

25 ml HNO3
1.25mlAgNO3(B)
23.75 ml H2O
Ag-concentration=0.025 M

Experiment 16 (A, B, C):

25 ml HNO3
2.5 ml AgNO3 (B)
22.5 ml H2O
Ag-concentration=0.05 M

Experiment 17 (A, B, C, D, E, F):

25 ml HNO3
3 ml AgNO3 (B)
22 ml H2O
Ag-concentration=0.06 M
Note: Exp. A rejected: completely wrong, Exp. E rejected because of precipitation

Experiment 18 (A, B, C):

25 ml HNO3
4 ml AgNO3 (B)
21 ml H2O
Ag-concentration=0.08 M

Experiment 19 (A, B, C):

25 ml HNO3
4.5 ml AgNO3 (B)
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20.5 ml H2O
Ag-concentration=0.09 M

Experiment 20 (A, B, C):

25 ml HN03

10mlAgNO3(B)
15mlH2O
Ag-concentration=0.20 M

Experiment 21 (A, B, C): minimum concentration 0.0199

test:

Add:

25 ml HNO3 solution A
10mlAg(I)-A
15 ml water

1:0.500 ml Ag(I)-C
2: 0.500 ml Ag(I)-C
3:0.500mlAg(I)-C

total concentration: 0.00692
total concentration: 0.01176
total concentration: 0.016498

Setup: 1 mA
Note: Bridge used; no precipitation

Peak and area used to determination

Experiment 22 (A, B, C) .maximum concentration 0.3

test:

Add:

25 ml HNO3 solution A
3 ml Ag(I)-C
22 ml water

1: 0.500 ml Ag(I)-C
2: 0.500 ml Ag(I)-C
3:0.500mlAg(I)-C

total concentration: 0.03465
total concentration: 0.03922
total concentration: 0.043689

Setup: 10 mA
Note: Bridge used; no precipitation

Peak and area used to determination
Problem can be, that the change in concentration by adding silver is low compared

with the start concentration.
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Experiment 23 (A, B, C) : concentration 0.01

test:
25 ml HNO3 solution A
1 ml Ag(I)-C
24 ml water

Add:
1: 0.500 ml Ag(I)-C total concentration: 0.01485
2: 0.500 ml Ag(I)-C total concentration: 0.01961
3: 0.500 ml Ag(I)-C total concentration: 0.02427

Setup: For test and addl 1 mA, for add2 and add3 10 mA
Note: Bridge used; no precipitation

Peak and area used to determination
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APPENDIX 4:

Experimental conditions of the spectrophotometric Ce4+ determinations (by Anne Sarensen)
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UV-SPECTRUM

Cerium(IV)

Calibrations

Experiment A DATE: 06-11.1996

stock-solution
m (Ce(SO4)2) = 0.5937 g
V = 0.250 1
C(Ce(IV))= 1.0015 g/1

C(HNO3)= 6N 107 ml cone, in 250 ml

Dilutions:

1 ml in 25 ml C=40 mg/1

1.5 ml in 25 ml C=60 mg/1
1 ml in 50 ml C=20 mg/1
2.5 ml in 25 ml C=100mg/l

0.75 ml in 25 ml C=30 mg/1

Note: NOT USABLE because "pixel" = 5 ( has to be 17 )

Experiment B DATE: 07-11.1996

stock-solution

m (Ce(SO4)2) = 0.2349 g
V = 0.1001
C (Ce(IV)) = 0.099 g/1
C(HNO3)= 6N 107 ml cone, in 250 mlDilutions:

0.5 ml in 50 ml
0.75 ml in 25 ml
1 ml in 25 ml
1.5 ml in 25 ml
2.5 ml in 25 ml

C= 10 mg/1
C=30 mg/1
C=40 mg/1
C=60 mg/1
C= 100 mg/1

9.9
29.7
39.60
59.4
99

Experiment C DATE: 07-11.1996

stock-solution
m (Ce(SO4)2) = 0.2387 g
V = 0.1001
C (Ce(IV)) = 0.1007 g/1
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C(HNO3)= 6N

