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TALANTA REVIEW

APPLICATIONS OF DIGITAL COMPUTERS
IN ANALYTICAL CHEMISTRY—II*t

C. W. CHiLbs, P. S. HaLLMAN and D. D. PERRIN
Department of Medical Chemistry, John Curtin School of Medical Research,
Australian National University, Canberra, Australia

(Received 30 December 1968. Accepted 14 January 1969)

Summary—This review deals with applications of digital computers to
the evaluation of ionization constants of acids and bases, stability
constants of metal complexes, concentrations of equilibrium mixtures,
and the solution of rate equations. The use of computers permits
systems of greatly increased complexity to be studied, and introduces
additional methods of calculation such as numerical integration and
Monte Carlo techniques.

EQUILIBRIUM CONSTANTS

CALCULATION of pK values from pH-titration or spectrophotometric data, by using
the Henderson-Hasselbach equation, becomes difficuit when species have two or more
similar pK values. A further difficulty arises if the anions of the acids being titrated
can form ionic complexes with the cations of the titrating base. Hamann and
Johnson! allowed for this possibility when they solved species- and charge-balance
equations, using a high-speed computer to calculate titration curves for weak dibasic
acids. Roth and Bunnett® have described a computer programme for use in spectro-
photometric determinations of overlapping pX values. They selected five well spaced
points on the pH-absorbance curve, at a suitable wavelength, and used Thamer’s
method? in computing the absorbance of the three species and also the two pK values.
The main disadvantage of this programme is that it uses only a few of the experimental
results. An alternative approach utilizes all of the available data, including the
limiting absorbances of two of the species, and, by orthogonal matrix transforma-
tions,3 evaluates the two pK values and the absorbance of the intermediate species,
together with estimates of the standard deviations of these quantities.

Neither of these programmes requires initial estimates of the desired pK values,
and hence they are more convenient than the programme SWING described by
Nagano and Metzler® which uses an iterative least-squares fit of the pH-absorbance
curve to obtain the pK values. Another programme, PITMAP, is based on a treat-
ment by Sillén and his co-workers.*=® In the “LETAGROP” or “pit-mapping”
approach, the error-square sum function for the » variables in a system is defined as
a “‘paraboloid in n-dimensional space”, and the calculation is designed to seek the
minimum, or “pit”, in such a surface. This method works well if good initial guesses
can be made at the values of the constants to be refined. Both SWING and PITMAP
provide thorough tests of experimental data because they use all readings at up to 75

* Pt. 1. Talanta, 1969, 16, 629.

T For copies of this review see Publisher’s advertisement near the end of this issue.
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wavelengths (for up to three successive pK values), a final check including the com-
parison of computed and experimental absorption spectral curves.®

Computations of overlapping pK values from potentiometric titrations use similar
programmes to those for the stepwise formation constants of metal complexes. Thus,
Irani and Callis'® used a non-linear least-squares computer programme to fit pH-
titration curves of linear phosphoric acids and hence to obtain their successive pK
values. The computations were based on a quantity, the average number of hydrogen
ions associated with the anion, which is formally similar to Bjerrum’s formation
function. For this reason, it is convenient to discuss potentiometric methods for
stability constants and pK values at the same time.

Since Bjerrum’s pioneering work on metal ammine formation,"! the methods of
choice for evaluating stability constants have used relations involving the formation
function, 7, and the free ligand concentration. The arithmetical calculations are
tedious but not difficult, and computer programmes to give 7 and free ligand con-
centrations are straightforward. Similarly, the graphical technique of Irving and
Rossotti® can be replaced by a least-squares treatment for obtaining stepwise forma-
tion constants of mononuclear complexes. Computers have been used in this way.13-14
Datta and Grzybowski'® calculated 7 and free ligand concentrations, then applied
weighting factors and variances in a computer programme, based on a graphical
method,® to obtain K; and K,: computation of the theoretical titration curve, using
these values, served as a check on the closeness of fit. The programme described by
Unwin, Beimer and Fernando!” applies only to simple systems in which the two
mononuclear complexes ML and ML, are formed, and requires the prior calculation
of 71 and free ligand concentrations. Another set of programmes!® is based on the use
of /1 and hence alsoseemsto be limited to mononuclear and non-protonated complexes.

However, computers are capable of doing far more than this, and the recent
tendency has been to develop more general programmes of greater mathematical
complexity. Two papers serve as an introduction to this field. One of these concerns
the general mathematical formulations necessary for the calculation of stability con-
stants of complex ions,'® and the other examines weighted least-squares methods using
computers, for the same purpose.?® Conventional methods of stability constant calcu-
lation, based on the use of 7, cannot be applied to systems containing protonated,
hydrolysed or polynuclear metal complexes, because 7 cannot be obtained from the
titration data. To overcome this difficulty, two main types of programme have been
developed.

These employ Gaussian methods and “pit-mapping” as described above. Tobias
and Yasuda®! used both of these to obtain pK values of ligands, acid dissociation
constants of aquo-metal ions, and stability constants of metal complexes, refining
them jointly or individually. The necessary input data comprised the analytical
hydrogen ion concentrations, total metal ion concentration, total ligand concentration,
pH values, and estimates of errors (needed in computing variances). Both types of
programme were designed to minimize the sums of squares of weighted residuals in
analytical hydrogen ion concentration. (The residual is the difference between the
experimental value and the amount calculated from the pH and the concentrations of
all species by using computed equilibrium constants.) Initial values of free metal ion
and free ligand concentrations were computed with approximate values of the con-
stants, and then Newton-Raphson®? iteration was used in the mole-balance equations
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for total metal ion and total ligand. The two equations were solved simultaneously,
except when the values of the constants being refined were for hydrolysed metal ion
(equation for total metal ion only) and the protonated ligand (equation for total
ligand only).

The Gauss method used a conventional® non-linear least-squares programme to
calculate the shifts in the constants, the partial derivatives being obtained numerically
by incrementing the constants. Weighting was important unless the residuals were
defined in terms of 7 or a similar function because, in the mole-balance equation,
small errors in measured pH have much bigger effects at low pH than they do at higher
pH.

The “pit-mapping” programme differed mainly in the way the constants were
incremented (initially by a specified amount, then by the use of estimated standard
errors). Tobias and Yasuda concluded that the Gauss method is slightly easier to
programme and has somewhat shorter running times. Also, if initial estimates are
too ““wild”, large overshifts can occur in “pit-mapping”, and the shifts can even be in
the wrong direction.? Difficulties that arise in cases where the “pits” are skew (i.e.,
covariant with the constants) can be overcome by transforming the co-ordinates,
using a ““twist matrix”, so that refinement is along the main axis of the pit: this is
done in Sillén’s programme LETAGROP VRID.®? With this refinement, and
reasonably good initial guesses, there is probably little to choose between Gaussian
and “pit-mapping” methods.

The Gaussian method can also fail if the matrix is ill-conditioned (the vectors of
the 4 matrix may be nearly linearly dependent) and if the starting values are not close
enough for a truncated Taylor series to be a useful approximation. The likelihood of
failure can be decreased in various ways, one of the most effective being to approach
the minimum by the iterative method of Davidon as improved by Fletcherand Powell 24

A modified form of the GAUSS programme of Tobias and Yasuda? is intended
for all kinds of equilibria in a one metal-one ligand system.? It has a shorter running
time and more reliable convergence in cases where initial estimates of the constants
are poor. The input includes a list of possible species giving, in each case, the number
of metal ions, ligand molecules, protons or hydroxyl groups in the postulated species
and an estimate of its stability constant. Examples of the use of GAUSS are references
26 and 27.

Recently, a more general programme SCOGS which also uses a conventional
non-linear least-squares approach has become available.?® It can be applied to systems
containing up to two different kinds of metal ions and two different kinds of ligands.
Constants for mixed-ligand species can readily be obtained.?® In principle, SCOGS is
capable of extension to more complicated systems. A related programme, SCOSUS,
can be used to obtain the stability constant of a single unknown species (which can be
a mixed-ligand or a mixed-metal complex) from pH titration data, if all the other
constants are known.3® The mixed species can contain up to 10 different kinds of
metal ion, 10 different kinds of ligands, and also be protonated or hydrolysed, and the
value of the constant is computed at each point in the titration. GAUSS, SCOGS and
SCOSUS all include in their final print-outs a tabulation of the computed concentra-
tions of all species throughout the titrations, so that the importance of individual
species can be assessed. SCOGS uses a refinement technique which minimizes the
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sum of the squares of residuals in titie, so that the application of equal weighting for
all points in the titration is a satisfactory simplification.

The use of computers in obtaining equilibrium constants is, of course, independent
of the technique by which the experimental data are obtained. For example, Rydberg
and Sullivan® applied a computer programme to solvent extraction measurements to
calculate, by a least-squares fit, the stability constants of mononuclear complexes in
the uranium(IV)-acetylacetone system. In another case the species extracted in
some solvent extraction studies, and their relevant constants, were determined by
means of a least-squares polynomial curve-fitting computer programme, including
weighting calculated from error propagation theory.3? Similarly, Momoki, Sato and
Ogawa®® used a least-squares method to compute successive formation constants from
polarographic data. Equilibrium constants have also been computed from NMR
chemical shift data.3

Wallace and Katz*® described a computer method for determining the number of
significant species in a solution, from spectrophotometric measurements. They set up
an m X n matrix, comprising measurements at m wavelengths and » metal-ligand (or
similar) ratios. The programme corrects for estimated errors in the measured
quantities when it computes the rank of the matrix which, in turn, gives the number of
species present. The method was used by Varga and Veatch,3® along with contour
mapping and iterative analysis of absorption spectra, to determine the nature of
hafnium~-chloranilic acid complexes, including their spectra and stability constants.

Conrow, Johnson and Bowen®” have made an analysis of errors in the determina-
tion of association constants by spectrophotometry, pointing out the sensitivity of the
results to errors in initial guesses of values used in any iterative approach. Their
programmes, which apply both to self-association and to complex formation, compute
equilibrium constants and molar absorptivities. Eberle’s*® computer programme for
obtaining the stepwise formation constants of ML and ML, requires that only metal-
containing species contribute to the light absorption. From the dependence of
absorbance on pH it computes the values of K; and K,, and the extinction coefficient
of ML, that best fit the experimental results. The principles involved in obtaining the
equilibrium constant for a system A + B = C, from spectrophotometric data,
have been discussed and a simple computer programme to calculate quantities for a
linear plot has been outlined.®® The method of Wentworth, Hirsch and Chen*® for a
single intermolecular complex is much more rigorous: it includes weighting and
allowance for propagation of error in a least-squares adjustment technique which is
basically that of Lansbury, Price and Smeeth.?® Other programmes have been de-
scribed for computing self-association constants from spectrophotometric measure-
ments, usually by least-squares fitting procedures.#-44

EQUILIBRIA IN CHEMICAL SYSTEMS

In principle, a knowledge of the stability constants of metal complexes and the
dissociation constants of acids and bases permits calculation of the composition of
equilibrium mixtures in solution. This information is valuable to the analytical
chemist seeking to devise optimum conditions for quantitative separations or deter-
minations, especially by complexometric titration. It is not, in general, an easy task
to perform the necessary calculations manually although, under particular conditions,
very good approximate methods are available.> Nevertheless, it is only recently that
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computers have been applied in this field, and the earliest computer applications to
equilibrium studies were concerned with gas mixtures. Manual, iterative methods for
calculating complex compositions of gas mixtures at equilibrium, from the relevant
constants, have been devised.*** One method was based on a linearization technique
by Taylor’s series expansions of equations involving differences between arithmetical
solutions and trial values, neglecting terms above the first order, and requiring initial
guesses at the equilibrium values. Another method used initial guesses aimed at
satisfying mass-balances. Subsequently, Zeleznik and Gordon® applied a computer
to show that all of the methods gave the same results.

Villars®* described a method of successive approximations for computing com-
bustion equilibria, in which only one reaction at a time was considered. All equilibrium
constants were then calculated, and for the next cycle of refinement the programme
selected the reaction showing the greatest discrepancy between calculated and given
values of equilibrium constants. The necessary adjustment to composition was
computed, and the process was continued until values fell within tolerances. Anthony
and Himmelblau®® applied a search technique®® (requiring a large computer) to the
calculation by an iterative procedure of complex equilibria in a gas mixture, using free
energy relations. Two other procedures® for determining equilibrium compositions
in complex mixtures also sought minimum values for the free energies (using chemical
potentials). One method used the steepest descent technique, applied to a quadratic
fit; the other was based on linear programming. A method for evaluating rocket
propellants could handle up to 12 chemical elements and 70 combustion products:
it computed flame temperature, chemical composition, enthalpy, entropy, specific
heat ratios and various velocities.®® Cruise®® subsequently combined this with
Villars’s® method to reduce computer time and memory requirements. More
recently, a programme has been described® for dealing with up to 20 elements, 250
gaseous chemical species and 20 condensed phases.

A paper by Emery® provides a convenient introduction to the arithmetical treat-
ment of equilibria in aqueous systems. He described a programme for calculating
acid-base titration curves and the compositions of solutions during titrations. Input
information comprises the pK values, the number of replaceable hydrogen ions, the
concentrations, and the amount of acid or base added at any stage. In regions where
the specified pH increment is exceeded, the titration increments are automatically
diminished to a tenth or a hundredth of their normal amounts. The output of the
computer is tabulated and also plotted by a line printer. Like many other computer
programmes, it does not require the approximations that are commonly needed for
the corresponding manual calculations, especially for systems containing very weak
acids or bases, or where successive pK values overlap.

An iterative procedure was used to compute the effects of dilution and ionic
strength on weak acid-strong base titration curves, and on the Van Slyke bufferindex.5®
(The ionic strength affects the activity coefficients and, in turn, depends on the
fraction of the acid that has been titrated.) For instructional purposes, Jajicek®
modified Sillén’s KUSKA programme’ for obtaining equilibrium concentrations in
metal complex, or acid-base, systems so as to have a general programme to which
specific subroutines could be added for the particular case being considered.

Given the total metal ion and total ligand concentrations, pH, pK and stability
constant values for a system containing one kind of metal ion and one kind of ligand,
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an iterative process enables the computation to be made of equilibrium concentrations
of all species present.®! The species can include protonated, hydrolysed, or poly-
nuclear metal complexes, hydrolysed metal ions, and protonated ligands. The pro-
gramme described by Ropars and Viovy® extends the possible range of systems to
include one kind of metal ion and two different complexing agents, able to form
mixed complexes. 1t is based on the Newton-Raphson method?? of successive approxi-
mations to solve the mathematical equations obtained from material-balance sums,
electroneutrality, and the equilibrium constant relationships. Supplementary in-
formation enables the stability constant of a mixed-ligand complex to be computed.%?
The programme is similar to an earlier but less general one.5

The pH-concentration profiles for mixtures of pyridoxal, amino-acids and their
Schiff bases have been obtained by using a computer.%

Bard and King® described a programme which they applied to the ionization of a
polybasic acid and to equilibria in a system of one metal ion and two kinds of ligands.
The programme was used to solve n algebraic equations in » unknowns by first guessing
values for two of the variables and then using them to evaluate the others, in turn,
from n — 2 equations. All but one of the constants were used in the last two equations
to evaluate the remaining constant and, if the two estimates did not agree, the first
constant was increased or decreased: the process was continued until adequate
agreement was reached. Ways in which the programme could be made more efficient
were subsequently pointed out.®”

Equilibrium concentrations in systems containing two kinds of metal ions and two
kinds of ligands were computed by Botts, Chashin and Schmidt®® but by that time a
more general programme was available® for multi-metal-multi-ligand mixtures in
which the complexes were of the types ML, ML,, ML; ... ML,. This, in turn, was
replaced by an entirely general treatment of equilibria in a single phase, such as a
solution or a gas, and the system can contain such species as mixed-ligand, hydrolysed,
protonated, polynuclear or mononuclear metal complexes, protonated ligands and
hydrolysed metal ions.” One of the examples to which the programme was applied
was a ten metal-ten ligand system containing 195 species. The input information
comprises the total concentration of each metal and each complexing agent, the
relevant equilibrium constants, and the pH of the solution. The programme begins
with the initial crude approximation that complex formation is negligible, and then
rapidly refines the estimates of free metal ion and free ligand concentrations until all
equations are satisfied simultaneously. Johansen™ has also described a method,
based on linear programming, for determining the equilibrium composition of a
complex mixture.

The programme HALTAFALL? extends possibilities to systems containing more
than one phase. HALTAFALL calculates equilibrium concentrations of all species in
mixtures of any number of components, which can include solid phases, provided
equilibrium constants and gross composition are known. The form the programme
takes depends on the nature of the input, but examples have been described for one
fluid phase, two fluid phases (two liquids or a gas and a liquid), and fluids with solid
phases present.”? A computer programme has also been described for calculating
fluid balance and electrolyte distribution for selected compartments of the human
body.”
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REACTION KINETICS

The integration of rate equations is often difficult, even for relatively simple
systems, and this has, in the past, been a seriously limiting factor in the study of
reaction mechanisms. Where the rate equations have been integrated, there is usually
little difficulty in numerical evaluation to obtain rate constants. Simple computer
programmes are available to do this for first-,"-7 pseudo-first-," second-? and third-
order” rate constants. Wiberg™ has given a group of programmes for dealing with
kinetic data. The first programmes compute, from spectrophotometric or titrimetric
data, first- or second-order rate constants through one, two and three half-lives,
comparing observed and calculated data through each of these intervals (to reveal any
drifts). Two other programmes are for consecutive first-order reactions, followed
spectrophotometrically, in cases where the absorptivities of the intermediate and the
product are unknown. Estimated values of these quantities and the rate constants are
inserted, and they are adjusted automatically to give the best fit, either by successive
incrementing or by the method of steepest descent (which computes partial derivatives
of the average deviation with respect to change in each of the parameters, and incre-
ments the parameters proportionately).

Analogue computers enable approximate representations to be made of conditions
in systems containing small numbers of components, but digital computers, by their
greater accuracy, capacity, speed and ability to be programmed, are now much
preferred for the processing of kinetic data.

There is no doubt that computer techniques have greatly extended the possibilities
of interpreting kinetic measurements. Thus Garfinkel”” used a digital computer to
simulate conditions in a biochemical system in which 49 differential equations
described the rates of change of concentration of 49 chemical species. Numerical
integration of the differential equations was by an Euler point-slope method, using
Taylor expansions, with a regulated step-size to keep truncation errors small.
Cleland™ has also described general computer programmes, based on an approach
due to Wilkinson,™ for processing enzyme kinetic data. The methods compute rate
constants to give the best fit (by a non-linear, least-squares, matrix-inversion tech-
nique, with assigned weighting factors) to the assumed reaction scheme.

DeTar and DeTar® have reviewed the general computer techniques that are
available for elucidating time-concentration relationships for reacting systems,
including equilibrium and steady-state conditions. The problem can be stated as
follows: *‘Given the rate equations (expressed as differential equations) and reactant
concentrations at some specified time, to express the concentrations of all species as a
function of time”. Unlike the traditional methods, which give rise to a wide range of
integrated expressions for the variation of concentration with time, the computer
technique is general and involves direct numerical integration: the trapezoidal
method® is faster than the more elaborate fourth-order Runge-Kutta method 2 and
is usually adequate. Results of the computer operations are expressed in tabular or
graphical form.

Where steady-state conditions apply, a different approach is necessary, and an
iterative perturbation method can be used. An alternative procedure is to decrement
each reaction step by a small amount, and make two sums, one being the decrements
for the reactions where a given species is a product, and the other for the decre-
ments where the species is a reactant. If the ratio of these sums is greater than unity,
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the estimate of that species concentration is too small, and conversely. Estimates for
each species are adjusted iteratively until the ratio is unity to within specified limits.
Examples of applications of computer programmes using the above methods have
been discussed.® A simplified computer programme has also been described®® for
treating complex reaction mechanisms, providing there are no steady-state inter-
mediates. A further, general, programme covers this contingency.® Wiberg™ also
described a general programme for computing, by numerical integration, concentra-
tions of speciesas afunction of time, given the relevant rate equations. The programme
includes an automatic plotting routine.

The greatest advantage to be obtained from the application of a digital computer
to the interpretation of kinetic measurements is by the use of numerical integration
programmes in which an iterative procedure is included for adjusting the values of the
rate constants to give the best fit (by a least-squares method) between the time-
dependent computed and experimental concentrations.

MONTE CARLO METHODS

An alternative approach to the integration of rate equations is a statistical one,
based on the use of a Monte Carlo® model of the reacting system, from which con-
centration—time curves can be obtained directly by digital computer.8® A portion of
the computer storage (e.g., 1000 registers) represents the total concentrations of all
reactants, and these registers are filled proportionately with 1's, 2’s, 3’s, etc., corre-
sponding to initial concentrations of species 1,2,3,.... A computer programme
generates random numbers from 0 to 999 and these are used in searching the corre-
sponding storage register in ways that depend on the particular rate equations. For
example, for the reaction A — B, if the specified register contains a 1 it will be replaced
by a 2; otherwise no action will be taken. After a specified numbet of such random
searches, the numbers of 1's, 2’s, 3’s, efc, in the storage are counted and recorded,
and the process continues. For competing reactions such as C<«— A — B, the
corresponding random searches must be set equal to the ratio of the rate constants.
Second-order reactions (such as 2A — B, or A + B— C) can be simulated by
randomly choosing two locations (for 2A’s and an A and a B, respectively). The
method is, of course, far slower and less accurate than the methods based on numerical
integration. Nevertheless, its error of about 1% is tolerable for most chemical
purposes. Lindblad and Degn®” have described a more sophisticated Monte Carlo
method for computing concentrations as a function of time for any system of first-
and second-order reactions, given the reaction scheme, rate constants and initial
concentrations. The computer programme can also deal with autocatalytic reactions.
Other examples of the use of Monte Carlo methods have been discussed by Cohen®®
and by Spielman and Levenspiel.3® Similar techniques are used in “random walk”
methods for studying properties of lattices,*® chains® and hard spheres.?

Zusammenfassung—Diese Ubersicht behandelt die Anwendung von
Digitalrechnern auf die Bestimmung der Dissoziationskonstanten
von Sduren und Basen, Stabilitiitskonstanten von Metallkomplexen,
Konzentrationen von Gleichgewichtsgemischen und Losung von
Geschwindigkeitsgleichungen. Die Verwendung von Rechenanlagen
gestattet die Untersuchung sehr viel komplizierterer Systeme und
fiihrt zusétzliche Rechenverfahern ein, wie numerische Integration und
Monte-Carlo-Brechnungen.
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Applications of digital computers in analytical chemistry—II

Résumé—Cette revue traite des applications des ordinateurs analogiques
a Pévaluation des constantes d’ionisation d’acides et bases, des con-
stantes de stabilité de complexes métalliques, des concentrations de
mélanges 2 Péquilibre et a la solution d’équations de vitesse. L’utilisa-
tion d’ordinateurs permet ’étude de systemes de complexité grande-
ment accrue, et introduit des méthodes supplémentaires de calcul
comme I'intégration numérique et les techniques de Monte Carlo.
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Summary—A new spectrophotometric method for the determination of
very small amounts of xanthate in solutions, particularly cyanide
solutions from gold-extraction plants, is described. 1t is based on the
formation and extraction of copper(Il) xanthate. The coefficient of
variation is 1-0 % at the 40-ppm level and 3-49; at the 4-ppm level and
the lower limit of determination is approximately 0-5 ppm. Copper(il)
xanthate normally decomposes into copper(l) xanthate and dixan-
thogen, but in the proposed method the decomposition is delayed.

THE determination of trace quantities of xanthate in solutions is frequently required for
the control of flotation processes for the recovery of minerals. Furthermore, some
gold mines recover gold by cyanide treatment of the residue after the pyrite has been
floated from the ore, and residual xanthate used in the flotation step interferes with
this process. The solutions containing xanthate also contain 0-3-0-49; of potassium
cyanide, varying amounts of gold, cobalt, nickel, copper, and iron present as thio-
cyanates or other complex cyanides, calcium, and sulphur compounds such as sul-
phate, sulphite, and thiosulphate. In the development of a method for the determina-
tion of xanthate, attention was focused on these cyanide solutions, because it was felt
that a method that was found to be applicable to them would also be applicable to the
simpler solutions in a flotation circuit.

Bitovsky and Bi¢ovska! have published a method for determining xanthate, based
on the formation of a nickel-xanthate complex and its extraction into chloroform. The
nickel is titrated in the chloroform solution with mercury(Il) acetate solution, di-
phenylcarbazone being used as indicator. This method is unsuitable for the deter-
mination of very small amounts of xanthate, but the present authors felt that it might
be possible to measure the concentration of the xanthate complex in the chloroform
spectrophotometrically.

Exploratory work showed that a suitable procedure could not be based on
nickel xanthate because copper interfered by preferentially combining with the
xanthate; so the apparently analogous formation of a copper xanthate complex was
investigated.

EXPERIMENTAL

Reagents

Potassium ethyl xanthate. This reagent is referred to as xanthate in this paper. Aqueous solutions
of the salt are unstable, and so they were used immediately after preparation. The solution was
prepared by dissolving 0-1 g of the analytical-grade reagent (Riedel-de Hien) in water adjusted to
pH 10, and diluted to 100 ml with similar water.

Potassium copper cyanide solution. Prepared by dissolving 6-2 g of CuyCl, in 200 ml of 1M
potassium cyanide and adding enough copper(Il) chloride to bring the copper(ll) content to 2-4 7.
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Copper(I) chloride that is dark green because of excessive copper(II) content (>10%) should not be
used.

Nickel sulphate solution. Prepared by dissolving 7-5 g of analytical-grade NiSO,.xH,O (20-7-
22:09; Ni) in water, and diluting to 250 ml.

Potassium cyanide solution, 2%, wlv.

Sodium chloride solution, 25%, wjv.

Analytical-grade reagents were used when available.

Procedure

The sample containing 15-100 ug of xanthate was transferred to a 100-ml separating-funnel,
1-5ml of 29 potassium cyanide were added, and the solution was diluted to 50 mi. Then exactly
10 ml of chloroform were added.

Three ml (+4-0-1) of nickel sulphate solution were added. The solution was mixed, and 30-60 sec
were allowed for a precipitate of nickel cyanide to appear. If no precipitate had appeared in 60 sec,
nickel sulphate solution was added in drops until a slight precipitate became visible. From this
stage the remaining steps of the method were carried out without delay and as rapidly as possible.

Three ml of copper cyanide solution and 5 ml of sodium chloride solution were added with a
rapid dispenser, and the mixture was shaken for 10 min. The chloroform phase was filtered through
a dry Whatman No. 41 filter paper into a 125-ml tall beaker, and the absorbance immediately
measured at 305 nm in a 20-mm quartz cell. A xanthate-free solution was prepared for use as a
reference blank by adding 1-5 ml of 2% potassium cyanide solution to distilled water in a 100-ml
separating-funnel and continuing as described above for the sample. A calibration curve (15-100 g
of xanthate) was prepared in the usual way.

Note. The addition of sodium chioride does not appear to be essential. It was added initially
because we erroneously thought that it would have a salting-out effect and thus favour the extraction
of the complex into chloroform. However, it was noticed that sodium chloride had a beneficial
effect in retarding the precipitation of copper(I) cyanide and, for this reason, it was retained.

RESULTS AND DISCUSSION
Absorption spectrum and stability of copper xanthate in chloroform

The absorption spectrum of a chloroform solution of the copper xanthate complex
is given in Fig. 1, curve 4, which shows that the wavelength of maximum absorption
is 305 nm. The transmittance was measured at intervals of time with the following
results:

Time, min 1 2 5 10 15 20 25

Transmittance, %, 13-5 150 170 185 195 200 21-0
The copper xanthate decomposed rapidly in the chloroform solution, but the error
should not be serious if the absorbance is measured as soon as possible after the
separation of the chloroform phase.

The absorption spectrum of the chloroform solution, measured after 24 hr, is given
in Fig. 2, curve A. This curve is similar to that obtained when dixanthogen is dissolved
in chloroform (Fig. 2, curve B), and it is probable that the compound that is extracted
into chloroform gradually decomposes with the formation of dixanthogen. The
biquinoline test? failed to detect copper(I) in the chloroform solution immediately after
the extraction. However, a positive test was obtained on solutions that had aged, and
this suggests that copper(l) xanthate is formed in addition to dixanthogen. If the
chloroform solution containing the decomposition products is shaken with a mixture
of potassium cyanide, nickel sulphate, and copper cyanide, the reaction is reversed
and the original compound is re-formed.

Stability of the copper xanthate complex in aqueous solutions

Aqueous solutions of the copper xanthate complex, prepared as described in the
procedure, were extracted with chloroformat varying timeintervals between the addition
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Fi1G. 1.—Absorption spectra of chloroform extract and copper(l) xanthate in chloro-
form.
A—100 ug of xanthate treated by described procedure; B—100 ug of copper(l)
xanthate; 20-mm cell, 10 ml of chloroform; chloroform as reference.
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FiG. 2.—Absorption spectra of chloroform extract after 24 hr and of dixanthogen.

A—as Fig. 1, curve 4; B—100 ug of dixanthogen in chloroform; 20-mm cell; chloro-

form as reference.

of the copper cyanide solution and the extraction. The transmittance of the chloro-
form solutions was read immediately after the extraction, with the following results:
Time between formation and extraction, min  0-5 1 3 5 10 15
Transmittance, %, 140 135 140 145 205 240
The complex is stable in aqueous media for up to 5 min, but then decomposes fairly
rapidly.
Tests also showed that the interval between addition of the nickel sulphate and the
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copper cyanide solution is not important and that 10 min of shaking is adequate for
the extraction of the copper xanthate.

Effect of concentration of nickel sulphate and copper cyanide

The formation of copper xanthate does not take place in a solution containing an
excess of free cyanide, but the presence of nickel cyanide is necessary. This is why
sufficient nickel sulphate solution is added to form a small precipitate of nickel
cyanide.

Potassium cyanide is added initially to all samples to allow for those that may not
contain sufficient cyanide. It was decided that 1-5 ml of 29 potassium cyanide
solution was an adequate amount to add, and tests showed that 2-7-3-2 ml of nickel
sulphate solution are required for this amount of cyanide.

A flocculent precipitate of copper(I) cyanide formed when potassium copper
cyanide solution was added to those solutions to which had been added more than
3-2 ml of nickel sulphate solution. The low results obtained for these solutions were
thus due to the removal of copper from the solution by precipitation. The amount
of nickel sulphate solution that should be added can be gauged by the formation
of a small amount of fine-grained precipitate. This precipitate, which has been
identified as nickel cyanide, is readily distinguishable from the flocculent copper(I)
cyanide.

Effect of other species

Thiocyanate (12 mg), thiosulphate (18 mg), sulphate (50 mg), cyanate (12-5 mg),
zinc cyanide (9-6 mg), tetracyanoaurate(IlI) (7-5 mg), hexacyanoferrate(II) (1 mg)
and cobalt (0-15 mg), when present in the amounts stated, cause less than 5% error
in the determination of 100 ug of xanthate.

Precision and accuracy

The precision was tested on samples of cyanide solution from a gold-extraction
plant (two analysts, two samples each, 12 variates for each sample; one analyst had no
experience of the method) and the coefficients of variation were 3 % for solutions con-
taining 4-0, 5-0 and 54 ppm of xanthate, and 19 for a 38-ppm solution. The 39, co-
efficient of variation for the 54-ppm solution was obtained by the inexperienced
analyst. The accuracy was tested by spiking samples with known amounts of xanthate;
the recoveries are shown in Table I. If the small amounts of xanthate present are
taken into account, the accuracy and precision of the method are satisfactory.

TABLE 1.—RESULTS OBTAINED ON A CYANIDE SOLUTION SPIKED WITH XANTHATE

Volume of sample, Xanthate added, Xanthate recovered, Deviation,
ml ng " rg
1-0 50 48 -2
20 100 101 +1
30 50 49 —1
4-0 100 99 —1
5-0 50 47 -3
10:0 100 101 +1
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Chemistry of the reactions

The nature of the coloured complex has been investigated and it is concluded that
it is copper(II) xanthate.

Analysis of the chloroform extract showed that the compound extracted contained
copper, but not cyanide, nickel, sodium or potassium, and when 200 ug of xanthate
were used, an average of 41:4 ug (7 results, 2:1 ug range) of copper was found in the
organic phase by atomic-absorption spectrophotometry. The mole ratio of copper to
xanthate calculated from these results is very close to 1:2, which corresponds to that in
copper(1I) xanthate.

The absorption spectrum of the chloroform extract (Fig. 1, curve 4) is different
from that of copper(I) xanthate in chloroform (Fig. I, curve B). The copper(I)
xanthate was prepared by adding copper(II) sulphate to a solution of potassium ethyl
xanthate in the correct molar proportions, 2Cu(Il) + 4RX = 2CuRX + (RX),.?
The dixanthogen formed was removed by extraction with chloroform, and the residue
of copper(I) xanthate was dissolved in chloroform containing 1% of pyridine [copper-
(1) xanthate is insoluble in chloroform in the absence of pyridine; pyridine does not
affect the adsorption spectrum of the copper(Il)]. Copper(I) in copper(I) xanthate
dissolved in a mixture of chloroform and pyridine can be identified by the biquinoline
test.2 Copper(I) was not detected by this test in the chloroform solution obtained by
the procedure described unless the copper was first reduced with hydroxylamine
hydrochloride. Reducing conditions (acid sulphite solutions) inhibit the formation of
the compound, and the inhibition is most pronounced when the reducing conditions
are strongest. This suggests that copper in the complex is in the bivalent rather than
in the univalent state.

Role of cyano-complexes in the formation of the compound. Under some conditions,
when potassium cyanide is added to a solution containing copper(II) ions, complex
cyano-compounds of copper(Il} are formed; K,Cu(CN),;, K,Cu[Cu(CN),],, and
Cu[Cu(CN),].* As a small amount of copper(II) chloride was present in the copper(I)
chloride used for the experimental work, the cyanide solution prepared from it prob-
ably contained one or more of the copper(Il) cyanide complexes in addition to cop-
per(I) cyanides such as K,Cu(CN);. Thus it was observed that a transient violet colour
formed when the cyanide solution was prepared from copper(I) chloride. According
to Moles and Itzaguirre,* a solution of K,Cu[Cu(CN),], is violet and decomposes to
K,Cu(CN), and Cu[Cu(CN),].

If the violet solution of K,Cu[Cu(CN),], [a copper(II) compound prepared by
the addition of potassium cyanide to copper(II) sulphate solution or the decomposition
products mentioned above], is added to an aqueous solution of potassium ethyl
xanthate and the solution is shaken with chloroform, a compound is extracted that
has the same spectral properties (Fig. 3) as the compound formed when the method
described (Fig. 1, curve A4) is used. The reaction is probably

K;Cu[Cu(CN),], + 6C,H;0CSSK = 3Cu(C,H;0CSS), + 8KCN ¢))
or, if the decomposition product of K,Cu[Cu(CN),], is added,

K,Cu(CN), + 2C,H,0CSSK = Cu(C,H,0CSS), + 4KCN V)

o
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In both cases a copper(Il) xanthate is formed. The conclusion is that the compound
formed in the method is copper(ll) xanthate.

The reactions mentioned above do not take place when there is a large excess of
free cyanide ions, hence the necessity to add nickel sulphate until all the free cyanide
ions are complexed or precipitated.

The presence of nickel cyanide has a disturbing effect on reactions (1) and (2).
If the violet solution of K,Cu[Cu(CN),],, or a solution of its decomposition products,
is added to xanthate in cyanide solution after the addition of nickel sulphate, relatively
small amounts of the copper(Il) xanthate are formed, a green-yellow precipitate of
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F1G. 3.—Absorption spectrum of copper(ll) xanthate in chloroform.

unknown composition being obtained instead. If, on the other hand, copper(l)
cyanides such as KCu(CN), or K,Cu(CN),, together with the copper(II) cyanide
complexes K,Cu[Cu(CN),}, or K,Cu(CN),, are added, the formation of copper(I1I)
xanthate takes place readily. An equation that accounts for the reaction of copper
and xanthate in the presence of nickel cyanide is

Ni(CN), -+ K,Cu(CN), + K,Cu(CN), + 2C,H,0CSSK —
KCu(CN), -- K,Ni(CN); + Cu(C,H,0CSS), + 3KCN

It is generally accepted that copper(Il) ions and xanthate react to form copper(I)
xanthate and dixanthogen.®3 As our observations leave little doubt that the compound
extracted into chloroform is copper(ll) xanthate, copper(Il) ions and xanthate must
react in two stages, the formation of copper(Il) xanthate and the decomposition of
this compound into copper(l) xanthate and dixanthogen.

A notable feature of the analytical method is that the decomposition is delayed
by the choice of appropriate conditions under which the compound can be extracted
into chloroform and measured.

Acknowledgement—The authors wish to thank the Director of the National Institute for Metallurgy
for permission to publish the work described in this paper.
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Determination of small quantities of xanthate

Zusammenfassung—Ein neues spektrophotometrisches Verfahren zur
Bestimmung sehr kleiner Mengen Xanthogenat in Losungen, speziell in
Cyanidlosungen aus Goldextraktionsbetrieben, wird beschrieben. Es
beruht auf der Bildung und Extraktion von Kupfer(ll) xanthogenat.
Der Variationskoeffizient betrdgt im 40 ppm-Bereich 1,09 und im
4 ppm-Bereich 3,47(; die untere Nachweisgrenze liegt bei ctwa 0,5
ppm. Kupfer(II) xanthogenat zersetzt sich normalerweise zu Kupfer(l)
xanthogenat und Dixanthogen; beim hier vorgeschlagenen Verfahren
ist diese Zersetzung verlangsamt.

Résumé—On décrit une nouvelle méthode spectrophotométrique pour
le dosage de trés petites quantités de xanthate dans dcs solutions, en
particulier des solutions de cyanure d’usines d’extraction d’or. Elle est
basée sur la formation et 'extraction du xanthate de cuivre(ll). Le
coefficient de variation est de 1,09, a la teneur de 40 ppmeet de 3,497 a
la teneur de 4 ppm et la plus faible limite de détermination est d’approxi-
mativement 0,5 ppm. Le xanthate de cuivre(I1) se décompose normale-
ment en xanthate de cuivre(l) et dixanthogénc mais, dans la méthode
proposée, la décomposition cst retardce.
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SIMULTANEOUS DETERMINATION OF PALLADIUM,

PLATINUM AND RHODIUM IN CRUDE PLATINUM

SAMPLES BY ACTIVATION ANALYSIS AND HIGH-
RESOLUTION GAMMA SPECTROMETRY

J. TURKSTRA and W. J. pr WET
Chemistry Division, Atomic Energy Board, Pelindaba, South Africa

(Received 25 October 1968. Accepted 1 January 1969)

Summary—Instrumental neutron-activation analysis using a Ge(Li)
detector has been investigated for the simultancous determination of
platinum, palladium and rhodium in crude platinum samples contained
in lead cupels. This technique proved leasible and appears promising
for extension to the determination of most of the noble metals.

SEVERAL methods are used by assaying laboratories to concentrate the platinum
metals from platinum-bearing ores, and include collection in lead, iron-nickel-copper
alloys, and tin. When lead is used as collector, the metals present in the resulting lead
beads are sometimes transferred to silver or gold by cupellation. Platinum and
palladium, and to a lesser extent rhodium and ruthenium, appear as main constituents
in the lead beads, while gold, silver, rhenium, osmium and iridium are present as
minor constituents, depending on the concentration of the individual metals in the
ores,! but segregation may occur, especially with ruthenium and osmium.

Several analytical techniques can be used to determine the individual platinum
metals in a variety of materials, ranging from rocks to highly purified noble metals.?-3
Classical methods are being superseded by physical methods such as X-ray fluores-
cence, polarography, etc,**! but insufficient sensitivity and the lack of agreement in
results for the same samples by different physical methods render their use somewhat
unsatisfactory. Neutron-activation procedurcs, however, have been used for obtain-
ing improved sensitivities,!? and for determination of mg and ug amounts of the noble
metals in platinum metals, minerals, metcorites, etc'® 3t Usually, however, radio-
chemical separations were involved, and a Geiger-Miiller tube or Nal(TI) scintillation
counter was used. These methods are still not entirely satisfactory, owing to the
many precautions which have to be taken,®* apart from the lengthy radiochemical
procedures involved. Most of thesc disadvantages can be climinated if non-destructive
activation analysis can be used.

During the past few years high-resolution lithium-drifted germanium [Ge(Li)]
detectors have been intensively developed for gamma-spectrometry and at present
find wide use in activation analysis, especially for multiple-element analysis. More
gamma-photopeaks can be detected, observed and identified than by earlier methods.

An attempt has been made to apply high-resolution gamma-spectrometry directly
to reactor-irradiated samples in order to assess the possibilitics for determining
platinum, palladium and rhodium in lead beads.

1137
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TABLE L.—NUCLLAR DATA FOR RADIONUCLIDES PRODUCED FROM NOBLE METALS
BY (#, %) REACTIONS

Target ~ Abundance, Cross-section, Product Gamma-ray energy,
isotope % barn isotope Half-life MeV
%Ru 5-51 021 *Ru 2:7d 0-216
0-325
12Ru 31-61 12 102Ry 40d 0-498
0-611
0-040(1*mRh)
1%4Ru 186 07 Ry 45 hr 0-265
0-316
0472
0-725
0-130(*%mRh)
0-322(*%*Rh)
1R h 100 i2 HmRh 4-4 min 0-051
0-077
140 JMRh 42 sec 0-556
1-24
102pd 0-96 4-8 199Pd 17d 0-365
0-040(***mR h)
108pd 27-33 wmpd 21 sec 0-213
17pd 75 % 108y —
18pd 26-71 0-07 tesmpd 4-8 min 0-188
9pd 13-6 hr 0-083(***mAp)
110pd 11-81 nmpd 5:5 hr 017
g 22 min 0-068(*1'mAg)
Ag 51-35 30 WAL 2-3 min 0430
0-511
0-618
0-633
1%Ag 48-65 28 MOAg 270d 0-656
0-706
0-764
0-884
HemAe 24-2 sec 0.656
185Re 37-07 100 1%Re 91 hr 0-137
0123
187Re 62-93 75 18mRe 18:7 min 0-063
0-105
!%*Re 17 hr 0-155
0478
0-633
1840g 0-018 - 200 1%0s 95d 0-647
0-875
%05 13.3 90s 57 hr 0-031
180sg 16-1 1wm(Qg 9-5 min 0-186
0-356
0-510
0-614
1005 264 8 1¥imQg 14 hr 0-074
10g 16 d 0-042(**'m]r)
0-129(1*1m]r)
19205 41 1-6 19305 32hr 0-139
0-281
0-321

0-559
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Table 1. (cont.)

Target Abundance, Cross-section, Preduct Gamma-ray energy,
isotope Y barn isotope Half-life MeV

19y 385 260 1o2m] e 1-4 min 0-058
700 192] ¢ 74-5d 0-295
0-309
0-316
0-468
0-484
0-588
0-604
0-613
193] 61-5 130 9 19 hr 0-325
0-645
0-937
190p¢ 0-012 150 9P 3d 0-130
0-172
0-360
0-409
0-539
0-136
0-031
0-099
0-130
196pg 25-4 197mpy 80 min 0-337
0-8 197pt 18 hr 0077
0-191
0-269
198pg 72 4 199Pyg 31 min 0-074
0-189
0-247
0-318
0-475
0-540

0-159('**Au)

0-208('**Au)
197 Ay 100 98 198 A 1 2:7d 0412

loampl
195mP{

192pg 0-78
194pt 32-8

—0
12
W W
W
oo

EXPERIMENTAL

Nuclear data

The application of reactor neutron activation to the platinum metals results in the formation of
several radioisotopes.!*,18-23,26,30 The most important radioisotopes produced by thermal neutron
bombardment of these metals are given in Table I. TInterfering nuclear reactions, such as (n, p) and
(n, ) reactions, can be neglected in the determination of platinum, palladium?®® and rhodium. In
the determination of rhodium, interference due to the reaction '*Pd(x, p) ***™Rh,***Rhcanbeignored
since the thermal-neutron cross-section of rhodium is much higher than the fast-neutron cross-section
of palladium. The influence of other elements which may be present in the lead bead can be neglected
since these elements are present only in trace amounts.

Procedure

Weighed samples (<10 mg) of lead beads in which the platinum metals had been concentrated were
sealed in polyethylene containers. The beads were obtained by evaporating lead from the original
beads, and contained about 159 lead. Standards were mixtures of weighed portions of standard
solutions of RhCly (90 ug Rhjml), PACl, (670 ug Pd/mb) and PtCl, (830 g Pt/ml) in polyethylene
containers. All reagents used were of analytical or spectrographical purity, and were used without
further purification. The liquid mixture was carefully cvaporated to dryness, after which the con-
tainers were sealed. For convenience of counting in the determination of rhodium, the saraples and
standards were irradiated separately and in fixed sequence for precisely | min.  The relative value
of the integrated neutron fluxes were determined for cach sample and standard by using gold monitor
samples. Irradiations were done in the pneumatic facility of SAFARI 1, an ORR-type reactor, in a
thermal-neutronflux of about 10'* n. mm. =2 scc.”* Westcott’s epithermal index, #, for this irradiation
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position is 0.0148. Gamma-spectrometry of the irradiated samples and standards was done exactly
3 min after each irradiation by placing them 70 mm below a Ge(Li) detector in a system described
elsewhere.®® The irradiated gold standards were measured after about 2 hr of cooling, with the same
counting equipment. Rhodium and gold were determined by measuring the counts under the
0-556-MeV and 0-412-MeV photopeaks of **Rh and !?8Au respectively.

About 5 hr after the first irradiation the samples and standards were re-irradiated in the same
position for 30 min for the determination of palladium and platinum, and measured about 18 hr after
irradiation, 0-088-MeV and 0-159-MeV photopeaks of °*™Ag (daughter of 1°°Pd) and *?Au(daughter
of 199Pt), respectively, being used. Gamma spectra of these samples were also recorded 30 hr after
irradiation. One sample was subjected to long irradiation and counted after a month’s cooling.

Graphical analysis®* was used to obtain the true counts under the different photopeaks. The
resolution of the counting equipment was 4-6 keV for the 0-662-MeV photopeak of **"™Ba.

RESULTS AND DISCUSSION

A gamma spectrum of a lead bead sample after 1 min of irradiation and 3 min of
cooling is shown in Fig. 1. The 0.556-MeV photopeak of 1%Rh which is predominant
in the gamma spectrum, has been used as a measure of the rhodium content of the
sample. That the activity of the 0-556-MeV photopeak was due only to 1™Rh was
confirmed by following the decay of one of the samples for about six half-lives.

Figure 2 shows a gamma spectrum of a lead bead sample irradiated for 30 min and
cooled for about 18 hr. The prominent 0-088-MeV and 0:159-MeV photopeaks of
109mA g and 1%Au (daughters of 1°Pd and *°Pt) are well separated from other gamma-
photopeaks and have been used as a measure of the palladium and platinum contents
of the sample. The samples used appeared to contain ~39; Rh, ~10% Pd and
~309% Pt.

As can be seen even from Fig. 1 which also shows distinct photopeaks of 1%8Ag,
192]r and 1%8Au, it should be possible to extend the non-destructive analysis to other
elements of the noble-metal group. To obtain better sensitivity for these elements
longer irradiation times and cooling periods have to be used. This is clearly seen in
Figs. 2-4. Thirty hours after a bead sample had been irradiated for 30 min at a
neutron flux of 10! n.mm—2.sec?, 1*Ir and *®Au were easily detected (Fig. 3), while
HomA g and 192[r could be distinctly observed after 12 hr of irradiation and 4 weeks of
cooling (Fig. 4). In a number of papers!#18:21-3L jt has been mentioned that in an
almost-thermal neutron flux (<109 fast neutrons) the interference due to fast-
neutron reactions can be ignored in the determination of silver, iridium and gold in
platinum samples. For gold determination, however, care should be taken to avoid
the second-order reaction %Pt(n, y)*7PtS-19Au(n, v)**®Au.®

No indications of photopeaks from ruthenium and osmium were observed in the
gamma spectra of the lead beads. These elements are known to be easily lost by
volatilization and the rather drastic procedures used in forming the lead beads are
presumably responsible for their absence. If the techniques were modified so that
these elements were not lost, no difficulties should be encountered in their determina-
tion either. The determination of rhenium in the lead beads appears to be impossible
owing to its concentration being too low.

Acknowledgement—The authors are indebted to Dr. P. W. de Lange for use of his Ge(Li) detector.

Zusammenfassung—Zur  gleichzeitigen Bestimmung von Platin,
Palladium und Rhodium in Rohplatinproben aus Bleikupelien wurde
die Neutronenaktivierungsanalyse mit einem Ge(Li)-Detektor unter-
sucht. Die Methode erwies sich als durchfithrbar und eroffnet
Moglichkeiten der Ausdehnung auf die Bestimmung der meisten
Edelmetalle.
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Determination of palladium, platinum and rhodium

Résumé—On a étudié I'analyse instrumentale par activation de neu-
trons en utilisant un détecteur & Ge(Li) pour la détermination simul-
tanée des platine, palladium et rhodium dans des échantillons de platine
brut contenus dans des coupelles de plomb. Cette technique se révele
réalisable et parait prometteuse pour I’extension au dosage de la
plupart des métaux nobles.
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SEPARATION OF TERVALENT RARE EARTHS
AND SCANDIUM FROM ALUMINIUM, IRON (I1I),
TITANIUM (1V), AND OTHER ELEMENTS BY
CATION-EXCHANGE CHROMATOGRAPHY IN
HYDROCHLORIC ACID-ETHANOL

F. W. E. StTRELOw and CYNTHIA BAXTER
National Chemical Research Laboratory, P.O. Box 395, Pretoria, S. Africa

(Received 8 January 1962. Accepted 21 March 1969)

Summary—Tervalent rare earths and Sc are separated from the silicate-
forming elements Al, Fe(Ill), Mg and Ti(IV), and also from Mn(II),
U(VI), Be, Ga, In(Ill), TI(II), Bi(III), Ni, Zn, Cu(Il), Cd and Pb
by cation-exchange chromatography. The other elements are eluted
with 3-0M HCI containing 50 9; ethanol from a column of 60 ml of
AGS50W-X8 resin (200400 mesh) while the rare earths are retained.
Separation factors are larger than in aqueous hydrochloric acid.
Th, Zr, Hf, Ba, Sr, Ca, K, and Rb are the only elements which accom-
pany the rare earths group, but these can easily be separated by other
methods which are described. Relevant distribution coefficients,
elution curves and accurate results of quantitative separations of
synthetic mixtures are presented.

WHILE much information is available on the separation of individual rare earths
from their mixtures, the number of procedures described for the ion-exchange separ-
ation of the rare earths as a group from the bulk of other elements is rather limited.

Rare earths can be absorbed as nitrate complexes from nitric acid-organic
solvent'™5 or nitric acid-acetic acid® mixtures on anion-exchange resins. Many
elements are not absorbed and can be separated quantitatively, but Th, U(VI),
Bi, TI(III), Pb, Ba, Sr, Ca and Cd are absorbed and cannot be separated from some
of the rare earths.? Furthermore, Sc has low distribution coefficients in nitric acid—
organic solvent media and does not accompany the other rare earths, while Ti(IV)
cannot be separated from the rare earths because of precipitate formation.® Zr
also cannot be separated and the conditions for the separation of Cu(Il) are rather
critical.®

Bivalent cations such as Ca, Sr, Cu, Ni and Cd can be separated from rare earths
by elution with 1:5M nitric acid from a column of Dowex 50W-X8 cation-exchange
resin, while the rare earths are retained.” Common tervalent ions such as Fe and
Al accompany the rare earths. By use of 1-75M hydrochloric acid as eluent, these
elements can also be separated and the separation of many bivalent ions which have
some tendency to form chloride complexes is improved considerably.® Only Zr,
Hf, Th, Ba and Sr are retained by the resin together with the rare earths, but can
easily be separated by other methods. Al has the highest distribution coeflicient of
the elements eluted with 175M hydrochloric acid and also shows some tailing,
while Sc has the lowest coefficient of the rare earth group.® The separation factor
for these two elements is only o ~ 2-3, and only up to about 2-5 mequiv of Sc can
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be separated quantitatively from 5 mequiv of Al on a column of 60 ml of AG50W-
X8 resin® During a systematic study of cation-exchange distribution coefficients
in hydrochloric acid-ethanol media, it was found that the coefficients for the rare
earths increased considerably more with increasing ethanol concentrations than
did the coefficients for aluminium. This is because the smaller aluminium cation
has a higher charge density and hence has more resistance to reduction of the size
of its hydration sheath than the larger rare earth cations. As a result the separation
of the rare earths from Al and also from Ga and other elements can be improved
considerably by using 3:0M hydrochloric acid in 509, ethanol as eluent for these
elements instead of 1-75M hydrochloric acid. The separation factor «,;*increasesfrom
23 to 13, and «,,'" increases from 2-3 to 4-2. With this eluent Yb becomes the least
strongly absorbed of the rare earth elements, except Lu which was not investigated.
The behaviour of Yb during elution experiments and in quantitative separations
from Al and other elements has therefore been studied in more detail.

EXPERIMENTAL
Reagents and apparatus

Chemicals of analytical grade purity were used when possible. The cation-exchanger was BioRad
AGS50W-X8 resin, a specially purified sulphonated polystyrene. Borosilicate glass tubes of 20 mm
bore, fitted with a B19 ground-glass joint at the top and a No. 2 sintered-glass plate and a tap at the
bottom were used as columns.

Distribution coefficients

Distribution coefficients were determined by the batch method with 2-500 g of dry resin, 5 mequiv
of the cation and a total solution volume of 250 ml. The resin was dried at 60° over phosphorus
pentoxide in a vacuum pistol. The solutions were equilibrated by shaking for 24 hr at 20° and then
filtered. The amounts of the elements in the aqueous and, when possible, in the resin phase, were
determined by appropriate methods, and the distribution coefficients D calculated from

amount on resin ml of solution
amount io solution g of dry resin

Comparative coefficients in 1-75M hydrochloric acid and in 3-00M hydrochloric acid in 50%;
ethanol are presented in Table I.