Dilutions:

0.5 ml in 50 ml
0.75 ml in 25 ml
1 ml in 25 ml
1.5 ml in 25 ml
2.5 ml in 25 ml

107 ml cone, in 250

C=10mg/l
C=30 mg/1
O 4 0 mg/1
C=60 mg/1
C= 100 mg/1

ml

10.07
30.21
40.28
60.42
100.7

Experiment D DATE: 08-11.1996

stock-solution
m (Ce(SO4)2) = 0.2368 g
V = 0.1001
C (Ce(IV)) = 0.0997 g/1
C(HNO3)= 6N 107 ml cone, in 250 ml

Dilutions:

0.5 ml in 50 ml
0.75 ml in 25 ml
1 ml in 25 ml
1.5 ml in 25 ml
2.5 ml in 25 ml

C=10mg/l
C=30 mg/1
C=40 mg/1
C=60 mg/1
C=100 mg/1

9.97
29.91
39.88
59.82
99.7

Experiment E DATE: 08-11.1996

stock-solution
m (Ce(SO4)2) = 0.23689 g
V = 0.1001
C (Ce(IV)) = 0.0999 g/1
C(HNO3)=1N 18 ml

Dilutions:

0.5 ml in 50 ml
0.75 ml in 25 ml
1 ml in 25 ml
1.5 ml in 25 ml
2.5 ml in 25 ml

cone, in 250 ml

C= 10 mg/1
C=30 mg/1
C=40 mg/1
C=60 mg/1
O l 00 mg/1

9.99
29.97
39.96
59.94
99.9

Experiment F DATE: 08-11.1996

stock-solution
m (Ce(SO4)2) = 0.2382 g
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V = 0.1001
C (Ce(IV)) = 0.1005 g/I
C(HNO3)= IN 18

Dilutions:

0.5 ml in 50 ml
0.75 ml in 25 ml
1 ml in 25 ml
1.5 ml in 25 ml
2.5 ml in 25 ml

ml cone, in 250 ml

C=10mg/l
C=30 mg/1
C=40 mg/1
C=60 mg/1
C= 100 mg/1

10.05
30.15
40.20
60.30
100.5

Experiment G DATE: 12-11.1996

stock-solution
m (Ce(SO4)2) = 0.2367 g
V = 0.1001
C (Ce(IV)) = 0.0998 g/1
C(HNO3)= IN 18

Dilutions:

0.5 ml in 50 ml
0.75 ml in 25 ml
1 ml in 25 ml
1.5 ml in 25 ml
2.5 ml in 25 ml

ml cone, in 250 ml

C= 10 mg/1
C=30 mg/1
C=40 mg/1
O 6 0 mg/1
C=100mg/l

9.98
29.94
39.92
59.88
99.8

Note: There is linearity between concentration and absorption

Experiment K DATE: 14-11.1996

stock-solution
m (Ce(SO4)2) =
V = 0.1001
C (Ce(IV)) = 0.
C(HNO3)= IN

Dilutions:

3 ml in 50 ml
2.5 ml in 25 ml
3.5 ml in 25 ml
5 ml in 25 ml
7 ml in 25 ml

0.2382 g

1005 g/1
18 ml cone, in

C=60]

O100
O140
O200
C=240

250 ml

mg/1
mg/1
mg/1
mg/1
mg/1

60.3
100.5
140.7
201
201.2
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Note: When the concentration of Ce(IV) is too high, there is no linearity between absorption
and concentration. For Cerium(IV) in 1 N HN03 the concentration limit is 140 mg(Ce(IV))/l

Accuracy and precision of UV calibration

The calibration was made with (Ce(SO4)2 in 1 and 6 N HNO3, that gives:
C NO3" = 1 N
C NO3" = 6 N

max limits of sulphate should be less than 5 % of the nitrate:
in6N:

=1 A27.l0Amol
140.1 ISg/mol

C(SO4
2)= 1.427*10-3 mole/1

compared with NO3" concentration

£ * L lA27*l°3= 0.024%
cm; 6

in I N

n{SOJyi 9A*9l 1.9983.10
140.115g/mo/

C(SO4
2)= 1.9983*10-2 mole/1

compared with NO3~ concentration

C < = 1.9983.10^ h99%

Less than 2 %, which is OK

Solutions prepared ( 1 g Ce(IV)/l):

Salt CeO8S2.4H2O
M= 404.30 g/mole
in 100 ml:
m=0.2885 g



WA/ss/97-01 Appendix 4 page A.4.6 of A4.14

Experiments in 6N

date 20-11-1996

m = 0.2922 g in 100 ml in 6 N HNO3

from this stock solution are made two dilutions A and B
(filename: C E 6 A and C E 6 B )

0.25 ml in 25 ml
1 ml in 25 ml
1.5 ml in 25 ml
1.75 ml in 25

date 20-11-1996

10mg/l
40mg/l
60 mg/1
70 mg/1

m = 0.2874 g in 100 ml in 6 N HNO3

from this stock solution are made two dilutions C and D
(filename: C E 6 C and C E 6 D )

0.25 ml in 25 ml
1 ml in 25 ml
1.5 ml in 25 ml
1.75 ml in 25

Experiments in 1 N

date 20-11-1996

10 mg/1
40 mg/1
60 mg/1
70 mg/1

m = 0.2914 g in 100 ml in 1 N HNO3

from this stock solution are made two dilutions A and B
(filename: CE_1_A and CE_1_B)

0.25 ml in 25 ml
1 ml in 25 ml
2.5 ml in 25 ml
3.5 ml in 25

date 21-11-1996

10 mg/1
40 mg/1
100 mg/1
140 mg/1

m = 0.2897 g in 100 ml in 1 N HNO3

from this stock solution are made two dilutions C and D
(filename: CE_1_C and CE_1_D)

0.25 ml in 25 ml
1 ml in 25 ml
2.5 ml in 25 ml

10 mg/1
40 mg/1
100 mg/1
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3.5 ml in 25 140mg/l

date 25-11-1996

m = 0.2867 g in 100 ml in 1 N HNO3

from this stock solution are made two dilutions E and F
(files: CeteE and CeteF)

0.30
0.40
0.50

date

ml in 25 ml
ml in 25 ml
ml in 25 ml

25-11-1996

12
16
20

mg/1
mg/1
mg/1

m =0.2885 g in 100 ml in 1 N HNO3

from this stock solution are made two dilutions G and H
(files: CeteG and CeteH)
0.30 ml in 25 ml 12 mg/1
0.40 ml in 25 ml 16 mg/1
0.50 ml in 25 ml 20 mg/1
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Reducing silver(II) with Ce(III)

UV to determine concentration
The silver(II) solution is also titrated
(The calculations can be seen in the files: ag_red_a.xls and uv_ag2_a.xls)

Date:22-11-1996

All solutions in 6 N HNO3

AgO:
M=123.87g/mole
m=0.1866g
V=0.1 1
C=0.01506 mole/1

Ce2(SO4)3

M=568.42 g/mole
m=0.4313g
V=0.1 1
C=0.01517mole/1

Ce(NO3)3

M=434.23 g/mole
m=0.6542 g
V=0.1 1
C=0.01507 mole/1

Titration:
3*20 ml AgO solution

New T1NO3 solution prepared:
M= 266.3749 g/mole
m=3.3286 g
V=0.250 1
00.04998 mole/1

UV:

stock 1:
10 ml AgO
10mlCe2(SO4)3

EXPA:
5 ml stock 1 in 25 ml HNO3

measured 3 times
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EXPC:
10 ml "EXP A" in 25 ml HNO3

measured 3 times

stock 2:
10 ml AgO
10mlCe(NO3)3

EXPB:
5 ml stock 1 in 25 ml HN03

measured 3 times

EXPD:
5 ml "EXP B" in 25 ml HN03

measured 3 times
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Reducing silver(II) with Ce(III)

UV to determine concentration
The silver(II) solution is also titrated
(The calculations can be seen in the files:ag_red_b.xls and uv_ag2_b.xls)