Elution curves

Table I shows that Al is the most strongly absorbed of the elements which are to be separated
from the rare earths, while Yb is the least strongly absorbed of the rare earths. An elution curve for
these two elements was therefore prepared, a 20-mm diameter column of 20 (60 ml) of AG50W-X8
resin, 200-400 mesh, being used.

Al (1-7 mmole) and Yb (1-0 mmole) in 50 ml of 0-1M hydrochloric acid were added to the column
and absorbed on the resin. Aluminium was then eluted with 3-00M hydrochloric acid in 509 ethanol
(flow-rate 1-5 4 0-3 mi/min, the maximum obtainable without application of external pressure).
The elution was continued until Yb also appeared in the eluate, thus providing information about
the limitations of the method with regard to the amounts which can be separated. An automatic
fraction-collector took 25-ml portions, in which the two elements were subsequently determined. The
experimental curve is shown in Fig. 1.

Figure 2 presents a similar elution curve for the Mg-La pair, but elution with 3-00M hydrochloric
acid in 507{ ethanol was stopped after 500 ml and the La(III) was then eluted with 3-00M aqueous
hydrochloric acid. An elution curve for the Ti(IV)-La pair on the same column is shown in Fig. 3.
In this case absorption took place from 0-5M hydrochloric acid containing 0-1%; of hydrogen
peroxide to suppress the hydrolysis of Ti(IV). Elution carried out with 3-00M hydrochloric acid in
509; ethanol containing 0-57; of hydrogen peroxide was stopped after 500 ml and the La then eluted
with 4-00M aqueous hydrochloric acid.

Ga, Fe(IlI), Ni, Mn(II), Be and U(VI) are eluted ahead of Al and have elution curves which are
more or less comparable to those of Mg and Ti(IV), while In(IIT), TI(IL), Bi(IlI), Zn and Cu(Il)
appear in the eluate at the elution front.
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TaBLE I.—EQUILIBRIUM DISTRIBUTION COEFFICIENTS
3-00M HCl in
Element 1-75M HCIf 509%; ethanol
La 70 123
Ce(III) 67 119
Sm 56 101
Gd 482 92
Er 41-8 54
Y 40-1 61
Yb 399 43-5
Sc 38-8 134
Al 17-0 10-1
Ga 16-4 37
In(I1I) 0-7 <05
TI(ID) <0-5 <05
Bi(I1D) <05 <0-5
Fe(III) 7-1 42
*Ti(IV) 54 59
Mn(II) 7-8 69
Ni(II) 8-8 56
Mg 79 83
U(vD 86 59
Be 69 42
Zn 54 <0-5
Cu(Il) 6-0 16
Ca 15-8 300
Sr 22-5 62
* 1 ml of 309, H,O, present.
T Published previously, included for comparison.
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FiG. 3.—Elution curve for Ti(IV)-La.
Column of 60 ml (20 g) of AG50W-X8 resin, 200400 mesh. Flow-rates 1-5 + 0-3
ml/min for ethanolic, 3-0 4 0-3 ml/min for aqueous solution.
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Quantitative separations

Volumes of standard solutions of one rare earth and one other element in 0-1M hydrochloric
acid were measured out in triplicate, mixed, and absorbed on a column of AG50W-X8 resin as
described above. Solutions containing Ti(1V), TI(1I1) and Bi(IIT) were absorbed from 0-5M hydro-
chloric acid. In the case of Ti(IV) these solutions also contained 0-5%; of hydrogen peroxide
Mixtures containing Pb were passed through the column in 3-0M hydrochloric acid in 50%; ethanol.
The “other elements” were then eluted with 300 ml of 3-00M hydrochloric acid in 509; ethanol.
Aluminium required 500 ml of this eluent. Flow-rates were 1-5 4= 0-3 ml/min. The eluates for Pb,
Bi(III) and TI(10) were taken from the beginning of the absorption step, the others from the beginning
of the elution step, The rare earths were finally eluted with 500 ml of 4-00M hydrochloric acid at a
flow-rate of 3-0 4- 0-3 ml/min. Ethanol and excess of acid were removed from the eluates by evapora-
tion and the amounts of the elements determined. The results are presented in Table II, and the
methods used are summarized in Table III.

TABLE II.—QUANTITATIVE SEPARATIONS

Taken, mg Found, mg*

Rare earth Other element Rare earth Other element
Yb 1681 Al 56-12 1680 4+ 0-2 56-10 £+ 0-06
Yb 2522 Al 1-403 252-1 4 0-3 1-405 + 0-005

1Yb 2-52 Al 2245 2:54 + 004 2244 +- 02

Sc 4510 Al 56-12 45-08 4 0-05 56-10 £ 0-05
1Sc 0-451 Al 224-5 0-448 4- 0-005 2246 + 02
Gd 1489 Al 56-12 148-8 4- 0-3 5613 + 0-06
La 1401 Al 5612 140-1 4 0-2 56-09 £ 0-06
Yb 1681 Ga 75-35 168-2 4+ 0-2 7540 £ 0-08
Yb 1681 In(III) 112-5 1681 4 0-2 . 1124 4+ 0-2
Yb 1681 Fe(lll) 5496 168-1 - 0-1 54-98 4- 0-06
Yb 1681 Ti(IV) 5612 168-0 4+ 0-2 56-10 £ 0-05
Yb 1681 Be 18-22 168-2 4- 0-2 18-24 4 0-04
Yb 1681 Mg 24-81 168-1 4 0-2 24-82 4 0-03
Yb 1681 U 2296 1682 + 0-2 2297 £ 02
Yb 1681 Bi(III) 1029 1681 £ 0-2 102-8 4- 0-2
Yb 1681 TIAID) 103-6 168-1 4~ 0-3 103-6 4- 0-1
Yb 168-1 PbI) 2054 168-0 4 0-2 205-5 4 0-2
Yb 168-1 Cd 114-3 1681 4- 0-2 1142 4+ 0-2
Yb 1681 Zn 6591 168-2 4+ 0-2 65-90 4- 0-06
Yb 1681 Cu(dl) 64-33 1679 + 0-3 64-30 L 0-08
Yb 1681 Mn(Il) 5841 168:0 4 0-2 5843 + 0-05
Yb 1681 Ni(II) 55-98 168:2 4+ 0-2 5595 + 0-08

* Mean of triplicate determinations.
1 Al eluted with 600 ml of eluent.

DISCUSSION

The method described provides a useful means for the quantitative separation of
the rare earths and scandium as a group from the common silicate-forming elements
Al, Fe(IIl), Mg and Ti(IV), and also from Mn(II), U(VI), Be, Ga, In(III), TI(III),
Bi(IlI), Ni, Zn, Cu(Il), Cd and Pb. Actual separations have been performed mainly
for element-pairs with Yb as the rare earth. Because Yb is the least strongly absorbed
of the rare earths (except Lu), it is reasonable to assume that separations will also be
quantitative for the other rare earths. Elements such as Co(II), Hg(IT), Li, Na, V(V),
Mo(VI), Au(IIl) and the platinum metals have not been investigated in detail, but
according to their distribution coefficients® they should also be eluted with 3-0M
hydrochloric acid in 509 ethanol.

The presence of the organic solvent increases the separation factor for the Yb-Al
pair, the most critical one, to a,,*? = 4-2 as compared with 2-3 in aqueous 1-75M

3
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TABLE III.—ANALYTICAL PROCEDURES

Element Method

Sc, Zn, Pb, Bi(IID) Titration with EDTA, Xylenol Orange as indicator.

TI(TI) Titration with EDTA in the presence of tartrate at pH 10,
Methylthymol Blue as indicator.

Mg Titration with EDTA, Eriochrome Black T as indicator.

Mn(II) Titration with EDTA in presence of hydroxylamine hydro-
chloride, Methylthymol Blue as indicator.

Cd Titration with EDTA, Methylthymol Blue as indicator.

Ni Titration with EDTA, Murexide as indicator.

Al Excess of CDTA, back-titration with Zn(II), Xylenol Orange as

indicator.

Fe(I1D) Dichromate titration after reduction to Fe(II).

Cu(Il) Todide-thiosulphate titration.

La, Gd, Yb Gravimetrically as oxides after precipitation with oxalic acid.

In(III), Ga, Ti(IV), U(VD) Gravimetrically as oxides after precipitation with ammonia
solution.

Be Gravimetrically as benzoylacetonate.

hydrochloric acid,® while that for the La-Al pair increases from 4-1 to 12-2. As a
result larger amounts of rare earths can be separated from other elements in hydro-
chloric acid-ethanol mixtures. Furthermore, the tailing which Al shows on elution
with 1-75M hydrochloric acid® is reduced considerably, mainly because the distribution
coefficient of Al is lower in 3-0M hydrochloric acid in 50%, ethanol than in 1-75M
aqueous hydrochloric acid (Table I).

Separations are sharp and quantitative for amounts up to 1-5 mmole of Yb from
several mmole of other elements on a 60-ml resin column. As little as 0-451 mg of
Sc can be separated from about 200 mg of Al or even larger amounts of other elements
and determined with an error of about 19.

The only elements which accompany the rare earths are Th, Zr, Hf, Ba and Sr
completely, and Ca, K and Rb partially. Up to at least 200 mg of Th are retained
by the column when the rare earths are eluted with 4:0Mf hydrochloric acid. Zr and Hf
can be separated from the rare earths and Sc by eluting the latter group with 0-25M
sulphuric acid from a column of AG1-X8 anion-exchange resin, on which Zr and
Hf are retained. Ba, Sr, Ca, K and Rb can be eluted from a 60-ml column of AG50W-
X8 resin with 1:75 or 2:0M nitric acid, the rare earths and Sc being retained.

The separation of Al from the rare earths is much less satisfactory when 100-200
mesh resin is used instead of 200400 mesh resin, yet Fe(III) and many of the other

elements can be separated quite satisfactorily from the rare earths by use of resin
of larger particle size.

Zusammenfassung—Dreiwertige seltene Erden und Sc werden durch
Kationenaustauschchromatographie von den silikatbildenden Elemen-
ten Al, Fe(Ill), Mg und Ti(IV) sowie von Mn(I), U(VI), Be, Ga,
In(IIN), TI(IIL), Bi(1ll), Ni, Zn, Cu(II), Cd und Pb abgetrennt. Die
anderen Elemente werden von einer Siule von 60 ml Harz AG50W-X8
(200-400 mesh) mit 3,0M HCI eluiert, die 50% Athanol enthdlt; die
seltenen Erden bleiben zuriick. Die Trennfaktoren sind groger als in
wiBriger Salzsdure. Th, Zr, Hf, Ba, Sr, Ca, K und Rb sind die einzigen
Elemente, die die Gruppe der seltenen Erden begleiten; sie kénnen
jedoch mit anderen beschriebenen Methoden leicht abgetrennt werden.
Die einschldgigen Verteilungskoeffizienten, Elutionskurven und genaue
Ergebnisse quantitativer Abtrennungen syntl etischer Gemische
werden vorgelegt.
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Separation of rare earths and scandium

Résumé—On sépare, par chromatographie d’échange cationique, les
terres rares trivalentes et Sc des éléments générateurs de silicate Al,
Fe(Il), Mg et Ti(IV) et aussi de Mn(II), U(VI), Be, Ga, In(Il),
TI(II), Bi(Ill), Ni, Zn, Cu(Il}), Cd et Pb. Les autres €¢léments sont
€élués par HCI 3,0M contenant 50 % d’¢thanol d’une colonne de 60 ml
de résine AG50W-X8 (200400 mesh) tandis que les terres rares sont
retenues. Les facteurs de séparation sont plus élevés qu’en acide
chlorhydrique aqueux. Th, Zr, Hf, Ba, Sr, Ca, K et Rb sont les seuls
¢€léments qui accompagnent le groupe des terres rares, mais ils peuvent
étre aisément séparés par d’autres méthodes que Pon décrit. On
présente les coefficients de partage correspondants, les courbes d’¢lu-
tion et les résultats exacts de séparations quantitatives de mélanges
synthétiques.

REFERENCES

. P. Faris and J. W. Warton, Anal. Chem., 1962, 34, 1077.
. Korkisch and F. Tera, ibid., 1961, 33, 1264.

. S. Fritz and R. G. Greene, ibid., 1964, 36, 1095.

. S. Ahluwalia and J. Korkisch, Anal. Chim. Acta, 1964, 31, 552.

. Korkisch, 1. Hazan and G. Arrhenius, Talanta, 1963, 10, 865.

. Korkisch and G. Arrhenius, Anal. Chem., 1964, 36, 850.

. S. Fritz and B. B. Garralda, Talanta, 1963, 10, 91.

. W. E. Strelow, Anal. Chim. Acta, 1966, 34, 387.

. W. E. Strelow, C. R. van Zyl, and C. J. C. Bothma, Anal. Chim. Acta, in the press.

[y

jeslles)

1151



Talanta, 1969, Vol. 16, pp. 1153 to 1158. Pergamon Press. Printed in Northern Ireland

COMPLEXES FORMED IN THE CHLOROFORM
EXTRACTION OF URANIUM(VI) WITH OXINE

SHOHACHIRO OKI
Department of Industrial Chemistry, Faculty of Engineering, Shizuoka University,
Hamamatsu, Japan

(Received 18 December 1968. Accepted 31 January 1969)

Summary—Equilibrium distribution ratios have been determined for
uranium(VI) with oxine between chloroform and 0-1M perchlorate as
a function of pH and reagent concentration at 20°. It is concluded
that the extractable complex is UO,0x,HOx. The equilibrium con-
stants for the extraction of uranium have been determined as Ky,; =
[UO,0x,HOx],/[UO,**[Ox"P[H*] = 10%-1% at low pH and Ky,, =
[UO,0x,HOx],/[UO,0x,OH-[Ox-1[H*]? = 10%-4° at high pH.

THE first stoichiometric study of the distribution equilibrium of uranium(VI) with oxine
(HOx refers to the neutral oxine molecule) was carried out by Dyrssen and Dahlberg.!
They reported that uranyl ion was extracted as UO,Ox, but not as UO,0x,HOx,
because the distribution ratio was proportional to the square of the concentration
of oxinate anion, though the data were somewhat scattered. Clifford, Bullwinkel,
McClaine, and Noble? found that uranyl ion was extracted from a carbonate solution
at high pH into isobutyl methyl ketone containing oxine and quarternary alkylam-
monium chloride, as the uranyl trioxinate ion associated with the ammonium cation.
Stary,® who carried out a systematic study of the solvent extraction of 32 metal
oxinates, reported that uranyl ion was extracted into chloroform as UO,Ox,HOxX.

The inconsistencies in the literature regarding the extractable uranium(VI)-oxine
complex indicate the need for further studies of the distribution behaviour of uranium
between chloroform and an aqueous perchlorate solution. It is of interest to know
whether the uranium-oxine complex in the organic phase has an additional molecule
of oxine and to what extent the additional molecule of oxine influences the distribution
curve.

EXPERIMENTAL

Reagents

All the reagents used were of guaranteed reagent grade. The chloroform used contained
0-5% v/v ethanol. The distilled water was boiled before use, to remove carbon dioxide. Sodium hy-
droxide solutions were prepared by diluting aqueous saturated solution of sodium hydroxide with
air-free water, and stocked in polyethylene bottles.

Procedures

Preparation of UO,0x,HOX. To 200 ml of a solution containing 1 g of uranyl nitrate hexahydrate,
was added 1 g of oxine in 100 ml of 1M hydrochloric acid. The solution was heated to about 70°
and 2M ammonia was added dropwise, with stirring by magnetic stirrer, until no further precipitate
appeared on addition of ammonia. After digestion for an hour the precipitate was filtered off on a
glass filter and washed with hot distilled water. The product was then dried in a desiccator over
phosphorus pentoxide. The composition of the complex was verified from the weight loss on ignition
to uranium oxide in platinum crucibles at 950° and by bromometric titration of oxine in the complex.

Distribution measurements. A volume (5 ml) of chloroform containing known amounts of oxine
and UO,0x,HOx was shaken with an equal volume of an aqueous perchlorate solution for an

1153
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Fic. 1.—Distribution of U as a function of pH (acid region).
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hour. The pH was adjusted by addition of sodium hydroxide and perchloric acid, and sodium per-
chlorate was added to give a constant ionic strength of 0-1M. After equilibrium had been reached, the
mixture was centrifuged and a portion (1-2ml) of the organic phase was taken for uranium determina-
tion with arsenazo-III. The pH of the aqueous phase was measured.

Determination of uranium with arsenazo-III.” Uranium in the organic phase was determined by
the procedure of Onishi and Toita.* The sample solution was heated to remove chloroform and ex-
cess of oxine. The remaining residue was dissolved in 6 hydrochloric acid and fine zinc powder
was added. After about 30 min, when the zinc powder had dissolved completely, 1 ml of 0-17;
solution of arsenazo-III was added per 10 ml of aqueous solution and the absorbance at 670 nm was
measured against a reagent blank.

Determination of pOx. The value of pOx (—log [Ox~]) is calculated by equation (1) from the
pH and the initial concentration of oxine in the organic phase, [HOx};.

Dg[H'] [H] [H'P '
pOx = log (1 + RKI + K, + K1K2)— log [HOx] 4))

where K, and K, are the acid dissociation constants of oxinium ion and oxine, Dg is the distribution
coefficient of oxine, HOx, and the concentration of hydrogen ion is calculated as pH = —log [H*] for
convenience. Dy, pKj, and pK, were determined from the distribution results for oxine, obtained in
preliminary experiments under the same distribution conditions as for uranium. The analysis of the
distribution data was carried out according to Dyrssen.® The following values were obtained and
adopted in this work: log Dr = 2-64, pK, = 5-14, and pK, = 9-74; they are in good agreement with
published values.?-®
All experiments were carried out in a temperature-controlled room at 20°,

RESULTS AND DISCUSSION

Distribution of uranium(VI) at low pH
The distribution curves for uranium in the low pH region are given in Fig. 1
(Dy is the distribution ratio of uranium).
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pH, 2

log [HOx1,

F1G. 2.—Comparison of published pHy/, values.
A, Dyrssen;! 1, Stary;® O, this work.

The pH;, values are determined to be 2+61, 3:02 and 3-56 for 0-1M, 0-03M, and
0-01M oxine in chloroform respectively, and they are independent of the initial
concentration of uranium examined (1-42 x 10~® and 1-42 x 107M).

Stary ® reported the pH,,, values obtained under similar experimental conditions
to be 2:60 and 3-81 for 0-1M and 0-01 M oxine respectively. For 0-1M oxine the pHy o
value determined in this experiment is in good agreement with that given by Stary,
but that for 0-01M oxine is a little smaller.

If the data given by Dyrssen and Dahlberg! are plotted as log Dy against pH
(—log [H*] + 0-09), the pHy/, values 2:61, 2-74 and 3-26 are obtained for 0-1,
0-05, and 0-02)f oxine respectively. The agreement is very good as shown in Fig. 2.

The curves in Fig. 1 become steeper at decreasing pH because oxine is transferred
to the aqueous phase as oxinium ions. It can be seen that A log Dy/A log [HOx],
is close to 3 at pH 3, and a similar slope is obtained when the earlier data of Dyrssen
and Dahlberg! are plotted. Thus the uranyl ion cannot be extracted as U0,0x,
as suggested by them, and the dominating complex in the range 0-01-0-1M/ oxine is
more likely to be UO,0x,HOx.

In order to test the reaction

U0+ + 30x~ + H* < UO,0x,HOx (org), @
Dy ~ [UO,0x,HOx},/[UO,**] was plotted as log Dy + pH against pOx (Fig. 3).
The points for the three different concentrations of oxine fall practically on a single
curve with limiting slope —3. The fall-off from slope —3 can be explained by the
appearance of uranyl oxinate complexes in the aqueous phase on increasing [Ox~].
From the limiting slope it is possible to calculate the constant for equilibrium (2):
_ [U0,0x,HOx],
~ [UO][0x"F[H]

Kya — 10%18 3)

Distribution of uranium(VI) at high pH
The distribution curves in the high pH region are shown as a function of pH in
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log D, + pOx
iz

; I |
9 10 i i2

pH

F1G. 5.—A plot of log Dy + pOx vs. pH.
For symbols see Fig. 1. Slope of the straight line is —2.

Fig. 4. The distribution ratio of uranium decreases with increasing pH in the alkaline
region, as was pointed out by Dyrssen and Dahlberg.! An interesting fact is that the
distribution ratio is higher with 1-42 x 10~4M uranium than 1-42 x 107°M. The
difference becomes distinguishable with increasing concentration of oxine. These
results may suggest that some polymerized uranium-oxine complexes are present in
the organic phase in addition to UO,Ox,HOx when the concentration of uranium(VI)
is 142 X 107%M, and that oxine plays an important role in the formation of such
complexes. However, the absorption spectra of uranium-oxine complex in the
organic phase were not changed significantly by changes in the concentration of
oxine (0-01-0-1M) or uranium (7-10 x 105 and 1-42 x 104M).

The slopes of the distribution curves (approximately —1) in Fig. 4 indicate that a
negatively charged complex is formed in the aqueous phase. Furthermore, A log D/
A log [HOx]; is approximately 1 at pH 11. This indicates that UO,Ox,OH" is formed
in the aqueous phase.

In order to test the reaction

U0,0x,HOx(org) = UO,0x,0H~ -- 2H* - Ox~ 4)
Dy ~ [UO,0x,HOx],/[UO,0Ox,0H~] was plotted as log Dy 4 pOx against pH
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(Fig. 5). The points for the three different concentrations of oxine fall practically on
a single curve with a limiting slope of —2. From this slope

Ko [UO,0x,HOx],
U2 [UO,Ox,0H-][HHF[Ox"]

— 102540 5

can be calculated. At lower pH the results deviate from the straight line with slope
—2,indicating that UO,Ox, is present in the aqueous phase in addition to UO,0x,OH.
Thus, the results do not support the existence of the complex, UO;0x5~, in the
aqueous phase as suggested by Dyrssen and Dahlberg! or by Bullwinkel and Noble.?
In fact Dyrssen and Dahlberg’s results only prove the existence of a negatively charged
complex, UO,0x,(OH),_,, and the absorption spectra given by Bullwinkel and Noble?
indicate that UO,Ox,;~ is changed when a salt (e.g., [(C¢H;),AsT][UO,0x57]) is
dissolved in aqueous solution.

Acknowledgement—The author wishes to thank Dr. Jun’ichi Kobayashi for his helpful discussions
and Miss Hideko Koike for her experimental aid. The distribution data are available in mimeo-
graphed form.

Zusammenfassung—Die Verteilungsverhiltnisse im Gleichgewicht
wurden fiir Uran(VI) mit Oxin zwischen Chloroform und 0,I1M
Perchlorat als Funktion von pH und Reagenskonzentration bei 20°
bestimmt. Es wird geschlossen, daB der extrahierbare Komplex
UO0,0x,HOx ist. Die Gleichgewichtskonstanten zur Extraktion von
Uran wurden bestimmt als Ky,, = [UO,0x,HOx],/[UO,2*}[Ox~]*-
[H*] = 10°%.28 beiniedrigem pH und Ky,, = [UO,0%,HOx],/[UO,Ox,~
OH~]{Ox~] [H*]* = 10%:.4? bei hohem pH.

Résumé—On a déterminé les rapports de partage & I’équilibre pour
P’uranium(VI) avec P’oxine entre le chloroforme et le perchlorate
0,1M en fonction du pH et de la concentration en réactif a 20°. On
en conclut que le complexe extractible est UO,0x,HOx. On a déter-
miné que les constantes d’équilibre pour I'extraction de 'uranium
sont Ky,; = [UO,0x,HOx],/[UO,**][Ox~]°[H*] = 10%.!® i bas pH
et Ky,» = [UO,0x,HOx],/[UO,Ox,OH-][Ox][H*]* = 10*4:4° & pH
élevé.
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BESTIMMUNG VON IONENBEWEGLICHKEITEN IN
NICHTWASSRIGEN ELEKTROLYTLOSUNGEN—I

DIE MESSUNG DER UBERFUHRUNGSZAHL DER Na-IONENKOM-
PONENTE IN WASSERFREIEM METHANOL NACH DEM RADIO-
ISOTOPENVERFAHREN MIT HILFE DES y-STRAHLERS Na

G. MARX und D. HENTSCHEL
Institut fiir Anorganische Chemie der Freien Universitdt Berlin
(Abteilung Radiochemie), 1 Berlin 33, B.R.D.

(Eingegangen am. 4 November 1968. Angenommen am. 30 Dezember 1968)

Zusammenfassung—Zur Uberprﬁfung der Anwendungsméglichkeit des
Radioisotopenverfahrens, das Uberfiihrungszahlen nach der Methode
der direkten Grenzflichenwanderunggestattet, auf Bestimmungen in
nichtwissrigen Elektrolytlosungen wurde die Uberfithrungszahl der
Na-Ionenkomponente in 0,01n wasserfreier NaCl-Methanol-Losung
bei 25° unter Verwendung des p-Strahlers ?*Na ermittelt. Die erhal-
tenen Ergebnisse sind in guter Ubereinstimmung mit den mit Hilfe
herkdmmlicher MeBverfahren erhaltenen Werte. Die Genauigkeit und
Konzentrationsgrenze des MeBverfahrens und seine Vorteile gegeniiber
den optischen Methoden bei der Uberfiihrungsmessung in nicht-
wissrigen Medien werden diskutiert.

TONENBEWEGLICHKEITEN sind eine wichtige Grofle zur Ermittlung der Struktur von
Elektrolytlosungen, da sie Aussagen iiber den Zustand des geldsten Elektrolyten und
somit iiber seine Wechselwirkung mit dem Losungsmitte] gestatten. Sie sind bekannt-
lich aus kombinierten Leitfahigkeits- und Uberfiihrungszahlmessungen zu errechnen.

Da die zu ermittelnde Abhéngigkeit dieser MeBgréen von den Versuchsbedingun-
gen (Konzentration, Druck, Temperatur usw.) z.T. sehr gering ist, muf ihre Messung
mit hoher Prizision erfolgen, um fiir theoretische Problemstellungen hinreichend
genaue Aussagen zu erhalten.

In der Literatur ist nun eine groe Anzahl von exakten MeBdaten der Leitfahigkeit
und Uberfiihrungszahl in wissrigen Elektrolytldsungen bekannt.! Aus ihnen lassen
sich die entsprechenden Ionenbeweglichkeiten im wéssrigen Medium, ihre Tempera-
atur- und Konzentrationsabhéngigkeit und ihre Grenzionenleitfahigkeit mit hinreich-
ender Genauigkeit ermitteln. Die von MclInnes, Longsworth und Gordon®*-® und
ihren Schulen zu hoher Prizision entwickelte Methode der Uberfiihrungszahl-
bestimmung nach dem Grenzflichenverfahren ermdglicht ferner die Uberpriifung der
Debye-Hiickel-Onsager-Theorie in wissrigem Medium, zu der Uberfiihrungszahlen
insofern sehr geeignet sind, da ihre Konzentrationsabhingigkeit Aussagen iiber
den speziellen EinfluB des elektrophoretischen Effektes zuldBt.® Dagegen liefern
Leitfdhigkeitsmessungen nur Aussagen iiber den gemeinsamen EinfluB des elektro-
phoretischen und Relaxations-Effektes.