Date:25-11-1996

AgO:
M=123.87g/mole
m=O.1853g
V=0.1 1
C=0.01496 mole/1
in 6 N HNO3

Ce2(SO4)3

M=568.42 g/mole
m=0.4266 g
V=0.1 1
C=0.01501 mole/1
in 1 N HNO3

Ce(NO3)3

M=434.23 g/mole
m=0.6533 g
V=0.1 1
C=0.01505 mole/1
in 1 N HNO3

Titration:
3*20 ml AgO solution

New TINO3 solution prepared:
M= 266.3749 g/mole
m=3.3286 g
V=0.250 1
C=0.04998 mole/1

UV:

stock 1:
10 ml AgO
10mlCe2(SO4)3

EXPA:
5 ml stock 1 in 25 ml 1 N HNO3



measured 3 times

EXP C:
10 ml "EXP A" in 25 ml 1 N HNO3

measured 3 times

stock 2:
lOmlAgO
10mlCe(NO3)3

EXPB:
5 ml stock 1 in 25 ml 1 N HNO3

measured 3 times
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EXPD:
5 ml "EXP B" in 25 ml 1 N HNO3

measured 3 times
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Ce(IV) determination

The influence of Ce(III)

Date:26-11-1996

m(Ce(SO4)2)= 0.2378 g in 100 ml 1 N HNO3 ( 1.003 g Ce(IV) pr litre)
m(Ce2(SO4)3)= 0.2050 g in 100 ml 1 N HNO3 ( 1.011 g Ce(III) pr litre )

EXPERIMENT A (Ce3_a)
0.50 ml Ce(III) + 0.50 ml Ce(IV) in 25 ml 20 mg/1
0.50 ml Ce(III) + 0.75 ml Ce(IV) in 25 ml 30 mg/1
0.50 ml Ce(III) + 1.00 ml Ce(IV) in 25 ml 40 mg/1
0.50 ml Ce(III) + 1.50 ml Ce(IV) in 25 ml 60 mg/1

EXPERIMENT B (Ce3_b)
1.00 ml Ce(III) + 0.50 ml Ce(IV) in 25 ml 20 mg/1
1.00 ml Ce(III) + 0.75 ml Ce(IV) in 25 ml 30 mg/1
1.00 ml Ce(III) + 1.00 ml Ce(IV) in 25 ml 40 mg/1
1.00 ml Ce(III) + 1.50 ml Ce(IV) in 25 ml 60 mg/1

EXPERIMENT C (Ce3_c)
5.00 ml Ce(III) + 0.50 ml Ce(IV) in 25 ml 20 mg/1
5.00 ml Ce(III) + 0.75 ml Ce(IV) in 25 ml 30 mg/1
5.00 ml Ce(III) + 1.00 ml Ce(IV) in 25 ml 40 mg/1
5.00 ml Ce(III) + 1.50 ml Ce(IV) in 25 ml 60 mg/1

EXPERIMENT "BLANK"
0.50 ml Ce(IV) in 25 ml 20 mg/1
1.00 ml Ce(IV) in 25 ml 40 mg/1
1.50 ml Ce(IV) in 25 ml 60 mg/1
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Influence of Ag+

Determination of Ce(IV)
in 1 N HNO3

Date: 27-11-1996

AgNO3 solution 9.97* 10"3 mol/1
m(Ce(SO4)2)= 0.2386 g
C(Ce(SO4)2)= 1.075 g/1

Experiment A

0.5 ml Ce(IV) + 1.00 ml AgNO3 (43 mg/1)
0.75ml Ce(IV) + 1.00 ml AgNO3 (43 mg/1)
1.00 ml Ce(IV) + 1.00 ml AgNO3 (43 mg/1)
1.5 ml Ce(IV) + 1.00 ml AgNO3 (43 mg/1)

Experiment B

0.5 ml Ce(IV) + 5.00 ml AgNO3 (215 mg/1)
0.75ml Ce(IV) + 5.00 ml AgNO3 (215 mg/1)
1.00 ml Ce(IV) + 5.00 ml AgNO3 (215 mg/1)
1.5 ml Ce(IV) + 5.00 ml AgNO3 (215 mg/1)