Auf dem Gebiet der nichtwissrigen Elektrolytlosungen liegt ebenfalls eine groBe
Zahlvon exakten Leitfdhigkeitsmessungen vor.1'1® Dagegensind Prizisionsmessungen
von Uberfiihrungszahlen in nichtwéssrigen Losungsmitteln aulerordentlich spérlich
vorhanden. Dieser Mangel an exakten Uberfiihrungsmessungen beschrinkt in vielen
Fillen die Ermittlung der Einzelionenleitfahigkeit und damit der Ionenbeweglichkeit,
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so daB das reichhaltige Material an prézisen Leitfdhigkeitsmessungen fiir die Bestim-
mung dieser GroBe nicht voll ausgenutzt werden kann.

Von den verschiedenen Autoren wird daher auf die Notwendigkeit der Kenntnis
der Ionenbeweglichkeit fiir die weitere Erforschung nichtwissriger Elektrolyt-
16sungen immer wieder mit Nachdruck hingewiesen.11-1® Uberfiihrungsmessungen in
nichtwissrigen Medien wiirden auch eine weitere Uberpriifung der Giiltigkeit der
Elektrolyttheorien fiir diese Losungsmittel ermdglichen.

Die Kenntnis der Ionenbeweglichkeit in nichtwissrigen Elektrolytlosungen
diirfte sich auch auf dem Gebiete der Papierchromatographie und Papierelektro-
phorese als sehr fruchtbar erweisen, da dann theoretische Voraussagen iiber die
Trennbarkeit von Elektrolytmischungen in den betreffenden Losungsmitteln moglich
sind.

Zur Ermittlung der Grenzionenleitfahigkeit in nichtwéssrigen Elektrolytldsungen
miissen Uberfiihrungs- und Leitfihigkeitsmessungen in diesen Medien bis zu Elektro-
lytkonzentrationen von 10~2 bis 10~%n bzw. bei noch geringerer Konzentration durch-
gefiihrt werden, um die Ionenassoziation in diesen Losungsmitteln mit Sicherheit
ausschlieBen zu konnen.

Leitfdhigkeitsmessungen sind bei geringer Konzentration durchgefiihrt worden.
Der Mangel anexakten Werten fiir die lonenbeweglichkeit in nichtwéssrigen Elektrolyt-
16sungen beruht daher in erster Linie auf dem Unvermdgen der herkommlichen
MeBverfahren, Uberfiihrungsmessungen bei derartig geringen Elektrolytkonzentra-
tionen durchzufiihren. Die drei Verfahren zur Bestimmung von Uberfiihrungszahlen
sind I. das Hittorf-Verfahren, 2. das EMK-Verfahren und 3. diec Methode der
Grenzflichenwanderung.

Das Hittorf-Verfahren ist wegen seiner unteren Konzentrationsgrenze von 0,01n
fiir Prizisionsmessungen von Uberfiihrungszahlen in stark verdiinnten nichtwissrigen
Elektrolytlosungen ungeeignet.1é

Mit dem EMK-Verfahren sind einige MeBreihen der Uberfiihrungszahlen in
nichtwissrigen Elektrolytlosungen bis herab zu einer Konzentrationsgrenze von
10-3n durchgefiihrt worden.’®-22 Die Genauigkeit des Verfahrens beruht aber auf der
Reversibilitdt und Reproduzierbarkeit der verwendeten Elektroden, die in nichtwéssri-
gen Medien eingeschrdnkt sind, so dal dieses Verfahren nur bedingt einsatzfahig ist.

Dagegen ist das Grenzflichenverfahren bereits mit Erfolg zur Prizisionsmessung
von Uberfiihrungszahlen in nichtwéssrigen Medien herangezogen worden.!1:14:23-25
Seine Fehlergrenze betrdgt 0,03 9 und ist somit hinreichend.!6

Bei der herkommlichen Verfolgung der im elektrischen Felde stattfindenden
Grenzschichtwanderung mittels optischer Methoden ist die untere Konzentrations-
grenze des Grenzflichenverfahrens durch die Empfindlichkeit begrenzt, mit der
unter Ausnutzung des Unterschiedes in der Farbe bzw. in den Brechungsindices der
liberschichteten Losungen die Grenzschicht noch lokalisiert werden kann. Diese
Grenze liegt allgemein bei 5-102n. Unter Anwendung der Schlieren-Methode
auf die Grenzschichterkennung kann diese Konzentrationsgrenze noch unterschritten
werden. Jedoch erfordert das Schlieren-Verfahren einen rechteckigen Querschnitt
der Wanderungsstrecke, was eine unsymmetrische Temperaturverteilung im MeBrohr
bedingt, die sich auf die Stabilitit der Grenzschicht sehr nachteilig auswirkt.

Gordon versuchte diesen Nachteil des optischen Erkennungsverfahrens zu
beseitigen, indem er den an der Grenzschicht erfolgenden Leitfahigkeitssprung der
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Elektrolytldsungen zur Grenzschichtlokalisierung verwendete.26 Mit diesem Leit-
fahigkeitsverfahren konnte er eine Konzentrationsgrenze von 10-%n erreichen.

Am giinstigsten diirfte die Messung von Uberfiihrungszahlen in nichtwissrigen
Medien mit dem in unserem Labor entwickelten Radioisotopenverfahren erfolgen,
das die Grenzschicht zwischen einer inaktiven und einer mit - bzw. y-Radioisotopen
markierten radioaktiven Losung mit Hilfe geeigneter Strahlendetektoren zu lokali-
sieren gestattet.?”—34

H. J. Schiff hat zuerst im Rahmen seiner Dissertation die Wanderung einer mit g-Strahlern
markierten Grenzschicht aktiv/inaktiv mit Hilfe von Endfensterzihlrohren verfolgt. Da dieser Teil
seiner Dissertation nicht veroffentlicht wurde, erhielten wir erst lange nach Beginn unserer eigenen
Untersuchungen durch eine Monographie’® davon Kenntnis. Schiff gelang es aber nicht, Uber-
fithrungszahlen nach seiner Methode zu messen, da er aufgrund eines prinzipiell falschen Ausblend-
mechanismus radioaktive Losungen einer Aktivititskonzentration von >1 mCi/ml benétigt, die
ihm nicht zur Verfligung standen. Die erforderlichen Aktivitdts-Konz. fiir unser - bzw. y-Radio-
isotopenverfahren liegen zwischen 0,1 bis 5 #Ci/ml.

Mit diesem Verfahren gelingt es, Uberfiihrungszahlen in wissrigen Medien
noch bei einer geringeren Konzentration als 10~*n zu messen. Dabei zeigt es sich,
dabB eine prinzipielle untere Konzentrationsgrenze existiert, bis zu der Grenzschichten
zwischen chemisch verschiedenen Losungen noch stabil sind.3® Diese prinzipielle
untere Konzentrationsgrenze des Grenzflichenverfahrens kann mit Hilfe der Radio-
isotopenmethode iiberwunden werden, indem die Grenzschicht zwischen zwei
chemisch identischen Ldsungen erzeugt wird, die sich allein aufgrund ihrer radio-
aktiven Markierung voneinander unterscheiden.? Durch Anwendung dieser sogenann-
ten “‘identischen Methode” entféllt auch das Problem der Auffindung einer geeigneten
Indikatorlosung, das bei dem herkdmmlichen Grenzflichenverfahren oftmals nur mit
erheblichen Schwierigkeiten zu 16sen war.

Um nun die Anwendbarkeit des y-Radioisotopenverfahrens zur Messung von
Uberfiihrungszahlen in nichtwissrigen Elektrolytldsungen nachzuweisen, haben wir
es anhand eines Elektrolytpaares iiberpriift, dessen Uberfiihrungszahl bereits mit
herkédmmlichen Methoden sehr genau bestimmt worden ist. Dafiir schien uns die
von Gordon bei 25° ermittelte Uberfiihrungszahl der Na-Tonenkomponente in
einer 0,01n Losung von Natriumchlorid in wasserfreiem Methanol am geeignetsten
zu sein, da bei dieser Konzentration sowohl die Kationen- als auch die Anionen-
Uberfiihrungszahl bestimmt worden ist und ihre Werte die Bedingung z Tg=1
innerhalb der sehr geringen Fehlergrenze erfiillen.

Als Radioisotop haben wir den starken y-Strahler 2*Na verwendet, da seine
Strahlung gut nachweisbar ist und er sich leicht durch Beschu mit thermischen
Neutronen aus »Na mittels einer (n, y)-Reaktion erzeugen lafit. Aufgrund seiner
Strahleneigenschaften und kurzen Halbwertszeit bietet er auch aus Strahlenschutz-
griinden Vorteile.

EXPERIMENTELLER TEIL
Die MeBzelle

Die Grenzschicht 2NaCl/CdCl, sollte nach dem autogenen Verfahren? erzeugt werden, damit in
die MeBzelle keine Hahne, die Dichtungs- und Kriechstromprobleme aufwerfen konnen, eingebaut
werden miissen. Die in Abb. 1 gezeigte MeBzelle besteht daher aus einem 200 mm langen KPG-
Rohr (Geriteglas; Innendurchmesser und Wandstérke je 3 mm), das am oberen Ende den Kathoden-
raum trégt und am unteren Ende mit einem als Anode dienenden Cadmium-Blech (5 X 5 X 2 mm;
Reinheitsgrad: 99,99, Fa. Degussa) verschlossen ist. Die Kalibrierung des KPG-Rohres, in dem
die Grenzschichtwanderung stattfindet, erfolgte nach dem unter beschriebenen Verfahren® und
ergibt einen relativen Fehler des MeBstreckenvolumens von +0,02;%;.

Der mit einer Schliffhiilse (NS 14,5) versehene Kathodenraum von 80 mm Léinge und 19 mm
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Ag/AgCL-Elektrode
Diffusionsgrenzschicht

iNg'cL,

Grenzschicht
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CdCl,

Cd -Elektrode

+
AsB. 1.—Autogene Zellefiir Na*—Uberfhrungsmessungen.

Breitebesitzt einen 60 mm langen und 12 mm breiten Einsatz, in den wihrend der Messung eine
Ag/AgCl-Elektrode (Reinheitsgrad des Ag: 99,999/, Fa. Degussa) taucht.®* Die Grenzschicht
NaCl/CdCl; bildet sich nun bei Stromflu8 an dem Cadmium-Blech selbstindig aus.

Schwierigkeiten bereitete die Anbringung des Cadmium-Bleches an das KPG-Rohr. Das
Cadmium-Blech wurde zuerst mit einem GieBharz (Araldit; F. Ciba, Basel) an das KPG-Rohr plan
angekittet. Es zeigte sich aber, da Araldit in Methanol etwas 16slich ist, was anfangs zu zahlreichen
fehlerhaften Messungen fithrte. SchlieBlich wurde in Palatal (Fa. BASF) der geeignete, gegen
Methanol resistente Kieber gefunden.

StrahlungsmeBapparatur, Elektrolysestromireis und StrommeBanordnung

Die StrahlungsmeBapparatur ist prinzipiell analog der in Ref. 31 beschriebenen aufgebaut. Als
Detektor fiir die y-Strahlung des 2*Na dient der y-Szintillationszdhler FH 439 mit dem quaderformi-
gen NaJ-Kristall von 8 mm Hohe, 25 mm Breite und 2 mm Stdrke. Der Detektor ist mit einer
Prazisionsspindel zwecks Positionswechse] verbunden.

Als StrahlenmeBgerit dient ein Ratemeter (Fa. Siemens; Typ GSDMZ; Zollnorm; Diampfung:
0,5%; Verstiarkung: 500-800 fach).

Die gewihlte DiskriminatorhShe von 30 V gestattet, daB einerseits der hoher energetische Teil des
Comptonkontinuums noch zur Messung herangezogen werden kann, andererseits aber Storeffekte
kleiner Impulshdhe ausgeschaltet werden.

Als Registriergerdt wird ein Potentiometerschreiber (Fa. Siemens; Typ MZ-A501) mit einer
%ewéihlten Papiervorschubgeschwindigkeit von 150 mm.h~! benutzt, deren Genauigkeit +3.10-29

etrigt.
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Einige Grenzschichtdurchgéinge der obigen Messungen wurden nicht analog sondern digital

registriert.

glDazu wurde die in Ref. 33 erwidhnte Methode der diskontinuierlichen Messung des Grenzschicht-
durchganges herangezogen. Bei dieser Methode werden laufend Zihlratenmessungen definierter
Zeitvorwahl (z.B. 1 min) durchgefiihrt, die von einem Drucker registriert werden. Die einzelnen
Zahlratenmessungen erfolgen im Abstand der Druckzeit, die der Drucker zur Registrierung der
Zihlergebnisse bendtigt. Zur Durchfiihrung dieses Verfahrens wurde eine zweite elektronische Uhr
(Fa. Siemens; Typ GS-Z/T) verwendet.

Die erste elektronische Uhr bestimmt nun die Mezeit der einzelnen Impulsratenzdhlungen, die
zweite die Gesamtzeit der Messung des Grenzschichtdurchganges. Aus der Differenz Gesamtzeit
abziiglich GesamtmeBzeit ist die Gesamtdruckzeit des Grenzschichtdurchganges errechenbar, woraus
bei Kenntnis der Anzahl der Druckvorgiinge der durchschnittliche Zeitbedarf eines einzigen Druck-
vorganges und somit der zeitliche Abstand zweier Zihlratenmessungen ermittelt werden kann.
Mefbzelle und Detektor befinden sich zwecks Durchfiihrung der Messung bei konstanter Temperatur
in einem Luftthermostaten (Hohe = 540 mm; Tiefe = 570 mm; Breite = 650 mm; Temperatur-
konstanz = +0,1°), der gleichzeitig als Glovebox verwendet werden kann, so daB8 die eine Hiilfte
des Thermostaten als Arbeitsplatz, die andere zum Aufbau der MeBzelle mit Detektorapparatur
dient. Seine Vorderwand besteht daher aus einer an- und abschraubbaren Plexiglasscheibe, die zwei
kreisformige Locher mit je einem Flansch als Gummihandschuhhalterung hat.

Der Stromkreis besteht aus in Reihe geschalteten Stromkonstanthalter, MeBzelle und Strom-
meBgerdt. Die Strommessung erfolgt mit Hilfe eines Mikroamperemeters (Fa. Marek, Bremen, Typ
DX 1, Anzeigebereich in Stufen von 10~ bis 10-¢ A), dessen Genauigkeit £0,03%; betrégt.

Herstellung der Losungen

Wasserfreies Methanol: Kdiufliches Methanol (rein; Fa. Bayer, Leverkusen bzw. p.a.; Fa.
Merck, Darmstadt) mit einem Wassergehalt von 0,19 wurde nach dem Verfahren von Lund und
Bjerrum absolutiert.* Die Destillation des Methanols erfolgte nach dem Umsatz mit Magnesium-
methylat zuerst mit Hilfe eines Rotationsverdampfers, danach iiber eine Raschig-Kolonne von ca.
750 mm Linge. Der Wassergehalt des Destillats wurde nach dem Karl-Fischer-Verfahren zu
4 - 10-*9; bestimmt. Bei allen Arbeitsoperationen wurde peinlich darauf geachtet, daB das Methanol
nicht mit gefetteten Schliffen in Beriihrung kam.

Inaktive NaCl-Methanol-Lésung. Zur Herstellung von 100 ml einer 10-2n NaCl-Methanol-
Losung wurden 58, 45 mg NaCl p.a. (Fa. E. Merck, Darmstadt), das mehrere Tage bei 150° getrocknet
worden war, auf einer Mikrowaage unter Beriicksichtigung des Luftauftricbes abgewogen. Die
Einwaage wurde quantitativ in einen Jodzahlkolben iiberfithrt. Im geschlossenen Luftthermostaten
wurden in trockener Luftatmosphire bei einer Temperature von 25,0° 4- 0,1° fiinfmal je 20 ml
Methanol aus einer geeichten Kolbenbiirette in den Jodzahlkolben gegeben. Die Eichung der Kolben-
biirette zeigt eine Abweichung von —0,33 ml bei einem Gesamtbiirettenvolumen von 100 ml. Diese
Abweichung wurde bei der Konzentrationsberechnung der Lésung berticksichtigt. Die Reproduzier-
barkeit der Volumenabmessung betrigt 7,5 10~°%, die Genauigkeit der Konzentration der
hergesteliten Losung 4-3 - 107297,

Radioaktive **NaCl-Methanol-Lésung. Das radioaktive *'NaCl fiir die aktive 10~2 n MeBldsung
wurde aufgrund der Kernreaktion *Na(n, y)**Na durch zwolfstiindige Bestrahlung von 58,45 mg
Natriumchlorid mit thermischen Neutronen (FluB = 5,1 - 10° n.mm~2.sec-') im BER-Kernreaktor
des Hahn-Meitner-Instituts fiir Kernforschung in Berlin-Wannsee erzeugt. Wie die Berechnung
zeigt,”” betrdgt die **Na-Aktivitit (f,/; = 15,05 h) nach einer derartigen Bestrahlung 1800 uCi,
diejenige des radioaktiven **Cl (1, = 37,5 min), das aufgrund der Kernreaktion 3'Cl(n, ¥)%*Cl
entstanden ist, 1064 uCi. Nach einer Wartezeit von 15 h ist die **Cl-Aktivitdt auf 53 pCi, also auf
den ca. 107" Teil abgeklungen, so daB die Strahlung des radioaktiven Chlors die Messung nicht
mehr storen kann. Die #*Na-Aktivitdt betrdgt nach einer Wartezeit von 15 h 900 uCi, so daB sich
die Aktivititskonzentration der zu messenden L6sung bei 100 ml Gesamtvolumen zu 9 uCifml
ergibt. Diese aktive Losung kann vier Tage lang (~6 Halbwertszeiten) fiir Messungen verwendet
werden, da noch Losungen einer Aktivitdtskonzentration von 0,1 xCi/ml mit Hilfe des y-Radio-
isotopenverfahrens gemessen werden konnen.

Um Substanzverluste auszuschlieBen, wurde das radioaktive 2NaCl zusammen mit seinem
gedffneten Bestrahlungsbehilter in vorgelegte, exakt abgemessene 100 ml wasserfreien Methanols
gegeben und durch Riihren mit einem Magnetriihrer iiber Nacht in Losung gebracht. Als Strahlungs-
behilter wurden Quarzampullen verwendet, die zum Schutz zusitzlich in eine Bestrahlungsdose aus
Polyéthylen mit Quarzwolle verpackt wurden.

StrahlenschutzmaBnahmen. Die Gesamtdosisleistung von 1 mCi *Na in 1 m Abstand betrigt
42 mrad/h. Da allgemein in einer Entfernung von 0,5 m vom Préparat gearbeitet wurde, wo also eine
Dosisleistung von 168 mrad/h herrschte, waren Abschirm-MaBnahmen erforderlich (Maximal
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zuldssige Dosisleistung- 2,5 mrem/h). Alle Abfiilloperationen wurden daher hinter einer S-cm
starken Bleiwand unter Verwendung von Manipulatoren durchgefiihrt. Die Berechnung der Dosis-
leistung fiir einen 10 cm von der Quelle entfernten Aufenthaltsort, der sich hinter dem Bleiabsorber
befinden moge, ergibt unter Beriicksichtigung des Massenschwichungskoeffizienten von 0,0432 den
Wert 34 mr/h (Build up-Faktor: 2). Die maximale Reichweite der S-Strahlung des 2¢Na betrigt in
Luft 465 cm, in Methanol dagegen 7,5 mm und in Glas 2 mm. Befindet sich also das 2*NaCl in
Methanol gelost, so ist die f-Strahlung des 2*Na hinreichend abgeschirmt.

Durchfiihrung der Messungen und Auswertung der MeBergebnisse

Zuyerst wird die Elektrolysezelle im Luftthermostaten in mit P,O; getrockneter Atmosphére mit
radioaktiver **NaCl-Methanol-Lésung bis zu einer Fiillhohe von 200 mm gefiillt. Unter Beriick-
sichtigung des Innendurchmessers der MeBstrecke (3 mm) betrdgt das Fiillvolumen somit 1,4 ml
an Aktiv-Losung mit einer Gesamtaktivitdt von hochstens 13 uCi.
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Ass. 2.—Zeitlicher Verlauf des Grenzschichtdurchganges

Der iibrige Teil der Elektrolysezelle wird mit inaktiver NaCl-Methanol-Losung gleicher Konzen-
tration gefiillt. Diese Fiillung ist mit Vorsicht und unter Beachtung vélliger Konzentrationsgleichheit
der verwendeten Losungen durchzufithren, um eine Vermischung von Aktiv und Inaktiviosung zu
verhindern. Eine Fiillung der gesamten Elektrolysezelle mit Aktiv-Losung ist wegen des dadurch
bedingten hohen Strahlenuntergrundes ungiinstig. Der moglichst gering zu haltende Strahlenunter-
grund muB wihrend der Messung konstant sein, um seinen Einflu8 auf die MeBergebnisse ausschlieSen
zu kénnen. Jegliche Bleiabschirmungen sind zu vermeiden, da sie eine Erhthung des Strahlenunter-
grundes durch Riickstreuung bewirken.

Nach der Fiillung wird die Zelle mit Hilfe eines Lotes senkrecht ausgerichtet und der Detektor im
rechten Winkel an die MeBstrecke herangebracht so daB MeBstrecken- und Spindelachse zueinander
parallel sind. Bei dieser Position kreuzt die MeBstreckenachse genau die Mitte der Detektorfront.
Die Entfernung Detektor-KPG-Rohr ist folglich iiber den gesamten Bereich der Mefstrecke kon-
stant. Nach Anbringung der Elektroden Temperierung der MeSzelle und Wahl des entsprechenden
Ratemeter- und Schreiberbereiches wird die Messung durch SchlieBung des Stromkreises gestartet
und wie schon beschrieben® durchgefiihrt.

Erfolgt die Registrierung des Grenzschichtdurchganges am Detektor mit Hilfe eines Schreibers, so
erfolgt die Kurvenauswertung wie in Ref. 31 ausgefiihrt worden ist. Dient dagegen ein Drucker zur
Registrierung, so wird die Auswertung wie folgt durchgefiihrt®® (s. Abb. 2): Aus der in Abb. 2
gezeigten Punktfolge, die den zeitlichen Verlauf der MeBrate zweier Grenzschichtdurchgénge
darstellt, werden mit Hilfe der Ausgleichsrechnung die Lagen je dreier Geraden 1, IT und IIT und ihrer
gemeinsamen Schnittpunkte analytisch ermittelt. Zwei dieser Geraden sind Parallelen zur Abszisse,
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die dritte durchlduft den Wendepunkt der Punktfolge eines Grenzschichtdurchganges. Die Lage des
Wendepunktes der Punktfolge, der auch bei diesem Auswertungsverfahren Bezugspunkt des Grenz-
schichtdurchganges ist, ergibt sich aus dem arithmetischen Mittel der Abszissenwerte der Schnitt-
punkte der Geraden III mit den Parallelen zur Abszisse. Die Zeit ¢, die die Grenzschicht zur Durch-
wanderung des MeBstreckenvolumens zwischen den beiden Detektorpositionen braucht, 1aBt sich
aus der Entfernung der Wendepunkte der beiden Punktfolgen errechnen, die sich aus zwei Grenz-
schichtdurchgingen wihrend einer Messung ergeben. Da auch die Konzentration cyacn der 2*NaCl-
Methanol-Losung und das Mefstreckenvolumen V' bekannt sind, ferner die Stromstirke I wihrend
der Messung laufend ermittelt wird, sind unter Beriicksichtigung der Faradayschen Konstanten F
simtliche Daten gegeben, um die Uberfilhrungszahl der Na-Ionenkomponente in wasserfreier
NaCl-Methanol-Losung aus der Bestimmungsgleichung

Nacl-cHgom _ CNaa ' F-V
TI‘If:(-z.WC):i = —I—t (1)

Zu errechnen.

ZUSAMMENSTELLUNG UND DISKUSSION DER ERGEBNISSE
Tabelle I zeigt die Ergebnisse der Uberfiihrungszahlmessungen der Na-Ionenkom-
ponente in wasserfreier 0,01n NaCl-Methanol-Losung bei 25°. Aus diesen MeBergeb-
nissen ergibt sich der Mittelwert fiir die unkorrigierte Uberfiihrungszahl der Na-
Tonenkomponente zu 0,4582 4 0,0004. Der auf Eigenleitfihigkeit des Losungs-
mittels

(@ L3 107 Q1lem? _4. 10_4)

¥y  1,7-10¢Qlcm™!

korrigierte Mittelwert* der Na-Uberfiihrungszahl betrigt 0,4584. Die Volumen-
korrektur'42® ist im vorliegenden Fall nur -3 -10"% und kann daher vernach-
lassigt werden.

Der aus den einzelnen Uberfiihrungszahlbestimmungen errechnete relative
mittlere Fehler der Einzelmessung betrdgt --0,089;, was im obigen Falle einem
Absolutfehler von —+4-10~% entspricht. Der relative mittlere Fehler des Mittel-
wertes ist +0,039,. Diese Fehler kennzeichnen die Reproduzierbarkeit der Mes-~
sungen. Um ein MaB fiir die Genauigkeit der Messungen zu erhalten, wurde der
relative Fehler der Uberfiihrungszahl nach dem Fehlerfortpflanzungsgesetz errechnet.

TABELLE I.—ZUSAMMENSTELLUNG DER ERGEBNISSE DER UBERFUHRUNGSZAHLMESSUNGEN
DER Na-IONENKOMPONENTE IN WASSERFREIER 0,01n NaCl-METHANOL-LOSUNG

c- 102 1, v, t, S,

Nr. mol/l. mA ml sec uCijml TSI T%I:ﬁgr}i_
1 1,0033 0,4001 0,70686 3732 1,3 0,4583 0,4585
2 1,0033 0,4002 0,70686 3729 0,3 0,4586 0,4588
3 1,0014 0,4005 0,70686 3721 2,5 0,4583 0,4585
4 1,0018 0,4003 0,70686 3721 3,0 0,4586 0,4588
5 1,0018 0,4003 0,70686 3730 2,5 0,4576 0,4578
€ 1,0018 0,4005 0,70686 3726. 1,3 0,4579 0,4581

F = 96493 Cbapg

Gordon: Mittelwert dieser Messungen
TJH:0H — 0,4583 -t 0,0001 TSHaOR — 0,4582 + 0,0004
Tason — 0,4585 - 0,0001 TRl = 0,4584 + 0,0004

Rel. mittlerer Fehler der Einzelmessung: 10,08 9]
Rel. mittlerer Fehler des Mittelwertes: 4-0,03%.
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Aufgrund von Gleichung (1) lautet das Fehlerfortpflanzungsgesetz fiir die Ty,-
Bestimmung:

(ATxrer = £V (DD + (AP, + (AV)E, (ADE, + (A0, @)

Zum vorliegenden Falle betragen (AF), = 4110753 (Al), = +3 10743
AV)per= +3-10%; (Af)er = +6-10% und (Acxac)rer = £3,5107%, so daB
sich aus (2) der Fehler der Einzelmessung zu --0,08 9, derjenige des Mittelwertes zu
40,059 ergibt.