20 mg/1
30 mg/1
40 mg/1
60 mg/1

20 mg/1
30 mg/1
40 mg/1
60 mg/1
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Influence of Ag+ AND Ce(III)

Determination of Ce(IV)
in 1 N HNO3

Date 27-11-1996

m(Ce(SO4)2)=0.2386 g
C= 1.006 gCe(IV)/l
AgNO3 solution: 9.97* 103 mole/1
Ce(III) solution 1 g Ce(III)/l

Experiment A

0.50 ml Ce(IV) + 1 ml Ag+(43 mg/1) + 1 ml Ce(III) 40 mg/1
0.75 ml Ce(IV) + 1 ml Ag+(43 mg/1) + 1 ml Ce(III) 40 mg/1
1.00 ml Ce(IV) + 1 ml Ag+(43 mg/1) + 1 ml Ce(III) 40 mg/1
1.50 ml Ce(IV) + 1 ml Ag+(43 mg/1) + 1 ml Ce(III) 40 mg/1

20 mg/1
30 mg/1
40 mg/1
60 mg/1

Experiment B

0.50 ml Ce(IV) + 5 ml Ag+(215 mg/1) + 5 ml Ce(III) 200 mg/1
0.75 ml Ce(IV) + 5 ml Ag+(215 mg/1) + 5 ml Ce(III) 200 mg/1
1.00 ml Ce(IV) + 5 ml Ag+(215 mg/1) + 5 ml Ce(III) 200 mg/1
1.50 ml Ce(IV) + 5 ml Ag+(215 mg/1) + 5 ml Ce(III) 200 mg/1

20 mg/1
30 mg/1
40 mg/1
60 mg/1
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APPENDIX 5:

Experimental conditions of the spectro photometric Ag2+ determinations (by Anne S0rensen)
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UV calibration

SUver(II)

To determined the concentration of silver(II) prepared it is necessary to make titration and
polarography of the "stock solution" prepared. Then precise concentrations of the dilutions can
be calculated.

EXPERIMENT H,I

DATE: 12-11-1996

214 ml cone HNO3 in 500 ml (6 N HNO3)
0.2870 g AgO in 250 ml ( 0.00927 M)

DILUTIONS:
0.5 ml in 50 ml
0.75 ml in 25 ml
1 ml in 25 ml
1.5 ml in 25 ml
2.5 ml in 25 ml

Titration
Polarography

NEW TL+ SOLUTION
1.957*10-3 mole/1 25 ml stock solution

25 ml water
1: 20 ml stock solution
2: 10 ml T1+solution Addl: 0.5 ml AgNO3 (0.5M)
3: 10 ml NaCl (2 m) Add2: 0.5 ml AgNO3 (0.5M)

Add3:0.5mlAgNO3(0.5M)
titrated at 50 °C

T1+ excess (theory)
0.206 meq
( V(KBrO3) = 2.06 ml)

Note: Too low concentrations
No peaks in UV
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EXPERIMENT J

DATE: 13-11-1996

214 ml cone HNO3 in 500 ml (6 N HNO3)
0.2877 g AgO in 250 ml ( 0.00929 M)

DILUTIONS:
4 ml in 50 ml
4 ml in 25 ml
6 ml in 25 ml
10 ml in 25 ml
15 ml in 25 ml

titration

1: 20 ml stock solution
2: 10 ml T1+solution
3: 10mlNaCl(2m)

titrated at 50 °C

T1+ excess (theory)
0.206 meq
( V(KBrO3) = 2.06 ml)

Polarography

25 ml stock solution
25 ml water

Addl:0.5mlAgNO3(0.5M)
Add2: 0.5 ml AgNO3(0.5M)
Add3: 0.5 ml AgNO3(0.5M)

NOTE: Polarography did not work.
Determination of Ag(II) in stock solution based on titration results only.
The silver-solution are loosing colour during the experiment (less Ag2+)