Gordon gibt in seiner Arbeit nur den unkorrigierten Wert fiir die Uberfiihrungs-
zahl der Na-lIonenkomponente an, da er sowoh!l die Volumen- als auch die Leit-
fahigkeitskorrektur vernachldssigt. Wie aus Tabelle I ersichtlich ist, stimmen die
obigen MeBergebnisse innerhalb der Fehlergrenze mit dem Wert von Gordon iiberein,
womit die Anwendbarkeit des Radioisotopenverfahrens fiir Uberfiihrungsmes-
sungen in nichtwissrigen Medien gezeigt ist. Gordon gibt als MaB fiir die Repro-
duzierbarkeit den “wahrscheinlichen Fehler” (Probable Error) an, der nur ca. %
der Standardabweichung betrigt und von den amerikanischen Autoren allgemein
bevorzugt wird. Die Umrechnung vom Probable Error auf die Standardabweichung
ergibt im obigen Falle an Stelle von -1 - 1074 den Wert 4-1,5- 104~ 2 - 104,

Weitere Uberfiihrungszahlmessungen in niederen aliphatischen Alkoholen sind
notwendig, um Aussagen iiber den Losungszustand von Alkalihalogeniden in diesen
Losungsmitteln zu erhalten. Vor allem erscheint die Untersuchung von Butanol
als Losungsmitte] wegen seiner Bedeutung in der Chromatographie interessant.
Uber derartige Messungen wird in einer spiteren Arbeit berichtet werden.

Wir méchten Herrn Professor Dr. W. Schulze fiir sein Interesse an dieser Arbeit und fiir zahl-
reiche, wertvolle Diskussionen danken. Dem Institutsdirektor, Herrn Professor Dr. K. F. Jahr,
sind wir fiir die Uberlassung von Arbeitsmitteln zu grodem Dank verpflichtet. Die Durchfithrung
der Arbeit wurde ferner durch Arbeitsmittel des Fonds der Chemischen Industrie wesentlich
gefordert, wofiir hier besonders gedankt sei.

Summary—The use of radioisotopes for the determination of transport
numbers by the moving boundary method has been shown to be
applicable in non-aqueous media. The transport number of the sodium
ion in 0-01M sodium chloride in dry methanol was determined using
y-emitter **Na, and the results are in good agreement with those
obtained by other means. The accuracy of the technique and its
advantages over optical methods are discussed.

Résumé—On montre que ’emploi de radioisotopes pour la détermina-
tion des nombres de transport par la méthode de la surface de sépara-
tion mobile est applicable en milieux non aqueux. Le nombre de
transport de l'ion sodium dans le chlorure de sodium 0,01M en
méthanol sec a été déterminé en utilisant I’émetteur o **Na, et les
résultats sont en bon accord avec ceux obtenus par d’autres moyens.
On discute de la précision de la technique et de ses avantages sur les
méthodes optiques.
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NOVEL APPLICATIONS OF DIPICRYLAMINE AS
AN EXTRACTANT IN THE DETERMINATION OF
ALKALI METALS

M. KygrS§, J. Rais and P. SELUCKY

Nuclear Research Institute, iiei near Prague, Czechoslovakia
(Received 21 November 1968. Accepted T February 1969)

Summary—A ten-stage mixer-settler type extraction procedure has
been used for the preparation of rubidium-free caesium salts. A
nitrobenzene solution of 0-11M CsDPA flows counter to a purified
aqueous solution of 0-05M CsCl and 10-°M Cs(EDTA), which
removes Rb, K, Na and most other metals from the organic phase.
An extraction colorimetric titration procedure for 0-2-2 mg of caesium
is described, and also an indirect method for determination of potas-
sium and sodium in admixture, based upon the difference in the
ability of the two ions to replace **’Cs* in a nitrobenzene solution of
dipicrylaminate.

THE salts of dipicrylamine (HDPA) have been used as precipitants for the gravi-
metric determination of heavy alkali metals,!'2 radiochemical separation of caesium,?
extractive separation of caesium from multivalent cations? and from rubidium,?
concentration of trace amounts of caesium from large volumes of water,® determin-
ation of caesium by the method of concentration-dependent distribution using
137Cs as radiotracer,’ indirect determination of caesium by complexometric titration
of calcium released during the extraction of calcium dipicrylaminate into nitrobenzene,®
and for substoichiometric isolation of fission-product caesium-137 from a solution of
irradiated uranium.® In this paper three novel applications of the dipicrylamine
extraction with nitrobenzene in the determination of alkali metals are reported.
They are the preparation of rubidium-free caesium salts, the colorimetric extraction
titration of caesium and the indirect determination of sodium and potassium in
admixture.
EXPERIMENTAL

Reagent-grade chemicals were used throughout. Nitrobenzene was purified by distillation under
reduced pressure, water (for the preparation of pure caesium salts) was distilled and passed through
a mixed ion-exchanger bed, and EDTA was recrystallized twice from water. The preparation of
LiDPA (lithium dipicrylaminate) and of Ca(DPA),, and the technique of radiometric measurements
of 13Cs, have been described elsewhere.’® The anion-exchangers were converted into the OH-form
with 0-2M sodium hydroxide and subsequently washed thoroughly with demineralized water until a
negative test for sodium was obtained.

The preparation of rubidium-free caesium salt

The initial caesium chloride contained 1-5%; of rubidium. It was converted into the hydroxide by

assage through a strongly basic anion-exchanger Dowex 2-X8 in the OH-form. An aqueous slurry

of 0-11M caesium hydroxide and an equivalent amount of HDPA was shaken with an equal volume
of nitrobenzene to produce solution 1 (Fig. 1.).

The rubidium—caesium separation was performed in a set of 10 polyethylene vessels, the volumes
of each phase being 40 ml. The two phases were agitated with a motor-driven polyethylene stirrer for
2 min, and allowed to stand for 3 min to allow the phases to separate. The aqueous phase was trans-
ferred in a polyethylene pipette into the vessel X,_;, the lower phase to the vessel X,,,. The final

1169
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organic phase was stripped with 0-125M hydrochloric acid and half of this extract was evaporated
in a platinum vessel. The rest was made alkaline by passage through a small column of basic
anion-exchanger Zerolit FF in OH-form and returned to the extraction system for recycling. The
calculated amount of purified EDTA was added, the solution diluted with demineralized water to
0-05M in caesium chloride and taken as solution 2.

Until the battery reaches equilibrium, it is useful to return all the final strippings so that at this
stage of the extraction procedure the concentration of the caesium salts is 0-11M in both phases.

s
1@
=
z ®
Q
o

_ 0.05McCs Cl OH anion-exch
© 50%
- L O
o X X x Ol MCsDPAInNNSB 50%
% 1 2 0
3 @ Evaporation
2
:

F1G. 1.——Flow-sheet of the purification procedure.
I—incoming raw caesium solution; 2—pure aqueous solution, pH 11, 10-*M
Cs,(EDTA); 3—purified rubidium-free solution in nitrobenzene; 4-—waste solution,
containing rubidium, potassium efc.

Extractive colorimetric titration

To the sample containing 0-2-2 mg of caesium as a neutral salt add 1 ml of 3 X 10~*M lithium
hydroxide, dilute to 3 ml with water and add 3 ml of nitrobenzene. Titrate with 10-2M LiDPA,
stirring vigorously for 1 min after each addition. After phase separation measure the absorbance of
the aqueous phase. Construct the titration curve by plotting the equilibrium aqueous concentration
of dipicrylaminate against volume of titrant added. Prepare a calibration curve. Use a standard
caesium salt to standardize the titrant. If a sufficient amount of sample is available, each point of the
titration curve may be determined by a separate extraction experiment.

If CsDPA precipitates, each point of the titration curve should be determined by a separate
experiment (30-min shaking after precipitation, then centrifugation).

Indirect determination of potassium and sodium

Determine the total concentration of both elements (e.g., weight of sulphates or chlorides, or
total molarity found by conversion of the salts into the acid by a cation-exchanger in H-form).

Construct a calibration curve Dgg (distribution ratio of 1*’Cs) vs. Gx/Gxa (ratio of amounts of K+
and Nat) keeping constant the total concentration of the two ions. For this, to the mixtures con-
taining precisely the same total quantity (~90 umole) of the two salts in varying proportions, add
1ml of 3 x 10~*M calcium hydroxide and about 10* cpm of *’Cs, dilute to 3 ml, add 3 ml of 15 x
10~*M Ca(DPA), in nitrobenzene and equilibrate. Count aliquots® of both phases and plot the
distribution ratio of caesium against the ratio of Gx/Gya in the initial solution.

If the Gr/Gx. ratio in the sample is between 3 x 10~% and 3 X 10~? modify the procedure as
follows. Make the samples (containing exactly 9-0 mmole of the two salts in varying proportions)
10-*M in sodium hydroxide in a 3-ml volume and extract with 3 ml of 1-5 X 10-2M Ca(DPA),.
Potassium is extracted preferentially. Discard the aqueous phase. Strip with 3 ml of 0-1M nitric acid,
evaporate to dryness, take up in 3 ml of 10-*N calcium hydroxide containing *¥’Cs and extract with
1-5 X 10~*M Ca(DPA),. Continue the procedure given for determination without enrichment.

RESULTS AND DISCUSSION
The preparation of rubidium-free caesium salts

Such salts were required in our laboratory as standards for the flame-photometric
determination of traces of rubidium in standard caesium salts.1t
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The purification process is based on the extractability of caesium being higher
than that of rubidium!® (D¢,/Dg, = 5) from aqueous solution by nitrobenzene.
The purification involved a ten-stage countercurrent (mixer-settler type) extraction
process, during which the aqueous phase was enriched with rubidium and the organic
phase freed from it. At the same time all lighter alkali metals and all elements under-
going masking with EDTA were removed.

The flow-sheet of the process is shown in Fig. 1. The theoretical overall decontam-
ination factor from rubidium was calculated by the stage-to-stage method to be
1-3 X 10%. Ten g of caesium chloride were prepared by the described method, and
found to be spectroscopically free from rubidium.

The advantages of this procedure are the possibility of performing the multistage
continuous purification process, the easy purification of chemicals used, the possibil-
ity of obtaining easily the desired caesium salt by choosing the appropriate acid for
stripping, and the large number of cations and anions removed simultaneously.

The colorimetric extraction titration of caesium

Several determinations of heavy alkali metals based on the formation of the
dipicrylaminate precipitate and the colorimetric determination of the excess of reagent
have been described.! Theoretical considerations show that by replacing the precip-
itation step by a nitrobenzene extraction the sensitivity can be enhanced, as in the
first method it is limited by the solubility product of CsDPA. Precipitation and extrac-
tion-titration curves, both calculated and experimental, are shown in Fig. 2. The
superiority of the extraction procedure is obvious. The calculations for precipitation
are based on the solubility product of caesium dipicrylaminate, S¢pps = 9°5 X 10-%;
those for the extraction titration are dealt with in the Appendix.

Typical extraction colorimetric curves are shown in Fig. 3. It is evident that the
use of lithium hydroxide and LiDPA leads to sharper breaks on the extraction
curves than does the use of calcium salts. The lower limit of determination is approx-
imately 5 X 10~2M. The interference from other alkali metals increases from lithium
to rubidium. The concentrations tolerable depend on the concentration of caesium
in the solution being titrated. Curve 1 shows that a concentration of lithium about
equal to that of caesium can be tolerated even at low concentrations of caesium. The
tolerable concentrations of alkali metals are expected!! to be Li:Na:K:Rb = 2500:
300:10:1. The practical error of the end-point determination by the graphical
method is 0-5-29] depending on the concentration range used. The theoretical
titration error calculated (see Appendix) for A[DPA-],,/[DPA-],, = 03 is
0-75% for 0-01M caesium chloride and 0-8 % for 0-003 M.

The titration curves for rubidium and potassium exhibit no distinct breaks and the
titration of these metals is not to be recommended. Rubidium, potassium or sodium
may be determined in pure solutions by means of a calibration curve given by the
dependence of the absorbance of the equilibrium aqueous phase on the concentration
of the salts present. In these curves the amount of LiDPA and lithium hydroxide
is constant and the use of standard conditions of extraction is more critical. Such a
transition from a titration procedure to one depending on a calibration curve is quite
familiar in radiometric titration'®!% and in one-phase spectrophotometric methods.
Typical calibration curves and the accuracy attainable at certain concentration
levels are given in Fig. 4.
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The advantages of this determination are simplicity of the apparatus required,
rapidity of procedure and relatively high sensitivity. The main drawback is the
rather low selectivity.

The indirect determination of potassium and sodium

In the indirect determinations of potassium and sodium described,! use is made
of the dependence of a certain property of the mixture on the relative abundance

G /6
DPA Cs

Fig. 2.—Precipitation and extraction colorimetric titration of caesium salts with
dipicrylaminate.
3 X 10°M CsCl, d = aqueous equilibrium concentration of dipicrylaminate
(mole/1.); Gppa = amount of the titrant added (mole); Gg¢s = amount of caesium
salt present (mole).
1—precipitation, theoretical curve; 2—precipitation, experimental curve; 3—extraction
experimental curve; 4—extraction, theoretical curve.

of both elements. Our method is based on the differing ability of sodium and potas-
sium to displace caesium from the organic phase.!! These are in a ratio of about 100
which is much higher than for any other property so far used, and is responsible
for the comparatively high accuracy of the method. Curve 1 in Fig. 5 shows the de-
pendence on the initial ratio of the metals of the distribution ratio of tracer Cs in
extraction experiments where the original aqueous phase was 0-03M (Na, K) Cl.
If very small K/Na ratios are to be determined it is possible to enrich the mixture
in K first by a dipicrylamine extraction with a substoichiometric amount of
Ca(DPA),.

It seemed of interest to compare the calibration curve obtained experimentally
with that expected on the basis of the extraction mechanism involved. The construc-
tion of the theoretical curve is mathematically rather complicated and an analogue
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G /G
OPA Cs

F1G. 3.—Typical extraction titration curves.
For d, G see Fig. 2. For greater clarity, the curves 3-6 are shifted vertically to increase
the distances between them (the values of d for curves 3-6 and for Gpps/Gpg = 0 -5
should lie between 1 and 2 X 10°M). 1-—5 X 10~*M CaCl, titrant LiDPA;
2—10-2M CsCl, titrant Ca(DPA),; 2'—10-3M CsCl, titrant LiDPA; 3--2 x 10-3M
CsCl, titrant Ca(DPA),; 4—3 x 10-°M Ca(DPA),; 5—4 X 10-°M Ca(DPA),;
6—6 X 10-*M Ca(DPA),.

log Cy,,

Fic. 4.—Calibration curves for indirect colorimetric extraction determination of Rb,
K and Na.
E—absorbance, Cy.—colar concentration of the metal to be determined in the original
aqueous phase, 10*M LiDPA; 5 x 10~*M LiOH; 1-—NaCl; 2—KCl; 3—RbCl.
Relative standard deviation A—3 9%}, B—5%,, C—7%.
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log a

=35, =25 -2
[ I I

log DCs
log D,

log a

Fi1G. 5.—Indirect extraction radiometric determination of Na and K in a mixture.
a—ratio of the concentration of potassium to the concentration of sodium, Dgc—
distribution ratio of tracer ¥Cs in the system. l—after pre-concentration; 2——part
(marked in Fig.) of curve 1 in detailed investigation, average error of +97;; 3—without
preconcentration (3—theoretical curve); 4—part of curve 3 in detailed investigation,
error +£1:3%;; the arrows indicate which scales are valid for the curve in question.

computer has been used for performing the calculations.’® The theoretical curve
fits the experimental one very closely.

The accuracy found by repeated identical determinations using different points
of the calibration curve is given in Fig. 5.

Acknowledgement—The authors wish to thank Dr. R. Tlalka and Dr. L. Hijek for performing the
spectrophotometric determinations.

Zusammenfassung—Zur Herssellung rubidiumfreier Caesiumsalze
wurde ein zehnstufiges Extraktionsverfahren vom Misch-Trenn-Typ
verwendet. Eine Nitrobenzollosung von 0,11M CsDPA flieSt im
Gegenstrom zu einer gereinigten wiBrigen Losung von 0,05M CsCl
und 10-3M Cs,(EDTA), das Rb, K, Na und die meisten anderen
Metalle aus der organischen Phase entfernt, Ein kolorimetrisches
Extraktions-Titrationsverfahren fiir 0,2-2 mg Caesium wird beschrie-
ben sowie eine indirekte Methode, beigemischtes Kalium und Natrium
zu bestimmen, das auf dem interschied zwischen den beiden Ionen
beruht, ¥?Cs* in einer Nitrobenzolidsung von Dipikrylaminat ver-
dringen zu konnen.

Résumé—On a utilisé une technique d’extraction en dix temps du
type mélangeur-décanteur pour la préparation de rubidium exempt
de sels de caesium. Une solution de CsDPA 0,11M dans le nitro-
benzéne s’écoule a contre-courant d’une solution aqueuse purifiée de
CsCl 0,05M et de Cs,(EDTA) 10-2M, qui €limine Rb, K, Na et la
plupart des autres métaux de la phase organique. On décrit une
technique de titrage colorimétrique par extraction pour 0,2-2 mg de
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caesium, et aussi une methode indirecte pour le dosage du potassium
et du sodium en mélange, basée sur la différence d’aptitude des deux
ions & remplacer **’Cs* dans une solution en nitrobenzene de dipicryl-
aminate,
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- APPENDIX

The formula for calculating the theoretical extraction-titration curve was derived
assuming that the only species present in water are Lit, Cs*, DPA~, CI~, and in the
nitrobenzene phase, Lit, Cs*, DPA~. The volume changes of the two phases
(taq = Vorg) during titration can be neglected.

The following equilibria’® are involved:

[CsH]org [Lit], o/ [Cst] g [Lit),y = 4 = 10%;

[Cst]ors [DPA], [ [Cst],( [DPA-],, = B = 1044

]a,q

Combining these equations with the mass-balance and electroneutrality conditions
the following relationship for [DPA~],, = d is obtained:

a3d3+a2d2+ald+ 00: 0
where gy =A — K— B+ 1; a,=3KA— 242+ A2y — BA° + A° — BA — 1;
a; = AR — 3KA? — Ady — 1°; aq, = KA

In this expression K = A/B; A = amount of titrant (LiDPA) added per 1. of
the organic phase (mole/1.); A° = concentration of LiOH (constant); y = initial
concentration of the caesium salt (mole/1.).

The derivation of the formula for the precipitation titration is much simpler,
yielding d% 4+ d(y — 2) — 95 x 1078 = 0.

The titration error A4 was calculated from the evident relationship for the point
of equivalence: AZA= (91/0d). Ad. The function (94/0d) = f(A,d .. )4 p, can
be easily found by differentiating the cubic equation above.

An alternative procedure is based on measuring the distribution of DPA~ instead
of 1337Cs. The latter procedure is more accurate but it cannot be used over such a
wide range of K/Na ratios as the method described here, because after the enrich-
ment step no useful colorimetric calibration curves can be obtained.
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Instead of dipicrylaminate, lithium tetraphenylborate can be used in the radio-
metric method. Our experiments show that the usefulness of both reagents is prac-
tically the same.

No indirect method has been found in the literature for the determination of
sodium and potassium in mixtures covering as wide a concentration range as by the
method described.
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ANION-EXCHANGE BEHAVIOUR OF SEVERAL
ELEMENTS IN HYDROBROMIC ACID-ORGANIC
SOLVENT MEDIA

E. KLAKL and J. KoRrkiscH*
Analytical Institute, University of Vienna, IX Wihringerstrasse 38, Austria

(Received 13 January 1969. Accepted 31 January 1969)

Summary—The anion-exchange behaviour of 19 elements in hydro-
bromic acid-organic solvent media has been investigated. The batch
distribution coefficients of the metal jons were determined in these
systems employing the strongly basic anion-exchange resin Dowex
1, X 8. Organic solvents used were methanol, ethanol, n-propanol,
isopropanol, methyl glycol, acetone, tetrahydrofuran and acetic acid.
The most suitable conditions for some quantitative separations based
on these equilibrium studies are indicated and discussed.

Previous investigations have shown'? that in hydrobromic acid-organic solvent
media several unique separation possibilities exist for metal ions on both anion!- and
cation?-exchange resins of the strongly basic and strongly acidic types respectively.
While the cation-exchange behaviour on Dowex 50 of numerous elements has been
studied in these systems,? relatively little information is available on the exchange
characteristics of elements on Dowex 1.} The work presented in this paper is an
attempt to investigate systematically the adsorption behaviour on Dowex 1 of inor-
ganic jons in mixed hydrobromic acid-organic solvent media. The data obtained
in these media and shown in Tables I-XVI can readily be compared with the distri-
bution coefficients measured in media containing hydrochloric acid and organic sol-
vents.®
EXPERIMENTAL

Reagents

Ion-exchange resin. The strongly basic anion-exchanger Dowex 1, X8 (bromide form; 100-200
mesh) was used for the batch and the separation experiments. The preparation of the bromide form
of this exchanger from the commercially available chloride form has been described earlier.!

Standard solutions. Exactly weighed amounts of UO,(II), Th, Ce(II1), Mo(VI), V(V)t, Fe(Ill),
Al In, Bi, Mg, Ca, Sr, Pb, Zn, Cd, Cu(II), Mn(Il), Co(II) and Ni as bromides, oxides, carbonates or
hydroxides were dissolved in 1-5, 3, 6 and 9M hydrobromic acid to give solutions containing 5 mg
of the element per ml.

Solvents. The following reagent-grade organic solvents were used: methanol, ethanol, n-pro-
panol, isopropanol, methyl glycol (monomethyl ether of ethylene glycol, CHy—0—CH,—CH,OH),
glacial acetic acid, tetrahydrofuran and acetone.

Determination of the various elements

Most of the elements investigated were determined titrimetrically, by suitable chelatometric
methods with EDTA (disodium salt) as the titrant. Molybdenum was determined by titration with
standard lead nitrate, PAR [4-(pyridyl-2-azo)resorcinol] being used as indicator.

Determination of distribution coefficients

The weight distribution coefficients (Ka values) of all elements were determined by using the batch
equilibrium method described in an earlier publication.*
* To whom requests for reprints should be addressed.
1 In the presence of bromide and organic solvents vanadium is readily reduced to the quadrivalent
state.
1177
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TABLE I.—DISTRIBUTION COEFFICIENTS IN AQUEOUS METHANOLIC (-6 HYDROBROMIC ACID

Methanol concentration, %,

Ion
0 20 40 60 80 90

UO,(II) <1 <1 <1 <1 <1 6
Th(V) <1 <1 <1 <1 <1 <1
Ce(III) <1 <1 <1 <1 <1 <1
Mo(VI) 21 19 17 9 5 5
vav) <1 <1 <1 <1 <1 <1
Fe(lD) <1 <1 2 5 19 133
AI(IID) <1 << <1 <1 <1 <1
In(1II) 9 14 25 49 240 >108
BidI1I) >10° > 103 >102 >10° >108 >108
Mg(1D <1 <1 <1 <1 <1 <1
Ca(ll) <1 <1 <1 <1 <1 <1
Sr(Il) <1 <1 <1 <1 <1 <1
Pb(II) >10% >108 >10% >108 >10° >103
Zn(11) 25 57 150 290 290 340
Cddn >103 >103 >10% >103 >10% >108
Cu(l) 2 3 4 8 116 620
Mn(ID) <1 <1 <1 <1 <1 <1
Co(ID) <1 <1 <1 <1 <1 1
Ni(II) <1 <1 <1 <1 <1 <1

TABLE II.—DISTRIBUTION COEFFICIENTS IN AQUEOUS ETHANOLIC (-6 HYDROBROMIC ACID

Ethanol concentration, %

Ion

0 20 40 60 80 90
U0, (IT) <1 <1 <1 <1 1 1-2
ThV) <1 <1 <1 <1 2 3
Ce(11D) <1 <1 <1 <1 3 7
Mo(VI) 21 21 22 24 25 27
Vay) <1 <1 <1 <1 1 2
Fe(III) <1 <1 2 3 20 112
AL(IID) <1 <1 <1 <1 <1 <1
In(IID) 9 19 41 110 102 >10%
Bi(III) >10% =102 >10® >10° >103 >103
Mg(ID) <1 <1 <1 <1 2 2
Ca(Il) <1 <1 <1 <1 3 4
Sr(IT) <1 <1 <1 2 5 7
Pb(II) >10% >108 >108 >10° >10° >10°
Zn(II) 25 100 310 650 660 650
cdar) >10% >10% >10° >103 >10° >10°
Cu(Il) 2 3 4 11 16 560
Mn(II) <1 <1 <1 <1 1 3
Co(ID) <1 <1 <1 <1 1 5
Ni(II) <1 <1 <1 <1 2 3

RESULTS AND DISCUSSION

Aliphatic Alcohol Media
In Tables I-1V and IX-XII, the distribution coefficients measured in hydrobromic
acid-aliphatic alcohol mixtures are listed.
Uranium(VI), thorium and cerium(III)

In 0-6M hydrobromic acid media of varying concentrations of methanol and
ethanol (Tables I and II) the adsorption coefficients of uranium, thorium and cerium
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TABLE III.—DISTRIBUTION COEFFICIENTS IN AQUEOUS N-PROPANOLIC (‘60 HYDROBROMIC ACID

n-Propanol concentration, %,

Ion

0 20 40 60 80 90
[S[e X419 <1 <1 <1 <1 7 13
Th(IV) <1 <1 <1 2 11 11
Ce(IID) <1 <1 <1 2 14 38
Mo(VI) 2t 7 8 10 13 21
v{av) <1 <1 <1 1 4 6
Fe(IID) <1 <1 <1 <1 <1 75
AIIII) <1 <1 <1 <1 4 4
In(IIT) 9 17 32 75 130 600
Bi(lI) >103 <10° >102 >10% >103 >103
Mg(I) <1 <1 <Z <1 6 8
Ca(In) <1 <1 < 1 8 16
Sr(I1) <1 <1 <1 2 15 42
Pb(ID) >10° >108 >103 >102 >10° >10°
Zn(Il) 25 69 110 163 200 >10%
Cd(Ir) >10? >103 >10% >103 >10? >10%
Cu(ll) 2 11 15 15 132 274
Mn(II) <1 <1 <1 <1 5 12
CodI) <1 <1 <1 1 6 16
NidII) <1 <1 <1 <1 6 11

TABLE 1V.—DISTRIBUTION COEFFICIENTS IN AQUEOUS ISOPROPANOLIC 0-6M HYDROBROMIC ACID

Isopropanol concentration, ;

Ion
0 20 40 60 80 90

UO0,(I) <1 <1 <1 <1 6 34
ThV) <1 <1 <1 <1 9 10
Ce(1II) <1 <1 <1 2 16 58
Mo(VD) 21 26 44 53 110 145
v(av) <1 <1 <1 1 6 9
Fe(IIl) <1 <1 1 4 60 56
Al(II) <1 <1 <1 <1 4 3
In(HI) 9 22 62 190 250 220
Bi(III) >103 >108 >10° >10? >10% 64
Mg(I) <1 <1 <1 1 5 12
Ca(ll) <1 <1 <1 2 8 24
Sr(I) <1 <1 <1 3 19 71
Pb(II) >10% >10? >103 >108 >10° >102
Zn(I) 25 680 305 310 171 >10%
Cddn >10° >10° >10% >10° >10° >103
Cu(Il) 2 13 16 29 195 195
Mn(II) <1 <1 <1 <1 7 24
Co(II) <1 <1 <1 <1 7 38
Ni(ID) <1 <1 <1 1 8 23

are extremely low; however, the adsorption reaches a maximum when the alcohol
concentration increases to 909%;. Slight adsorption increase is observed also with
increasing hydrobromic acid concentration (Tables IX and X). This increase is more
pronounced in 60-90%; n-propanolic and isopropanolic media (Tables III and IV).
An increase of the hydrobromic acid concentration in 90 9, n-propanol and isoprop-
anol (Tables XI and XII) increases the adsorption of uranium, thorium and especially
of cerium to a larger extent than that in methanolic or ethanolic media. However,
low adsorption of the three elements in the entire concentration range is due to the
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TABLE V.—DISTRIBUTION COEFFICIENTS IN 0-6M HYDROBROMIC ACID
IN AQUEOUS METHYL GLYCOL SOLUTION

Methyl glycol concentration, %,

Ion
0 20 40 60 80 90
Uo,1n <1 <1 <1 <1 1 15
Th(V) <1 <1 <1 <1 <1 <1
Ce(1ID) <1 <1 <1 <1 <1 <1
Mo(V]) 21 25 19 12 5 <1
vav) <1 <1 <1 <1 <1 <1
Fe(1IT) <1 1 2 4 13 5
AI(III) <1 <1 <1 <1 <1 <1
In(III) 9 12 25 38 14 6
Bi(III) >10% =102 >103 >103% >103 >102
Mg(D) <1 <1 <1 <1 <1 <1
Ca(ll) <1 <1 <1 <1 <1 <1
SrID) <1 <1 <1 <1 <1 <1
Pb(ID) >102 =103 >10?% >10° >10% >10%
Zn(1D) 25 63 245 407 300 >10%
Cd{n >10° =102 >103 >103 >103 >10°
Cu(Il) 2 60 500 185 75 70
Mn(II) <1 << <1 <1 <1 3
Co(Il) <1 <1 <1 <1 <1 20
Ni(II) <1 <1 <1 <1 <1 <1
TABLE VI.—DISTRIBUTION COEFFICIENTS IN 0:6M HYDROBROMIC ACID
IN AQUEOUS ACETIC ACID
Acetic acid concentration, %
Ion
0 20 40 60 80 90

UO0,(11) <1 <1 <1 4 150 250
ThaV) <1 <1 <1 <1 5 18
Ce(IID) <1 <1 <1 <1 6 8
Mo(VI) 21 10 11 42 150 >103
V(IV) <1 2€ 36 49 71 70
Fe(III) <1 1 5 450 >10? 500
AI(TIT) <1 <1 <1 <1 6 12
IndID) 9 17 44 >102 >103 >103
Bi(III) >103 >10°% >103 >103 >108 >103
Mg(I1) <1 <1 <1 <1 4 7
Ca(lI) <1 <1 <1 <1 2 3
Sr(II) <1 <1 <1 <1 1 1
Pb(II) >10% >102 >103 >108 ppt ppt
Zn(II) 25 160 900 880 850 850
Cddn >108 >103 >102 >103 >10° >103
Cu(Il) 2 50 50 350 >103 >103
Mn(II) <1 <1 <1 13 17 >103
Co(1D) <1 < <1 2 130 >103
NidI) <1 <1 <1 <1 9 11

low tendency to form negatively charged bromide complexes in these systems. In
analogous hydrochloric acid media similar behaviour of thorium and cerium was
observed? but uranium was strongly retained, so effective separations were achieved.
In hydrobromic acid media no such separations are possible.

Molybdenum(VI) and vanadium(IV')

In alcoholic 060 hydrobromic acid the retention of molybdenum is invariably
higher than that of vanadium (Tables I-1V). While in methanol, ethanol and
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TABLE VII.—DISTRIBUTION COEFFICIENTS IN 0-6M HYDROBROMIC ACID
IN AQUEOUS TETRAHYDROFURAN

Tetrahydrofuran concentration, %,

Ion
0 20 40 60 80 90
U0, (1Y) <1 <1 <1 <1 <1 3
Th(AV) <1 <1 <1 <1 7 10
Ce(II) <1 <1 <1 <1 8 24
Mo(VI) 21 35 22 12 7 <1
V(av) <1 <1 <1 2 3 5
Fe(II) <1 <1 <1 <1 <1 <1
Al(I) <1 <1 <1 <1 <1 <1
In(IIT) 9 19 11 <1 <1 <1
Bi(III) >103 >108 >103 >10° >103 500
Mg(I) <1 <1 <1 <1 3 8
Ca(D <1 <1 <1 <1 7 20
Sr(I) <1 <1 <1 2 14 35
Pb(II) >108 >10° >10° 620 190 190
Zn(I) 25 88 167 55 20 28
cdan >108 >10° >10% 796 200 180
Cu(ID) 2 13 5 5 3 3
Mn(IT) <1 <1 <1 <1 2 4
Co(II) <1 <1 <1 <1 6 26
Ni(II) <1 <1 <1 <1 3 5
TABLE VIII.—DISTRIBUTION COEFFICIENTS IN 0-6M HYDROBROMIC ACID
IN AQUEOUS ACETONE
Acetone concentration,
Ion
0 20 40 60 80 90

UOo,(II) <1 <1 <1 <1 10 35
Th(dV) <1 <1 <1 <1 13 34
Ce(IID) <1 <1 <1 <1 11 35
Mo(VI) 21 13 14 19 36 <1
v{av) <1 <1 <1 1 5 11
Fe(II) <1 7 12 27 2 <1
Al(II) <1 <1 <1 <1 <1 5
In(III) 9 19 36 24 <1 <1
Bi(III) >108 >108 >10% >103 >108 900
Mg(I) <1 <1 <1 <1 6 14
Ca(ll) <1 <1 <1 <1 6 14
SrdlD) <1 <1 <1 1 9 14
Pb(I) >108 >102 >108 >108 >108 >102
Zn(1I) 25 80 32 150 80 110
Cdn >103 >10% >108 950 240 160
Cu(ID 2 21 18 51 13 8
Mn(I) <1 <1 <1 <1 6 57
Co(ID) <1 <1 <1 <1 12 100
Ni(I) <1 <1 <1 <1 7 17

n-propanol media the difference in the distribution coefficients is too low to allow
cleancut separations, media containing >409; isopropanol can be used for
separation purposes. Similar adsorption of the two elements is observed in aqueous
hydrobromic acid media (Table XVII).

The adsorption of molybdenum from methanol and ethanol media decreases
rapidly when the molarity of hydrobromic acid is increased (Tables IX and X). On

5
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TABLE IX.—DISTRIBUTION COEFFICIENTS IN 909, METHANOL MIXTURES
CONTAINING 109, OF HYDROBROMIC ACID OF VARIED MOLARITY

Final HBr concentration, M

Ion

0-15 0-3 0-6 09
uo,(1D < <1 57 82
Th{V) <21 <1 <1 <1
Ce(IHI) <71 <1 <1 <1
Mo (VI) =103 11 5 16
V{Vv) < <1 <1 <1
Fe(1ll) 24 37 133 300
Al(1ID) <21 <1 <1 <1
In(IID) 320 >10% >108 >103
Bi(I1D) >10% >103 >103 >102
MgdI) <1 <1 <1 <1
Ca(ll) <1 < <1 <1
Sr(l) <1 <1 <1 <1
PbI) >10% > 102 >10% >10%
Zn(II) 300 300 340 190
Cddan =103 >103 >103 >103
Cu(l) 320 600 620 >10°2
Mn(1l) <1 << <1 <1
Co(1l) <1 <1 1 3
Ni(Il) <1 <1 <1 <1

TABLE X.—DISTRIBUTION COEFFICIENTS IN 909, ETHANOL MIXTURES
CONTAINING 109/, OF HYDROBROMIC ACID OF VARIED MOLARITY

Final HBr concentration, M

Ion

0-15 03 06 09
Uo,(IDn <1 <1 12 1-4
Th(IV) <1 2 3 4
Ce(III) 3 5 . 7 8
Mo(VI) >103 630 27 45
v{av) <1 1 2 2
Fe(III) 35 81 112 124
AlID <1 <1 <1 <1
In(III) >10° >10° >10% >10°%
Bi(I1I) 10? 108 >103 >108
Mg(II) <1 <1 2 3
Ca(ll) < 2 3 4
Sr(II) 3 4 7 10
Pb(II) >103 >108 >103 >10?
Zn(1I) 620 620 650 650
Cddn >10% >103 >10% >103
Cudl) 380 450 560 >103
Mn(II) <1 1 3 5
Co(D 1 2 5 16
NidID) 1 2 3 3

the other hand neither an increase nor a maximum is observed in the case of a vanadium
which shows invariably low distribution coefficients. In spite of the very high separa-
tion factors for Mo/V (>10%) in media containing 0-15M hydrobromic acid in 909,
“methanol) separations could not be achieved. This may be due to partial reduction of
molybdenum to a lower valency state (or formation of different complexes) which
is less retained by the resin than molybdenum(VI).
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TABLE XI.—DISTRIBUTION COEFFICIENTS IN 909, n-PROPANOL MIXTURES
CONTAINING 109, OF HYDROBROMIC ACID OF VARIED MOLARITY

Final HBr concentration, M

Ion

0-15 03 06 09
Uuo,1n 6 10 13 14
Th{V) 9 10 11 12
Ce(1ID) 26 35 38 39
Mo(VD) 38 25 21 41
V(av) 5 6 6 7
Fe(IID) 84 77 75 60
AlIID 4 4 4 3
In(IID) >10° =103 600 260
Bi(I1D) >108 >102 =103 160
Mg(1D) 6 7 8 9
Ca(ll) 10 i1 16 16
Sr(II) 25 33 42 43
Pb(II) =103 >10% =108 >10°
Zn(II) >108 390 >10° 407
Cddn >103 >103 >1073 >103
Cu(Il) 340 234 274 320
Mn(ID) 8 9 12 15
Co(ID) 10 12 16 34
Ni(Il) 8 10 11 i1

TABLE XII.—DISTRIBUTION COEFFICIENTS IN 909, ISOPROPANOL MIXTURES
CONTAINING 109, OF HYDROBROMIC ACID OF VARIED MOLARITY

Final HBr concentration, M

Ion

0-15 03 0-6 09
uo,1D) 16 25 34 22
Th{dV) 9 10 10 10
Ce(III) 34 42 58 60
Mo(VI) 70 49 145 230
V{av) <1 <1 9 10
Fe(1II) 400 102 56 30
AI(IID) 5 5 3 3
In(IID) >10? 900 220 78
Bi(III) >103 >103 64 26
Mg(II) 8 10 12 14
Ca(Il) 19 23 24 23
Sr(II) 41 55 71 76
Pb(Il) >10° =10° =103 >10%
Zn(II) >108% >10° =103 427
Cddn >10% >1032 >10% >>10°
Cu(ID) 348 212 195 282
Mn(I) 13 17 24 41
Co(II) 15 20 38 67
Ni(II) 15 19 23 29

Iron(I11), aluminium, indium and bismuth

In 0-6M hydrobromic acid media (Tables I-1V) the adsorption of iron increases
slightly with an increase of the concentration of organic solvent, while the retention
of aluminium is slight in the entire concentration range. In 909, alcohol media a
separation of these two elements should be possible.

An increase of hydrobromic acid concentration (Tables IX~XII) in media contain-
ing 909, alcohol increases the retention of iron while the adsorption of aluminium is
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TaBLE XIII.—DIiSTRIBUTION COEFFICIENTS IN 909, METHYL GLYCOL MIXTURES
CONTAINING 109, OF HYDROBROMIC ACID OF VARIED MOLARITY

Final HBr concentration, M

Ion

0-15 0-3 06 09
U0, (1I) 4 8 15 120
Th(IV) <1 <1 <1 <1
Ce(III) <1 <1 <1 2
Mo(VI) 7 2 <1 2
v{Iv) <1 <1 <1 <1
Fe(III) 12 9 5 5
AI(II) <1 <1 <1 <1
In(III) 16 9 6 4
Bi(III) >10° >103 >108 >10%
Mg (1) <1 <1 <1 <1
Ca(Il) <1 <1 <1 <1
Sr(IT) <1 <1 <1 <1
Pb(ID) >10% >108 >10% >108
Zn(ID) >10° >103 >10% 830
Cd(II) >10° >102 >103 >103
Cu(Il) 140 90 70 60
Mn(II) <1 1 3 10
Co(II) 3 6 20 68
NidII) <1 <1 <1 1

TaBLE XIV.—DISTRIBUTION COEFFICIENTS IN 909/ ACETIC ACID MIXTURES
CONTAINING 109/ OF HYDROBROMIC ACID OF VARIED MOLARITY

Final HBr concentration, M

Jon

0-15 03 0-6 09
UO0,(II) 300 270 250 220
Th(IV) 15 21 18 13
Ce(III) 26 18 8 4
Mo(VD) >10, >103 >103 >108
V(av) 96 84 70 48
Fe(IlI) >1032 >10% 500 180
Al(ID) 20 18 12 8
In(III) >103 >10% >103 >102
Bi({1D >103 >10° >103 >108
Mg(Il) 13 10 7 5
Cddn) 6 5 3 1
Sr(ID) 3 2 1 <1
Pb(I) ppt ppt ppt ppt
Zn(IT) 850 850 850 870
Cdan >10? >103 >10% >10°
Cu(l) >10° >10% >103 >103
Mn(II) >10°% >1073 >10% >103
Co(II) >103 >103 >103% >103
Ni(ID) 20 15 11 11

invariably low. Thus, very effective separations of iron from aluminium can be
achieved in methanolic or ethanolic systems which are 0-6-0-9/ in hydrobromic acid
or in n-propanolic systems with lower acid concentration.

Over the entire range of aqueous hydrobromic acid media (Table XVII) the dis-
tribution coefficients of iron and aluminium are <<1. Indium also shows low adsorp-
tion values while bismuth is strongly adsorbed in all cases (K3 > 10%). For that reason
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TABLE XV.—DISTRIBUTION COEFFICIENTS IN 909, TETRAHYDROFURAN MIXTURES

CONTAINING 10% OF HYDROBROMIC ACID OF VARIED MOLARITY

Final HBr concentration, M

Ion

0-15 0-3 06 09
[0[0 X{10] 1 1-3 3 8
Th(V) 42 30 10 6
Ce(III) 42 42 24 16
Mo(VI) 47 10 <1 <1
V{iVv) 31 8 5 3
Fe(1lIl) <1 <1 <1 <1
Al(ID) <1 <1 <1 <1
In(III) <1 <1 <1 <1
Bi(1II) >103 >103 500 150
Mg(I) 12 11 8 5
Ca(ID) 24 23 20 15
SrdI) 66 64 35 22
Pb(1l) 190 190 190 190
Zn(II) 28 31 28 37
Cd(In) 295 226 180 143
Cu(Il) 3 3 3 3
Mn(1I) 10 10 4 17
Co(II) 17 17 26 56
Ni(II) 15 13 5 2

TABLE XVI.—DISTRIBUTION COEFFICIENTS IN 909, ACETONE MIXTURES

CONTAINING 109, OF HYDROBROMIC ACID OF VARIED MOLARITY

Final HBr concentration, M

Ion

0-15 0-3 0-6 09
uo,(an 33 34 35 46
Th(IV) 125 82 34 15
Ce(11D) 91 73 35 16
Mo(VI) >10% 85 <1 <1
V({v) 21 18 11 8
Fe(III) <1 <1 <1 <1
Al(II) 22 19 5 8
In(IID) <1 <1 <1 <1
Bi(1II) >10° >10% 900 >103
Mg(II) 17 16 14 8
Ca(Il) 24 23 14 6
Sr(ll) 46 35 14 5
Pb(1I) >103 >103 >10% >102
Zn(11) 110 120 110 200
caan 270 400 160 141
Cu(ll) 8 8 8 7
Mn(Il) 22 27 57 61
Co(II) 45 67 100 115
NidII) 29 23 17 12

bismuth can be separated readily from iron, aluminium and indium in aqueous
hydrobromic acid.

An increase of the alcohol concentration increases the adsorption of indium rather
regularly, with maximum K; values of >10%. In media containing more than 60%;
of aliphatic alcohol indium can be separated from iron and aluminium. A similar
behaviour is shown by gallium, as was observed earlier.!
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TABLE XVII.—DISTRIBUTION COEFFICIENTS IN HYDROBROMIC ACID OF
VARIED MOLARITY

Final HBr concentration, M

Ion

0-15 0-3 0-6 09
uo,dn < <1 <1 <1
Th(IV) <1 <1 <1 <1
Ce(I1I) <1 <1 <1 <1
Mo(VI) 54 47 21 14
V({av) <1 <1 <1 <1
Fe(IID) <1 <1 <1 <1
Al(TIT) <1 << <1 <1
In(ID) 2 4 9 17
Bi(III) >10° =103 >103 >10°
Mg(ID) <1 <1 <1 <1
Ca(Il) <1 <1 <1 <1
Sr(ID) <1 <1 <1 <1
PbI) =108 > 102 >10% >108
Zn(ID) 3 8 25 80
Cddrn =108 =103 >108 >108
Cu(Il) <1 5 2 2
Mn(I) <1 <1 <1 <1
Co(ID) <1 <1 <1 <1
Ni(ID) <1 <1 <1 <1

Bismuth is the most strongly adsorbed of these four metals and its distribution
coefficients at various concentrations of aliphatic alcohol and hydrobromic acid are
in most cases >10%. Separations of bismuth from indium can be achieved in 0-6 M
hydrobromic acid media containing 20-409; alcohol. A separation of bismuth from
iron and aluminium is possible in most of the alcoholic media investigated.

It should be mentioned here that a separation of bismuth from iron, aluminium
and indium can also be achieved in aqueous 0-15-0-9M hydrobromic acid systems.
Similar separation possibilities for aluminium and indium were observed in 6M
hydrochloric acid media containing 909, aliphatic alcohol.® Iron can be separated
from uranium (Table XVIII).

Magnesium, calcium, strontium and lead

Low adsorption of magnesium, calcium and strontium is shown in alcoholic 0-6M
hydrobromic acid media (Tables I-1V), the distribution coefficients being mostly <1,
except for 80 and 90 9; ethanol, n-propanol and isopropanol.

TABLE XVIIL.-—~SEPARATION CHARACTERISTICS OF METAL IONS IN HYDROBROMIC
ACID—ORGANIC SOLVENT MEDIA

Breakthrough  Elution
volume, m! volume, mi

Metal ion, Composition Batch-Ka
mg of eluant (on 1-g column)

Mn(II) 2 90 % methanol- 0 18 <1

Cu(Il) 2-5 0-9M HBr >40 >10? >10%

Fe(III) 2-9) * 909, acetone— 2 16 <1

U 2-5 0-6M HBr >24 >24 35

* This separation of iron from uranium was carried out on a 5-g column
of Dowex 1.
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A decrease of the hydrobromic acid concentration in 909, aliphatic alcohol
(Tables IX-XII) slightly increases the adsorption values, an effect most pronounced
in the case of strontium. In 909 isopropanol (hydrobromic acid 0-9M) a separation
of strontium from magnesium should be possible.

Lead shows the same distribution coefficient of >10% at all concentrations of
aliphatic alcohols and hydrobromic acid. Separations of lead from magnesium,
calcium and strontium can be achieved. These elements are also separable in aqueous
hydrobromic acid.

Zinc and cadmium

The adsorption of zinc increases when the concentration of the organic component
in the mixtures is increased (Tables I-IV). Maximum adsorption is reached in 909,
n-propanol and isopropanol (K; > 10%). On the other hand cadmium shows a
distribution coefficient which is invariably >10° at all concentrations of aliphatic
alcohols. In the entire range of alcohol concentrations the adsorption values of
zinc are too high to allow a rapid separation of zinc and cadmium. A similar
behaviour of zinc and cadmium is observed in 90 % aliphatic alcohol media containing
109 of hydrobromic acid of varying molarity (Tables IX-XII). Conditions are also
unfavourable in 0-6-0-9M aqueous hydrobromic acid (Table XVII). However, the
separability of the two elements is greater when the acidity is decreased to 0-15M;
here the separation factor (K, /Ky, ) is >300.

In hydrochloric acid-aliphatic alcohol systems® a simple separation of these two
elements is also not possible, because of the similarity of the distribution coefficients.

Copper(II) and manganese(II)

The adsorption of copper increases with increase in the concentration of aliphatic
alcohols (Tables I-IV). Unlike copper, manganese shows only low adsorption values.
At higher alcohol concentration (80 or 909 alcohol) copper can be separated from
manganese. Similar separation possibilities exist with aliphatic alcohols containing
varying concentration of hydrobromic acid (Tables IX-XII). An effective separation
in 909 methanol medium (0-9M hydrobromic acid) was achieved (Table XVHI).

A separation of copper from manganese is not possible in aqueous hydrobromic
acid media (Table XVII) but separations can be achieved in 6 hydrochloric acid
systems containing 909, methanol or ethanol.®

Cobalt(II) and nickel

In virtually all cases cobalt and nickel show a similar adsorption pattern, i.e., their
distribution coefficients are very low and increase slightly at 80-90%; ethanol,
n-propanol and isopropanol (Tables I-IV). The adsorption of nickel is somewhat
lower than that of cobalt but the distribution coefficients are not sufficiently different
for separation purposes. However, both elements can be separated from cadmium,
lead, bismuth and zinc. Similar separation possibilities exist with aliphatic alcohol
systems containing varying concentrations of hydrobromic acid (Tables IX-XII) as
well as in aqueous hydrobromic acid media of low acidity (Table XVII).

In contrast to hydrobromic acid systems, separations of cobalt from nickel can be
effected in hydrochloric acid media.?
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Methyl Glycol Media

The results of measurements of the distribution coefficients of the elements in
hydrobromic acid-methyl glycol media are shown in Tables V and XIII.

Uranium(VI), thorium and cerium(III)

The behaviour of these three elements in media containing varying concentration
of methyl glycol and hydrobromic acid is virtually the same as that observed in the
hydrobromic acid-aliphatic alcohol mixtures. However, the adsorption of uranium
increases at higher hydrobromic acid concentration, its distribution coefficient reach-
ing a value of 120 in 0-9M hydrobromic acid, suggesting separability in this medium.
Similar separation possibilities exist with hydrochloric acid-methyl glycol media.?

Molybdenum(VI) and vanadium(IV')

These two elements show adsorption characteristics similar to those observed in
aliphatic alcohol media. While the adsorption of vanadium is invariably low, the
retention of molybdenum decreases at high methyl glycol and hydrobromic acid
concentrations. Nevertheless the difference in their adsorption values is too small to
allow a separation.

Iron(I1l), aluminium, indium and bismuth

Iron is only very slightly adsorbed on the anion-exchange resin from mixtures of all
concentrations of hydrobromic acid and methyl glycol, tetrahydrofuran or acetone as
organic solvents. On the strongly acidic cation-exchanger Dowex 50, iron is also not
retained.? Consequently this behaviour of iron in methyl glycol and also in acetic
acid, acetone and tetrahydrofuran media (Tables VI-VIII and XIV-XVTI) is due to an
extraction effect which prevents the adsorption of iron on both exchangers. This effect,
which is observed also with other elements and in several other mineral acid-organic
solvent systems, has amply been demonstrated in previous publications.®5~7 Separa-
tions based on this principle have been termed CIESE (Combined Ion-Exchange-
Solvent Extraction).5? In the case of hydrobromic acid-methyl glycol media this
non-adsorbability of iron allows its separation from bismuth, lead, zinc and cadmium,
Aluminium is not adsorbed at any concentration of methyl glycol and hydrobromic
acid and for that reason separations of aluminium from these elements are also
possible.

In hydrobromic acid-methyl glycol media the adsorbability of indium is very low
and since a similar low adsorption is observed on Dowex 50 this may also be due to an
extraction effect. Therefore the separability is similar to that of iron and aluminium.

Bismuth is strongly adsorbed at all concentrations of methyl glycol and hydro-
bromic acid. This allows its separation from various other elements.

Magnesium, calcium, strontium and lead

In hydrobromic acid-methy! glycol media these elements show a similar behaviour
to that observed in aliphatic alcohol systems. At all concentrations of methyl glycol
and hydrobromic acid separations of magnesium, calcium and strontium from lead are
possible.
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Zinc and cadmium

Both elements show the same high adsorption at all hydrobromic acid concen-
trations (Table XIII) so that separation is not possible. This behaviour is similar to
that observed in hydrochloric acid-methyl glycol media.?

Copper(II) and manganese(II)

Maximum adsorption of copper is observed in media containing 409, methyl
glycol. In media containing 909, methyl glycol the distribution coefficient of copper
was found to decrease with an increase in the molarity of hydrobromic acid.

Manganese is only very slightly retained at all concentrations of hydrobromic acid.
Separations of copper from manganese can be effected at all methyl glycol concen-
trations which are 0-6]f in hydrobromic acid.

Cobalt(IT) and nickel

Cobalt and nickel in hydrobromic acid-methyl glycol media show a behaviour
which is similar to that observed in aliphatic alcohols. The low adsorbability of the
two elements allows their separation from bismuth, lead, zinc and cadmium.

Acetone and Tetrahydrofuran Media

In Tables VII, VIII, XV and XVI are shown the results of determinations of the
distribution coefficients of the various metal ions in acetone and tetrahydrofuran
media containing hydrobromic acid. The elements show a similar behaviour in both
organic solvents, except for uranium, which is considerably less strongly retained from
tetrahydrofuran media than from the corresponding acetone systems.

The extraction effect mentioned above (under methyl glycol media) is observed
with iron and indium and was used to separate iron from uranium in acetone media
containing hydrobromic acid. Data concerning this separation are recorded in
Table XVIII.

Acetic Acid Media

The results of measurements of distribution coefficients of the elements in acetic
acid media containing hydrobromic acid are shown in Tables VI and XIV. The
solubility of lead bromide in some of the systems has been found to be very low so that
a determjnation of the distribution coefficients in these media was not possible. In
these instances the Tables do not list the distribution coefficient; instead the abbrevia-
tion “ppt” (for precipitation) has been put.

When the concentration of acetic acid increases from 0 to 909/ the retention of
molybdenum, indium, copper, manganese and cobalt increases to give distribution
coefficients of >10% in the presence of 909 acetic acid in the entire concentration
range of hydrobromic acid from 0-15 to 0-9M. This means that ready separation not
only of these elements but also of iron, bismuth, zinc and cadmium from magne-
sium, calcium and strontium can be achieved in media containing high concentrations
of acetic acid.

Aqueous Media

In Table XVII the behaviour of the elements in pure aqueous solutions containing
varying concentrations of hydrobromic acid is shown. Possible separations in these
systems include bismuth and lead from uranium, thorium, cerium, vanadium, iron,
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aluminium, magnesium, calcium, strontium, manganese, copper, cobalt and nickel
in 0-15-0-9M hydrobromic acid and separations of zinc from cadmium in 0-15-0-3M
hydrobromic acid. Thus, in these systems fewer possibilities exist for the separation
of the various metal ions from one another than in media containing organic solvents.

Résumé—On a étudié le comportement a 1’échange anionique de 19
éléments en milieux acide bromhydrique-solvant organique. On a
déterminé les coefficients de partage des ions métalliques dans ces
systémes en utilisant la résine échangeuse d’anions fortement basique
Dowex 1 X 8. Les solvants organiques utilisés sont: méthanol,
éthanol, n-propanol; isopropanol, méthylglycol, acétone, tétra-
hydrofuran et acide acétique. On indique les conditions les plus
convenables pour quelques séparations quantitatives basées sur ces
études d’équilibre et en discute.

Zusammenfassung—Das Anionenaustauschverhalten von 19 Elementen
in Medien aus Bromwasserstoffsiure und organischen Losungsmitteln
wurde untersucht. Die Verteilungskoeffizienten der Metallionen in
diesen Systemen wurden mit dem stark basischen Anionenaustausch-
harz Dowex 1 x 8 bestimmt. Als organische Losungsmittel
wurden Methanol, Athanol, n-Propanol, Isopropanol, Methylglykol,
Aceton, Tetrahydrofuran und Essigsdure verwendet. Die auf Grund
dieser Gleichgewichtsuntersuchungen ermittelten optimalen Bedin-
gungen fiir einige quantitative Trennungen werden angegeben und
diskutiert.
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Summary-—The polarographic behaviour of arsenic in various media is
reviewed with particular emphasis on the mechanisms of the electrode
reactions and on the use of polarographic methods for the determina-
tion of the element.

IN MosT supporting electrolytes the reduction of arsenic gives rise to complicated
waves unsuitable for analytical work. There are, however, a few media in which well
defined, well behaved polarographic waves are produced. Further study of such
systems is desirable as the polarographic reduction of arsenic is not, in general,
subject to interference due to antimony, so the conventional separation due to
antimony, so the conventional separation step (usually reductive distillation) common
to most methods for the determination of arsenic may frequently be omitted from
polarographic procedures. The more refined high-resolution, high-sensitivity tech-
niques (e.g., cathode-ray polarography or square-wave polarography) may be used to
advantage in the determination of trace quantities of arsenic.

In acidic solution, the stepwise reduction of arsenic(V) through arsenic(I1I) to the
element and thence to arsine is possible in whole or in part, depending on the nature
of the supporting electrolyte:

AsHt + 2¢ — As3t

As?t 4- 3e — As
3H+ 4 As -+ 3e — AsH,

Although this sequence certainly represents the successive changes in oxidation
number undergone by the arsenic species during polarography, the actual arsenic
polarograms are more complex. Double maxima may appear on the waves, and pH
exerts an unexpected influence. Adsorption of elemental arsenic undoubtedly occurs,
and it seems probable that catalysed hydrogen evolution may play a part in the
formation of the maxima. The nature of the various arsenic species present in acid
solution has been determined only recently, and tentative suggestions have been
advanced regarding the detailed course of the reduction mechanism corresponding to
the first part of the arsenic(II) polarogram. In general the most complicated and
irreversible polarograms occur in non-complexing acid media (e.g., hydrochloric acid,
sulphuric acid, nitric acid; Fig. 1 is typical), whereas in the presence of such com-
plexing agents as tartaric acid, citric acid or pyrogallol, simpler waves are produced.

In alkaline media, anodic (oxidation) waves for arsenic(III) have been obtained,
but cathodic reduction waves have been reported only in complexing media, or in
solutions of lithium compounds. ‘

REDUCTION IN ACIDIC MEDIA

In this section the behaviour of arsenic is considered in the absence of complexing
agents.
1191
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Fi1G. 1.—Normal polarogram of Arsenic(IIl) (50 ug/ml) in 1N hydrochloric acid.

The nature of the acid

In dilute acids (0-1 to 3M) tervalent arsenic gives a complicated polarogram in two parts.!-1
The half-wave potential and the definition of the first wave depend on the concentration of the acid.
The second part of the polarogram consists of a double maximum superimposed upon what appears
to be a single wave. The nature of this double maximum depends on the nature of any surface-active
agents present in solution, on the drop-time and (to a smaller extent) on the concentration of the acid.
The reduction of quinquevalent arsenic is possible in a few non-complexing acidic electrolytes (e.g.,
11-5M hydrochloric acid* and 1009 phosphoric acid!),

In the absence of maximum suppressors, polarograms of arsenic(IIl) in 0-1M hydrochloric,
nitric, sulphuric, or perchloric acid are similar in appearance.” At very low concentrations of arsenic
(in the range 1-2 x 10~*M) the waves are of equal height, but above 2 X 10~} the second wave
begins to exhibit its characteristic double maximum. The limiting current of the first wave, and the
height of the maxima, do not increase linearly with arsenic concentration; the plateau of the first
wave reaches a limiting value above 2-3 x 10-*M arsenic(Ill). However, the height of the “mini-
mum” (Fig. 1) seen just before the final hydrogen discharge wave varies approximately linearly with
arsenic concentration, but is too near the hydrogen discharge wave to permit accurate measurement.
With increasing concentration of arsenic(IIl), the point on the platean of the first wave at which the
first sharp increase of current begins (4), and the positions of the peaks of the maxima, move to more
negative potentials; values of potential at 4 are —0-70, —072, and —0-75V (vs. S.C.E.), as
arsenic(II) concentrations of 1-02 x 10—2M, 2-04 X 10~°M and 4-08 X 10-2M respectively in
0-1M hydrochloric acid. The polarograms in these acids are unsuitable for analytical work.

Increasing the concentrations of acid in the supportingelectrolyte to 1M produces minor differences
in the positions of the components of the arsenic(Ill) polarograms, but the overall appearance is
unaltered.3:4¢ Again, these is a minimum concentrations of arsenic(IIl), (e.g.,* § X 10~3M for 1M
hydrochloric acid below which two fairly well defined waves of equal height are obtained. Above this
concentration, the second wave exhibits the characteristic double maximum. At concentrations of
arsenic(ITY between 1 and 4 X 10~2M, the height of the first wave becomes independent of the
arsenic concentration.>»® This behaviour is not affected by changes in temperature? (between 18° and
32°) or by hydrochloric acid concentration® (up to 2-0M).

The half-wave potential of the first wave in 1M hydrochloric acid is given as —0-428 4 0-005 V
(vs. S.C.E.),! and begins at about —0-3 V (vs. S.C.E.).* The second arsenic wave (having the double
maximum) begins at about —07 V,* or —0-6 V,® vs. S.C.E. The heights of the maxima increase
disproportionately as the arsenic concentration increases.®

In solutions of yet greater acidity, the first wave becomes more positive. An expression for the
half-wave potential of the first wave in hydrochloric acid has been derived:!

Fyjs = —0-427 + 0-135 log[HCI].
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The error in Eyy3 is +2 mV and this equation is applicable in the acid concentration range 0-1-2M.
In the supporting electrolytes so far considered, the arsenic reduction waves are unsatisfactory for
analytical application in the absence of maximum suppressors (on account of the large maxima), but
one report appears in the literature? claiming that two well defined waves for arsenic(Ill) were
obtained in 1-3M hydrochloric acid. The diffusion current of the first wave was reported to be
proportional to the arsenic concentrations over the range from 10-% to 2 x 10-2M, and the wave was
stated to be suitable for analytical applications.

In hydrochloric acid more concentrated than 4M mercury is spontaneously oxidised to form
mercury(I) chloride. In 11-5M hydrochloric acid! the height of the first wave is directly proportional
to the concentration of arsenic(Ill) up to at least 4 x 10-M. The half-wave potential of the second
wave is about —0-55 V (vs. 8.C.E.), but is so poorly defined that neigher the half-wave potential nor
the diffusion current can be measured accurately.

The nature of the reduction of arsenic(IIl) in hydrochioric acid has been studied by a.c. polarog-
raphy.**% The irreversibility of the reduction was shown by a comparison of the a.c. potential,
current constant and peak half-width with the d.c. half-wave potential.'® It was further shown?
that the electrical double layer capacity was decreased in the presence of arsenic(IIT).

Arsenic(V) has been found to yield reduction waves in concentrated acids. In 100%; phosphoric
acid (prepared by heating a 507 solution to a final temperature of 265°) the half-wave potential is
—0-75 ¥, and the reduction is irreversible. In 11-5M hydrochloric acid, arsenic(V) yields a polaro-
gram consisting of two parts.' The first wave merges with the anodic wave due to the dissolution of
mercury. The second wave, which is irreversible, has a half-wave potential of —0-52 4+ 0-02 V. At
concentrations of arsenic(V) above about 4 x 10-*M, especially with short drop-times, the relative
height of the second wave increases rapidly; with 2:5 X 10-2M arsenic(V) the total height is several
times the expected value. At the same time, the polarograms became much more complex as addi-
tional waves appear.

Surfactants

Several substances have been proposed for use as maximum suppressors, especially gelatine,4-1#
although this has several disadvantages. Peptone,'® glucose,'* thymolphthalein,? sodium Methyl
Red,” Fuchsine,'” Methylene Blue,%".21-% and “‘Triton-X""?* have also been tried. The use of poly-
vinylpyrrolidone has been suggested,? and the properties of dodecyltrimethylammonium chloride®
have been investigated. These maximum suppressors are of use only with solutions of arsenic(I1I),
as no maximum suppressor for arsenic(V) has been reported which suppresses the maxima without
causing a severe distortion of the whole polarogram.

Gelatine has used as maximum suppressor for solutions of arsenic(Ill) in 0-1M,” 1M, 1417 and
3M hydrochloric acid,® 0-5M sulphuric acid**" and 1M nitric acid.* In 0-1M hydrochloric acid,
containing 102 X 10-2M arsenic(IIl), concentrations of gelatine of 0-001, 0-003, 0-006, and 0-009 %
were employed.” Although suppression of the double maximum on the second wave was complete
with 0-009 %; gelatine, this concentration of maximum suppressor markedly reduced the wave height,
and a general deterioration in the definition of the polarogram was observed. Even in the presence
of as little as 0-003 9, gelatine, the point at which the “minimum” (Fig. 1) occurred became too
indistinct for its height to be measured at all. The polarographic waves were unsuitable for analytical
work.

A similar state of affairs is seen for solutions of arsenic(III) in 1M hydrochloric acid containing
0-01 %; gelatine. The unsuitability of this maximum suppressor is evidenced by the absence of a well
defined plateau on the second wave, and the first wave is shifted to potentials so negative that the two
waves almost coalesce.! The polarogram was said to exhibit waves beginning at about —0-4 and
—0-9V and an ill-defined platean at —0-8 V, with height proportional to the concentration of
arsenic.* Polarograms taken in 0-5M sulphuric acid and 1M nitric acid containing 0-01%; of gelatine
are almost identical with those in hydrochloric acid,* but somewhat better defined. The wave-heights
are stated to be proportional to the arsenic concentration,

Methylene Blue has proved to be far more satisfactory than gelatine. Concentrations of 0-5-
10 x 10~%9 have been used in solutions of arsenic(IIT) in 0-1M hydrochloric acid,” and 0-43-3-00 x
1042 in solutions of 1M hydrochloric acid.! In 1M hydrochioric acid 1-5 X 10~*M in Methylene
Blue the plateau of the second wave is quite well defined, and the total diffusion current constant for
the double wave is almost exactly twice the value for the first wave alone.* Increasing the concen-
tration of Methylene Blue to 10-M still effectively removes the maxima on the second wave without
decreasing the wave-height” (10-*M arsenic(III) in 0-1M hydrochloric acid). However, solutions of
arsenic(Il) in 0-1M nitric acid in the presence of Methylene Blue give only poorly defined waves
unsuitable for analysis.” In 0-1M perchloric acid the addition of Methylene Blue gave rise to a scarlet
precipitate which caused erratic flow from the dropping mercury electrode.’

Other substances used as maximum suppressors have not been so thoroughly investigated. The
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addition of 0-001 7; of sodium Methyl Red had little effect on the overall height of the wave in 0-1Af
hydrochloric acid [10-3M arsenic(IID)], but did not completely eliminate the first maximum or the
subsequent “dip” in the diffusion current.” Increasing the concentration to 0-0015% caused de-
terioration of the polarogram. The waves were considered to be unfit for analytical work. Polyvinyl-
pyrrolidone in a concentration of 0-01 %/ almost completely eliminated the double maximum on the
second wave in a solution of arsenic(l1l) (50 ug/ml) in 2M hydrochloric acid.?® Unfortunately, the
height of the first wave was diminished considerably.

Cyclohexanone and a number of its derivatives produce an abrupt decrease in the diffusion
current at certain potentials in the arsenic(II) polarogram.”” This “cut-out” effect occurs at about
—1-2V (vs. S.C.E.), and may be seen in a solution of arsenic(II) in 1M hydrochloric acid that is
0-005M in cyclohexanone. It is not observed in neutral or alkaline media. 2-Methylcyclohexanone,
4-methylcyclohexanone, 1-isopropyl-4-methylcyclohexanone, 1-methyl-4-isopropylcyclohexanone,
and 1,1-dimethyl-3, 5-cyclohexanedione also give the “cut-out™ effect. Only those alkylcyclo-
hexanones which may exist in the chair conformation are effective (those held in the boat form are
not). This effect is attributed, in part, to chemisorption at the electrode.

Effect of neutral salts

The effect of neutral salts on the polarogram of arsenic(I1I) in 0-5M sulphuric acid has been studied
by several workers. The combination 0-5M sulphuric acid/1M manganese sulphate/0-01%; gelatine
yields a two-part arsenic(IIl) polarogram with half-wave potentials of —0-54 and —0-69 V (vs.
S.C.E.)® (with half-wave potentials of —0-7 and —1-0V in the absence of manganese sulphate), but
these values depend on the interpretation of the waves. The same combination with no maximum
suppressor gives a two-part trace having a drawn-out, ill-defined first wave between about —0-6 and
~0-8V (vs. S.C.E.) and a clearly defined second wave with a half-wave potential of —0-97V
(vs. S.C.E.).Y"

In the latter case,’” an increase of sulphuric acid concentration (between 0-8N and 4N), with
manganese sulphate concentration kept constant at 1M, made no perceptible difference to the wave-
height (although it is not specified exactly where this was measured). Similarly, an increase in concen-
tration of manganese sulphate (0-6-1-5M), and the addition of small quantities of nitric acid (final
concentration 0-1-0-4M) caused no perceptible difference in the wave height. However, in the former
case,” an increase in sulphuric acid concentration caused an increase in the height of the first wave,
and a decrease in the height of the second. The first wave was not suitable for quantitative analysis,
but the second wave could be so used, being proportional to arsenic concentration over the range
0-5-5 X 10*M.

With 1N sulphuric acid/0-5M potassium chloride/10-°A Methylene Blue, a very similar result is
obtained. Two waves are obtained, with half-wave potentials of —0-42 and 0-65V (vs. S.C.E.).2!
The first wave is not proportional to the arsenic concentration, but the second is, and is thus suitable
for analytical applications.

The reduction of arsenic(III) in a supporting electrolyte of 0-1-1-0M potassium iodide, between
PH 2-1 and 2-5 (hydrochloric acid) has been studied.2® In 0-1M potassium iodide containing 0-001 %,
dodecyltrimethylammonium chloride as maximum suppressor, the polarogram of arsenic(III)
consisted of two parts. The first part comprised a well defined wave at concentrations of arsenic(IIT)
of less than 8 X 10~*M. With concentrations of arsenic(III) greater than 10-2M, the plateau became
markedly convex. The second wave was well defined with this concentration of maximum suppressor.
However, in the absence of a maximum suppressor, a double maximum very similar to that observed
in dilute mineral acids®*? was obtained.

The effects of the pH of this supporting electrolyte on the half-wave potentials and diffusion
currents were studied.?®* Below pH 1-9, the starting potential of the first wave was so close to the
anodic mercury dissolution wave that measurements of the wave height were very difficult. The
height of the first wave decreased with increasing pH in the range 1-90-2-50, but the total height
remained constant. Above pH 3-00, the wave height apparently decreased with increasing pH., These
results were taken to indicate that the reduction of arsenic(IlI) decreased with a decrease in hydrogen
ion concentration.

The half-wave potentials of the first and second waves shifted to more negative potentials with
increasing pH, the second wave farther than the first.?® With 10-3M arsenic(III) in 0-1M potassium
iodide, for example, the half-wave potential of the first wave shifted from —0-57V at pH 2:0
to —0-63 'V at pH 2-5. The half-wave potential of the second wave shifted from —0-85V at pH 2-0
to —0:93 V at pH 2-5. In 1-0M potassium iodide containing the same concentration of arsenic(IIl),
the corresponding shifts were: first wave, —0-52V at pH 17 to —063V at pH 2:7; second
wave, —0-78 V at pH 1-7 to —0-93 V at pH 2-7 (all voltages vs. S.C.E.).

The reduction of arsenic(III) in a supporting electrolyte of potassium chloride adjusted to various
pH values with hydrochloric acid has been studied.®*® Recently, work has been carried out with a
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rapid dropping mercury electrode (RDME), with mechanical detachment of the drops at the rate of
about 4/sec.’® It was found that below pH 0-5 in potassium chloride/hydrochloric acid solutions
(containing no maximum suppressors) the reduction of arsenic(IIl) occurs in three distinct steps.
The waves tend to merge at pH 1-0, and at appreciably higher pH values only two waves are produced.
Comparison of these results with normal polarograms observed on the same solutions indicates that
the two maxima reported previously are due to the second and third reduction steps. The second wave
disappears as neutrality is approached, and is presumably due to proton participation in the reduction
mechanism.

The appearance and nature of the characteristic double maximum on the second wave of the
arsenic(III) polarogram observed in the absence of maximum suppressors is highly dependent on
the presence of traces of metal ions in the supporting electrolyte. This is so even in cases where the
presence of these ions has no effect on the position and character of the rest of the polarogram, It
has been claimed that polarographic reduction of arsenic(III) does not occur in neutral solutions of
very pure salts such as sodium, potassium, ammonium or magnesium sulphate, but if a weak acid is
present (formic, acetic, monochloracetic, oxalic, malonic, succinic, benzoic or phosphoric), and
impurities are present in the supporting electrolyte, reduction occurs and maxima appear on the
polarogram.*®?® The maximum appearing directly before the final hydrogen discharge (usually
between —1-2 and —1'5V in electrolytes such as those mentioned above) is proportional to the
arsenic concentration, and occurs when cobalt, iron or nickel ions are present in solution.'5:2? The
effect of cobalt and iron salts in the reduction of arsenic is considered to be analogous to the catalytic
effects of cobalt in the reduction of cysteine and dimethylformamide, since in the potential range in
which the maxima occur catalysed hydrogen evolution is observed. Simple salts such as cobalt
sulphate, chloride and acetate, iron(III) chloride, iron(II) sulphate and iron(II) ammonium sulphate
are effective in producing the catalytic action, while complex salts such as potassium ferrocyanide and
ferricyanide are not. The presence of surface-active agents decreases the maxima in these solutions
in the usual way, but a 10~*M solution of Methylene Blue increases the height of the maxima in the
presence of formic, acetic, monochloracetic, malonic or benzoic acid.?®

Attempts have been made to correlate the appearance of the arsenic(Ill) maxima with movements
of the supporting electrolyte or the emerging mercury drops. In the supporting electrolyte of 0:2-
0-4M magnesium or sodium sulphate, 0-015M acetic acid, 0:015M cobalt sulphate [containing
10°M arsenic(II)] it is found that a maximum is not necessarily accompanied by significant move-
ment of the electrolyte or mercury.?® (These movements were made visible by including in the solution
indifferent powders such as talc, mica and purified charcoal, and filming under 10-20 X magnifica-
tion.) The effect of drop-time is complex, drop-times of 1-8-2-5 sec producing intense movements in
both the electrolyte and the mercury, but these are not uniform, and vary with the geometrical
characteristics of the capillary. Shorter drop-times cause a decrease in the height of the maxima. This
sensitivity of the height of the maxima to drop-time has been noted elsewhere.’® When a long drop-
time, e.g., 5-6-5 sec, was used, no movement could be observed even when prominent maxima were
formed, but there is no simple relationship between the appearance of a maximum and flow
phenomena round the dropping mercury electrode.

Observations of turbulence have also been made in relatively simple electrolytes having no
deliberately added catalytic component such as the cobalt jon. In 0-1N hydrochloric, nitric, sulphuric
or perchloric acids, turbulence could definitely be seen to occur at potentials at and between those at
which the two maxima are seen (Fig. 1). When this occurred, the movement of the liquid was directed
upwards towards the drop, causing a swirling motion around the electrode. At all other points on the
polarogram only the normal movement of the liquid, due to the passage of the mercury drop, was
observed. Attempts to view the turbulence in the presence of maximum suppressors were unsuccessful
because the added suppressors were adsorbed by the finely divided powders (talc, charcoal, graphite)
used to make the movements visible. The effect of drop-time was not studied.

Arsenic species in solution

Arsenious oxide, As,Qy, is sparingly soluble in water, yielding a solution containing the weak
arsenious acid, H;AsO,.° The production of silver orthoarsenite Ag;AsO; provides some evidence
for the existence of the ion AsO4*- in solution.®® Since the polarograms of arsenic(IIf) in dilute
(0-1-1N) solutions of hydrochloric, sulphuric, nitric and perchlioric acids (in the absence of maximum
suppressors) are very similar,? the arsenic is no doubt largely present in the same form in all these
solutions. In ~4M hydrochloric acid media, marked changes appear in the polarogram and have
been attributed’ to the formation of chloro-complex anions such as AsCl,~. Such ions have been
considered to be present in very concentrated (11-5 M) hydrochloric acid, where, for the reduction
of arsenic(V), a very high activity of both hydrogen and chloride ions is required.*

However, only recently has an attempt been made to determine the nature of all the arsenic
species present in aqueous solutions at different pH values. The work is confined to solutions of
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hydrochloric acid, hence no further comment can be made here upon species existing in moderately
concentrated or very concentrated solutions of the other acids mentioned. Calculations based on the
distribution and solubility data of arsenic(IIl) complexes extracted from aqueous acidic solution
into 2,2’-dichlorodiethyl ether are found to be consistent with the existence of the following species®
in hydrochloric acid solutions:

AsCl,, As(OH)Cl,, As(OH),Cl, As(OH),*, HyAsO,

In 12M hydrochloric acid, the only species present in significant amount is AsCly; in 9M hydrochloric
acid the predominent species are AsCl; and As(OH)Cl,; in ~5M hydrochloric acid all five of the
species are present. It would be expected that this applies to less concentrated solutions as well and
formation constants for these species are given (Table I).>* Although hydroxychlorides have not been
isolated, the compound AsOCI-H,O has been prepared.32

TABLE 1
As(OH),* K, =075
As(OH),Cl K,; = 0-085
As(OH)Cl, K; =34 x 10~
AsCly K, =6.25 x 10-*%

Mechanism of the reduction

In general the polarograms of arsenic(1IT) consist of two main parts corresponding
to reduction to the element, and then to arsine!®47 (Fig. 1). These reaction products
have been confirmed in the case of 0-1N solutions of hydrochloric, sulphuric, nitric
and perchloric acids.” Elementary arsenic was seen at potentials corresponding to
the first reduction wave. A modified Gutzeit method was used to detect arsine at
potentials beyond that corresponding to the highest point on the first maximum. The
first wave (corresponding to reduction to elementary arsenic) reaches a constant
height above an arsenic(1Il) concentration of 2-3 X 10—3M and this is attributed to
the formation of a film of adsorbed elementary arsenic on the surface of the mercury
drop.

The height of the “minimum” on the polarogram just before the final hydrogen
discharge wave is not affected by non-distorting maximum suppressors such as
Methylene Blue, and was considered to represent the true diffusion current for the
reduction to arsine (n = 6).? The mean value of the diffusion current constant for this
pointin 0-1M hydrochloric acid/0-001 9; Methylene Blue is 12-6, and the corresponding
value for 0-05M sulphuric acid/0-001 9, Methylene Blue is 12-8, for a range of
arsenic(III) concentrations from 0-76 to 1:76 X 10-3M. This value is approximately
twice the value of that for the first wave, as expected. The irreversible nature of the
arsenic(III) reduction is indicated by the negative shift of the potentials of the various
sections of the wave as the arsenic concentration is increased, and also by the slope
(0-11) of the plot of E vs. logi[(i; — i) for waves in the arsenic concentration range
1-2 X 107*M, i.e., at arsenic concentrations at which relatively simple waves are
obtained.

In 1M hydrochloric acid the diffusion current constant of the first wave (no
maximum suppressor needed) is 6:04 -+ 0-03 (mean of 17 determinations),* and that
of the total double wave (0-15 X 10~*M Methylene Blue present) is 12:00 & 0-04.1
These values confirm that the reduction of arsenic(III) in hydrochloric acid solutions
proceeds by two successive three-electron steps. The irreversibility of the first wave is
indicated by the value of E;/, — E;), (viz. —35 4 5mV in 0-05-3-5M acid): the
expected value for a thermodynamically reversible three-electron reduction
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is —18-8 mV. In 11-5M hydrochloric acid, the diffusion current constant of the first
wave is 394 £ 0-07,! only 659, of its value in the 1M acid. The second wave is so
poorly defined that its diffusion current constant cannot be measured.

If the method of rapid polarography is used (about 4 drops/sec), with a supporting
electrolyte of hydrochloric acid or hydrochloric acid/potassium chloride, at pH
0-1-0-5, arsenic(III) yields a polarogram consisting of three waves.l® The diffusion
current constants of these waves are 5-51, 2:90, and 6-09. The similarity of the first
and last values to that for the first wave in 1M hydrochloric acid obtained by normal
polarography has led to the conclusion that these waves represent reduction to arsine
via elementary arsenicas usual. The “middle” waveisattributed to proton participation.

The presence of gelatine gives rise to gross distortion and considerable changes in
diffusion current. In 1M hydrochloric acid containing 0-01 9; gelatine, the diffusion
current of the first wave was 8:6 (84 for sulphuric acid, 8-8 for nitric acid).4

The adsorption of elemental arsenic on the growing mercury drop is typical of that
of adsorption waves in general,3® and the first wave reaches a limiting height when
a monolayer of adsorbed arsenic is present on the drop. Similar behaviour is found
in the polarographic reductions of selenium(IV) and tellurium(IV),3 and in that of
germanium(II).35 In each case, analogous explanations were advanced. In the case
of arsenic polarography the effects were originally attributed to adsorption of
arsenious oxide.® The adsorption phenomenon has been used to derive a value for
the radius of the arsenic atom.? In 1M hydrochloric acid containing arsenic(III)! the
first wave reaches a constant height at an arsenic concentration of 0-9 x 103M,
Using a capillary delivering drops of known mass (9:02 4- 0-02 mg) it is found that the
product i;f remains constant and equal to 58-5 4= 2:0 uc as the drop-time is varied
from 1-7 to 51 sec. It is then assumed that the arsenic produced by this quantity of
electrical energy just suffices to cover the exposed area of the drop at the end of its life.
Assuming that the drop is spherical, the arsenic radius is calculated to be 0-098 nm.
(The Goldschmidt value is 0-116 nm for a symmetrical atom in a symmetrical electrical
field.)

Confirmation that the arsenic phenomenon is the result of an adsorption process
has been given by workers who applied an adsorption isotherm type of analysis to the
waves. In a supporting electrolyte of 0-1/ potassium iodide, adjusted to pH 2-0-2-4
with hydrochloric acid, the wave-height is proportional to arsenic(IIT) concentration
up to about 103M.26 Above this value, the relationship becomes non-linear and the
wave-height reaches a limiting value at an arsenic(III) concentration of about
4 x 10~3M. In this region of non-linearity, values of observed wave-height (ir,), the
corresponding current value when extrapolated to a linear relation (i), and the
difference between these two (i,) were obtained. Then, from the general equation of
isothermal adsorption i, — iy, = i, = aC'/*, where C is the concentration of
arsenic(III), and 7 is a constant (current in pA).

Therefore:

1
logi, = loga + p log C.

The plots of log i, vs. log C showed a linear relationship, consequently a non-linear
relationship between the reduction wave-height and the concentration of arsenic(II1)
can be attributed to adsorption.26

[
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Although a reduction mechanism for the first, comparatively well-behaved, wave
has been suggested,? the second wave has proved more difficult to explain in detail.

In this scheme,3® from the knowledge of the arsenic species in solution (stated
previously) and the effects of the changes in the concentration of chloride and
hydrogen ion on the half-wave potentials, electron transfer to As(OH)CI, is deduced
to be the slow step in the reduction of arsenic(III) to arsenic(O) in acidic chloride
media.

Two possible types of reaction mechanism are in accord with the experimental
data:

Mechanism 1
As(OH)CI, + 2 (or 3)e~ % __ As(I) (or As)

Mechanism 11
As(OH),CIE~~7 ¢~ __fst _ A5(OH),CIZ~*~¥
As(OH),CI2=2=7 + (2 — y)CI- __Tt__ As(OH)Cly~ + (x — 1)OH~
As(OH)Cly~ + 1 (or 2)e~ _ %% __ As(I) (or As).

Preference is given to the latter mechanism because it suggests the possibility of
an ion-bridge mechanism of a type known for some redox reactions in solution. Such
a mechanism might proceed:

As(OH);* - CI- + e~ __™'__ As(OH)CI + OH-
As(OH)Cl + CI~ - e~ __8o¥ > As(T)
As(I) + e _™¢ _ As

The chloride ions are assumed to come from the tightly bound double layer at the
dropping mercury electrode, and to act as a bridge between the electrode and the
arsenic ion.

In the case of arsenic(V), the diffusion current constant for the total double wave
in 11-5M hydrochloric acid is 10-7,! almost exactly § of that for the three-electron
reduction of arsenic(IIl) in this medium. The reduction is therefore considered to
proceed to the arsine stage, with the first wave representing reduction to elemental
arsenic, although the height is somewhat less than the expected § of the total wave-
height. Again, no suggestions for the detailed course of the reduction mechanism are
available.

REDUCTIONS IN NEUTRAL OR ALKALINE MEDIA

Comparatively few references appear in the literature relating to the reduction of
arsenic in an alkaline medium. The influence of complexing agents will be considered
in the next section.

Cathodic reductions

Although the use of neutral electrolytes will be mentioned it has been claimed that arsenic(III) is
not reduced in neutral solutions of very pure salts such as sodium, potassium, ammonium, and
magnesium sulphate.?®:28

It has not proved possible to obtain a cathodic reduction wave of arsenic(Ill) in 1M sodium
hydroxide,* or in 1M hydrazine/1M sodium hydroxide,* although a shift in the wave of the support-
ing electrolyte revealed some activity due to the arsenite ions.®® In a further study of this phenom-
enon polarograms obtained with a solution of arsenite ion (3-76 x 10~*M As(IIl) in 0-1M sodium
chloride/0-01M sodium hydroxide), differed from a polarogram of the supporting electrolyte alone;*®
the decomposition potential of the solution containing the arsenite ion was lower (e.g., current values
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were 2 and 0-4 uA respectively, at 1-9'V vs. silverfsilver chloride electrode). This was taken to
indicate that, although the arsenite ions were reduced in the 0-1M sodium chloride/0-01M sodium
hydroxide medium, the polarographic wave was obscured by that of the sodium ions. Confirmation
of this theory was obtained by the production of a well defined wave due to arsenite ion in a 0-1M
lithium chloride/0-01M lithium hydroxide supporting electrolyte. (Lithium ions are not reduced
until a potential of —2-1V ws. the silver/silver chloride electrode is reached.) The height of this
(irreversible) wave was proportional to arsenic concentration in the range 1-6 X 10-*M. Its half-
wave potential was —1-88 V vs. the silver/silver chloride electrode at pH 12-0. Under these conditions,
the diffusion current constant was 14-4, From comparison with the diffusion current constant for the
six-electron reductions of arsenic(II) to arsenic(—III) (12:0),! it was concluded that the wave in
the lithium chloride/hydroxide media represented the six-electron reduction to arsine.

In further work®® on the same electrolyte (0-1M lithium chloride/0-01M lithium hydroxide) the
height of the polarographic arsenic wave was found to be directly proportional to arsenic concentra-
tion over the range 6-20 X 10~*M arsenic(III). The production of cathodic reduction waves of
arsenic(III) has been observed in several electrolytes other than simple alkaline solutions. The data
obtained from this work are summarized in Table II. The table refers only to arsenic(III), since
arsenic(V) is not reducible in any supporting electrolyte mentioned in this section. Data on some
similar solutions containing hydrochloric acid are included for comparison.

Anodic waves

Anodic (oxidation) waves for arsenic(IIl) have been reported in alkaline solutions of various
concentrations®**4%4¥ The waves are accompanied by maxima which may be removed by gelatine.
In 0-5M potassium hydroxide, the height of the wave is found to be proportional to the arsenic
concentration in the range 0-94 x 10~°M.#* The diffusion current constant is 3-82 4 0-02 at 25°.
The half-wave potential is —0-26 V (vs. S.C.E.), and is independent of concentration. Other concen-
trations of alkali (sodium hydroxide) which have been employed are 1M, giving a wave at —0:31' V
(vs. N.C.E.),* and 100, giving a wave at —0-:337 V (vs. S.C.E.).?* In all three cases, the wave was
attributed to oxidation to arsenic(V).

REDUCTIONS IN COMPLEXING MEDIA

Many reports dealing with the polarographic behaviour of metals in complexing
media include work on arsenic, but detail is often lacking.

Acidic complexing electrolytes

The perchloric acid/pyrogallal supporting electrolyte is of particular interest, since it is one of the
few in which arsenic(V) is easily reducible. In a mixture of 2 perchloric acid/0-5M pyrogallol three
well-defined waves are obtained.** The half-wave potentials, which are unaffected by the arsenic
concentration in the range studied (0-5-2-0 x 10-*M), are —0-11, —0-46, and —0-72V (vs. S.C.E.).
These values are unaffected by perchloric acid concentration in the range 1-3M. (At perchloric acid
concentrations less than 1M the second and third waves become less well-defined: above 3M acid,
the third wave develops a maximum.) The relative wave-heights suggest the stepwise reduction
scheme:

AS(V) — 25 AS(I) — 2 5> As — 5 AsH,

The corresponding values of Egyy — Eyy4 are 00096, 0-052, and 0-020. The diffusion coefficient of the
arsenic(V) complex with pyrogaliol (17 x 10-°* mm? . sec™?) suggests a rather bulky and slow-moving
complex.

'IPhe range of arsenic concentration over which proportionality exists may be compared to that in
11-5M hydrochloric acid, where only two waves occur and in which the waves became too complex
to be useful above an arsenic(V) concentration of 0-4 x 10~*M.! The perchloric acid/pyrogallol
medium will doubtless prove very valuable for analytical applications. As expected, the reduction
of arsenic(IIl) in this medium gives only two waves.** With an arsenic(III) concentration of 0-5 x
10—2M, the half-wave potentials are —0-460 and —0-740 V (vs. S.C.E.). Half-wave potentials are the
same in the presence and absence of pyrogallol, and the diffusion coefficient of arsenic(III) in the
pyrogallol medium is much greater, i.e., 1-0 X 103 mm2sec™?.

A number of carboxylic acids have been employed (e.g., acetic, tartaric, oxalic, citric, lactic and
salicylic) and complexing mixtures which include hydrochloric acid with, e.g., tartaric acid*-4’ or
acetic acid®1%.1%.28 have been reported. The reduction of arsenic(III) in 1M/ tartaric acid/1A hydro-
chloric acid gives two well defined waves.*>~47 The half-wave potentials of these are about —0-4 and
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TasLE 1I
Eis, Vs,
Supporting electrolyte Reduction scheme  SCE or NCE Remarks Ref.
0-25M Ammonia/0-25M  As(IIT) — AsH, —1-72*  Well defined; wave- 6
ammonium chloride height o« [As].
1M Hydrazine/1M As(IIT) — As (film?) —1-11f  Small pre-wave, small 24
ammonia/lM — As (?) —1-35% max., fairly well-defined.
ammonium chloride Final current increase
(actually max. of next
wave) begins at about
—1-5V.
0:5M Potassium iodide As(IIT) - AsH, — Wave merges with 6
electrolysis wave of
supporting electrolyte.
0:5M Potassium chloride As(III) — AsH, ca. —1-7* as above 6
0:5M Calcium chloride As(IIT) — AsH, —1-57* as above 6
0-5M Sodium perchlorate As(IIT) — AsH, ca. —1-7* as above 6
0-5M Potassium thio- As(IIl) — As —0-70* 6
Cyanate As — AsH, ca. —1-2*  Height of wave not
measurable.
1M Potassium thio- As(IIl) — As (film?) —0-681  Fairly well defined, 24
cyanate/0-001M irreversible.
hydrochloric acid§ — AsH, (?) —1-091 1ll-defined, irreversible.
(§9)] —1-56t  Very ill-defined.
1M Potassium thio- As(III) — As (film?) —0-70t  Well-defined, height halved 24
cyanate/0-002 %, by Triton X.
“Triton-X"’/0-001M —0-131  Fairly well defined,
hydrochloric acid§ irreversible.
—1:611  Ill-defined, wave height
unchanged by Triton-X.
10M Potassium thio- As(II) — As (film?) —0:69t Well defined, irreversible. 24
cyanate/0-001M — AsH; () —1-50f  Very well defined, nearly
hydrochloric acid§ irreversible.
Saturated hydrazine As(IID) — As (film?) —0-192t Well defined, irreversible. 24
hydrochloride —0-5751 Fairly well defined,
abnormally steep.
0-5M Ammonium As(IIT) — AsH, —1-72% 6
oxalate
0:1M Sodium bicarbonate As(IIT} — AsH, —1-741  Wave height «c[As]up to 41

1:5 x 10—*M.
[Recommended
supporting electrolyte
for determination of
arsenic(11I).]

*Vus. N.CE.
t Vus. S.C.E.

§ Included for comparison.
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—0-7V (both vs. S.C.E.) respectively. These waves are attributed to reduction to arsine via elementary
arsenic.

The first wave was proportional in height to the concentration of arsenic, and was suitable for
analysis®® (diffusion current constant, 4:32). The second wave decreased in size when the solution
was left in contact with mercury for several hours, or in the presence of silver nitrate. In these
circumstances an initial current was obtained at 0 V, indicating the presence of silver or mercury ions
in solution. Since these metals form relatively insoluble arsenides, it was inferred that at potentials at
which arsenic would normally form, the metals reacted with the deposited arsenic to form the
arsenides. In a detailed study of this phenomenon, a distinct change in the polarographic charac-
teristics of the system was observed when the concentration of arsenides formed exceeded a certain
value. This transition occurred at an arsenic(III) concentration of 3-75 x 117*M. Taking this point
to represent the solubility limit of arsine, a value of 1-13 X 10~*M was derived for this. A second
similar determination gave 1:0 X 10-%M (at 30°).

Arsenic(IIT), at a concentration of 10~*M, produces a series of relatively simple polarograms in
sodium acetate/hydrochloric acid solutions of different pH.” As the pH increases, the wave-height
decreases (from 4 uA at pH 14 to 3-6 uA at pH 2-6), while the half-wave potentials shift to more
negative values, i.e., —0-765V (vs. S.C.E.) at pH 1-4 to —0-905V (vs. S.C.E.) at pH 2-6. Above
pH 2-6 accurate measurement becomes impossible owing to interference with the hydrogen wave,
while above pH 4-2 the arsenic wave completely merges with that of hydrogen. At a higher concen-
tration of arsenic(IIl) (0-66 X 10-*M) the polarographic waves exhibit large maxima,'® similar to
those appearing in hydrochloric acid alone. A similar shift in half-wave potential with pH is found,
indicating the formation of arsenic-acetate complexes. A mole-ratio of 1:3 for arsenic:acetic acid
for such a complex has been found***® but the composition of the complex species probably depends
on the conditions. Solutions of arsenic(IIT) (0-:66 x 10-2M1)in hydrochloric acid/sodium acetate have
also been examined by the technique of the rapid dropping mercury electrode (4-1 drops/sec).!* Ina
solution at pH 1-1, three waves are obtained. The negative shift of half-wave potentials (relative to
those in hydrochloric acid alone) is again evident. In solutions of pH between 1-9 and 4-9 only one
wave appears. The change in half-wave potential is from —1-1V at pH 19 to —1-6 V (vs. S.C.E.)
at pH 4-9.

pIn an acetic acid (0-25M)/sodium acetate (0-5M) buffer, arsenic(II) gives a polarographic
wave with a half-wave potential of —1-:25V (vs. N.C.E.),® but the wave-height is not measurable.
Arsenic(III) is not reduced in a 1M ammonium acetate/1 M acetic acid solution, but in 2M ammonium
acetate/2M acetic acid it gives a poorly defined wave, with half-wave potential —0-92V.4® Ina 1:4
mixture of saturated aqueous calcium hydroxide and 0-1M citric acid, arsenic(III) gives a well defined
wave suitable for analysis.* The wave is separated from that of antimony, and it is possible to
determine arsenic in an antimony/arsenic mixture in which the antimony is in a 60-fold excess.

Arsenic(IIl) is also reducible in a 0-1M ammonium oxalate/0-1M oxalic acid solution.’® This is
primarily of interest from an analytical point of view, since arsenic may be determined in this
electrolyte in the presence of antimony(IIl) and tin(IV), but not with good accuracy. With derivative
polarography, the arsenic(II) peak currents show a logarithmic proportionality to concentration.
Arsenic(II) may also be determined in a supporting electrolyte of 2N sulphuric acid/0-0075N
potassium iodate and 0-0037M ceric sulphate, made 0-01M in tartaric acid immediately before
polarography.’!

Arsenic(I1II) is readily reduced in solutions of 0-5N ascorbic acid adjusted to various pH values.!?
Two well defined waves are observed in highly acid solutions, but as the acidity decreases the second
wave becomes distorted. The half-wave potentials (vs. S.C.E. at 20°) are as follows. In the original
work, gelatine in concentrations of 0-005-0-017; was used to eliminate the maxima appearing on the
waves.

pH 1-0 20 30 4-0 50 60
Eijy, I1st wave, V¥V —0-78 —0-82 -—0-85 —0-88 —091 -095
Eij, 2nd wave, V. —1-1 —-11 — — — —

Neutral and alkaline complexing media

In neutral ascorbic acid solution, arsenic(III) does not give a reduction wave, although in alkaline
solutions two well-defined waves are formed;*® the half-wave potentials are as follows. These waves
are suitable for analysis, with height proportional to the concentration of arsenic(III) over the range
0-1-0-2 mg/ml. Again, the maxima may be suppressed by gelatine provided its concentration does
not exceed 0-01 9, (when a negative shift in the half-wave potentials occurs).

Other complexing agents used include lactates, malates and salicylates,*® 1M ammonium fluoride
adjusted to pH 7, and 0-1 and 1-0M solutions of the following amines: 1-amino-3-propanol,
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bis(2-hydroxypropyl)-2-hydroxyethylamine, and bis(2-hydroxybutyl)-2-hydroxyethylamine.* In a
supporting electrolyte of EDTA/potassium cyanide no reduction wave for arsenic(III) is observed,®®
but in 0-1M EDTA in the pH range 3-10, a wave has been reported,®® the half-wave potential varying
from —0-85 to —1:75V (vs. S.C.E.). A solution at pH 7-3, containing 0-0001%; of gelatine, is
recommended for the determination of arsenic [wave-height proportional to concentration from 0 to
12 X 10=2M arsenic (III)]. In 0-5M ammonium oxalate, arsenic(III) gives a wave with a half-wave
potential of —1-72V (vs. N.C.E.)® representing reduction to arsine. In 0-1M pyridine/0-1M
pyridinium chloride solution, arsenic(Ill) yields two ill-defined waves, with half-wave potentials
—0-90and —1-05 V (vs. S.C.E.).>* A supporting electrolyte consisting of 0-2M tetramethylammonium
bromide/0-02M tetramethylammonium hydroxide has been suggested for the determination of
arsenic(I1I).4°

There are examples of the use of sodium hydroxide solution containing complexing agents; the
waves produced in these solutions are anodic. Thus, in a 1M pyridine/1M sodium hydroxide
electrolyte, arsenic(ILl) produces a single fairly well defined wave, half-wave potential —0-235V (us.
S.C.E.),* representing oxidation to arsenic(V). Arsenic(III) gives a clearly defined anodic wave in
5M sodium hydroxide containing 60 g of mannitol per litre.***” The half-wave potential is 0-29 V
and the wave-height is proportional to the concentration of arsenic. No interference was found from
cadmium, lead, zinc, bismuth, molybdenum, vanadium, tungsten, chromium, aluminium, calcium,
barium, potassium, sodium, iron(Ill), tin(IV), arsenic(V), antimony(III), sulphate, carbonate,
phosphate or fluoride.

ANALYTICAL APPLICATIONS

In most polarographic methods for the determination of arsenic, three steps may
be distinguished. Initially, oxidative attack is used to produce an aqueous solution of
arsenic(V). Secondly, the arsenic in solution is reduced to the tervalent form which is
finally measured polarographically. Many of the methods described include the
separation of a volatile compound of arsenic(III) and its absorption in a supporting
electrolyte before polarography.

The initial attack is frequently carried out with sulphuric acid, usually in associa-
tion with nitric acid. Other oxidizing agents (e.g., perchloric acid) have been used.
Hydrazine sulphate is the favoured reducing agent although it is scarcely soluble
enough in some cases. Other reducing agents employed include sulphur dioxide and
potassium iodide. Excess of sulphur dioxide must be removed by boiling the solution.
Unfortunately, iodine (formed from potassium iodide) reacts with mercury and may
interfere with the electrodes.

Metallurgical methods

Silicates have been decomposed with a mixture of hydrofluoric and sulphuric acids,* in a method
for the determination of both arsenic and antimony. After evaporation until fumes of sulphuric acid
appeared, the residue was dissolved in distilled water and transferred to a distillation vessel. Arsenic(V)
was reduced to arsenic(IIl) by the addition of potassium bromide, concentrated sulphuric acid,
concentrated hydrochloric acid, and hydrazine sulphate. The distillation vessel was heated to 80°
in a glycerol bath and further quantities of potassium bromide and sulphuric acid were added. When
the temperature was raised to 200°, arsenic and antimony trichlorides distilled over and were collected
in dilute nitric acid. After further treatment of this distillate with sulphuric acid and hydrazine
sulphate the residue was dissolved in a supporting electrolyte of 1N sulphuric acid/0-5M potassium
chloride/10-5M Methylene Blue. Polarographic waves of antimony, E;/; = —0-14 V, and arsenic,
Eyjy = —0-42 and —0-65V (vs. S.C.E.) were obtained. By use of a calibration curve 1 ug of arsenic
could be determined in the presence of 50 ug of antimony (and vice versa), the second arsenic wave
being used.

I%the procedure was altered somewhat, arsenic trichloride alone could be distilled.?® The sample
was decomposed with a mixture of hydrofluoric, sulphuric and nitric acids, evaporated to fumes of
sulphuric acid, and diluted with waler; hydrazine sulphate was then added and the solution heated
to 140°. A slow current of carbon dioxide was passed through the solution and a solution of potassium
chloride added dropwise. Arsenic trichloride distilled over and was collected in a solution of 1M
ammonium sulphate/0-5M potassium chloride/10-°Af Methylene Blue before polarography.

Metals are usually dissolved in nitric acid before determination of arsenic. Iron or steel have been
dissolved in hot nitric acid and the arsenic separated from iron by co-precipitation with manganese
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dioxide.* The washed precipitate was dissolved in dilute sulphuric acid/hydrogen peroxide and the
solution heated until fumes of sulphuric acid appeared. Concentrated hydrochloric acid, hydrazine
sulphate and hypophosphorous acid were added, and the mixture was heated in a stream of carbon
dioxide. Arsenic trichloride distilled and was collected in cold water. After the addition of tartaric
acid and gelatine the arsenic was determined polarographically. The method is suitable for iron,
steel and iron ore, but the nitric acid concentration needs careful control (to about 0-5M) to ensure
complete co-precipitation of arsenic.

Other polarographic methods for the determination of arsenic in iron ores have been employed.
Samples have been decomposed with 1:1 nitric acid or sulphuric acid,*® and the arsenic(V) formed
has been reduced with 3:2 hydrochloric acid and iron(1I) sulphate. The volatile arsenic trichloride
was originally distilled and estimated by amperometric titration. Alternatively,*® the arsenic has been
precipitated as arsenious sulphide (As,S,) after distillation from the sample. The sulphide was
converted into the complex (NHy);AsS; with aqueous ammonia, and a known excess of cadmium
sulphate solution was added. After separation of the cadmium sulphide, the excess of cadmium ion in
the ammonia solution was determined polarographically. To determine arsenic in ores containing
up to 57, arsenic and 39/ antimony, but no mercury, the material was treated with sulphuric and
nitric acids in the usual way and, after separation of the insoluble residue, arsenic was co-precipitated
with iron by aqueous ammonia.?® The precipitate was dissolved in sulphuric acid and, after reduction
of arsenic(V) with hydrazine sulphate, arsenic(IIl) was determined polarographically in a supporting
electrolyte of sodium hydroxide containing mannitol, thymolphthalein and sodium sulphite.*?

For the determination of arsenic in copper,* the sample was dissolved in nitric acid. Sulphuric
acid was added and the solution evaporated gently to remove the nitric acid. After cooling, the
solution was made 6M in hydrochloric acid, and elemental arsenic was precipitated with sodium
hypophosphite. The precipitated arsenic was filtered off and dissolved in concentrated nitric acid.
Concentrated sulphuric acid was then added and the mixture evaporated until fumes of sulphuric acid
appeared. After boiling with hydrazine sulphate the solution was made 1N in sulphuric acid,
Methylene Blue was added, and the polarogram recorded. The recovery was incomplete (93 %) and
the polarogram consisted of two poorly separated waves. The method may be used to determine
0-02-1-0 mg of arsenic, corresponding to a minimum of 0-0004 %7 in a 5-g sample. For quantities of
arsenic between 0-10 and 1-0 mg a reproducibility of 4-3 77 is possible, but for quantities of the element
below 0-10 mg the reproducibility and accuracy deteriorate seriously. Tellurium interferes and must
be separated.

In the determination of arsenic in lead,!” sulphuric acid was added to a nitric acid solution of the
sample to precipitate lead sulphate. The precipitate was washed and the filtrate and washings
evaporated until fumes of sulphuric acid appeared. The arsenic was reduced by hydrazine sulphate
and the resulting solution either mixed with alcohol, acetic acid and gelatine, or adjusted to 1N in
sulphuric acid and 1M in manganese sulphate before polarography. Arsenic (0-003-0-69) could be
determined in lead metal. In the former supporting electrolyte, no interference was found from the
following (in quantities less than 10 pg/ml): iron(Il), bismuth(I1I), antimony(IID), tin(IV), copper(Il)
and zinc(II). In the latter electrolyte, no interference was found from the same ions in quantities less
than 50 ug/ml.

Arsenic (in amounts of 0-1-0-0001%7) has been determined in zinc by a co-precipitation tech-
nique.'® A suitable weight of sample was dissolved in nitric acid and diluted. The solution was
boiled and arsenic co-precipitated with iron(III) hydroxide. The precipitate was filtered off, washed
and then suspended in water while sulphur dioxide was passed through, to reduce arsenic to the
tervalent state. The excess of sulphur dioxide was removed by boiling and the solution cooled. After
addition of 5N sulphuric acid and dilution to an acidity of 1N, the solution was polarographed (with
gelatine as maximum suppressor). By this method, results within the range 0-1-0-0017 arsenic
showed a mean relative deviation of +29;. The accuracy of the method diminishes as the arsenic
content approaches 0.0001 97, at which concentration the relative error is 209;. In the determination
of arsenic in the residuals arising from the production of zinc and sulphide ores, cadmium is present
and must be separated if present in amounts greater than 0-17%;.

Biological Materials

Few polarographic methods have been reported for the estimation of arsenic in
biological materials. Care must be taken when dry-ashing or wet-oxidizing biological
matter, to ensure that losses of volatile arsenic compounds do not occur. A polaro-
graphic. method based on dry-ashing and dissolving the residue (after reduction and
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distillation) in 11M potassium hydroxide has been reported® but most workers
prefer wet-oxidation procedures. Sulphuric acid is used with nitric acid. Attempts
have been made to substitute 509 hydrogen peroxide for the latter, but losses of
arsenic occurred under the conditions examined.®* If nitric acid is employed it must
be completely removed before polarography is begun.

In one method,® the biological materials were oxidized with sulphuric and nitric
acids, and the arsenic(V) reduced with potassium iodide. The iodine produced was
destroyed by sodium thiosulphate and both arsenic and antimony were extracted into
carbon tetrachloride as the xanthates. The organic solution was evaporated to dryness
and the residue decomposed by sulphuric, nitric and perchloric acids. The resulting
solution was reduced to give arsine and stibine which were absorbed on filter paper
impregnated with silver nitrate. This paper was extracted with a hydrochloric acid
(1M)/tartaric acid (1.M)solution. When this solution was polarographed, three waves
were observed, the first due to antimony, and the second and third due to arsenic.
The arsenic wave at —0-43 V was suitable for quantitative application, but that at
—0:67 V could be used only to confirm the presence of arsenic. This procedure
(absorption in silver nitrate and extraction with hydrochloric/tartaric acids) has been
found to be specific, sensitive (1 #g) and precise. Arsenic may be recovered at
75 & 4% of the quantity used.®

In an alternative method, the sample was wet-ashed, and oxides of nitrogen were
removed by treatment with a saturated solution of ammonium oxalate.®* The prepared
sample, in a solution of sulphuric acid, was mixed with hydrochloric acid and diluted.
Potassium iodide and tin(II) chloride solutions and zinc rods were added. Arsine,
hydrogen and some hydrogen sulphide (removed by absorption in lead acetate
solution), were evolved, and the gases were passed into mercury(II) chloride solution
to give mercury(Il) arsenide. This was heated with excess of mercury(II) chloride over
a steam-bath to produce arsenic(Ill) oxide and mercury(I) chloride. After concen-
tration of the solution, hydroxylamine sulphate solution was added, followed by
aqueous ammonia (dropwise) until the mercury was precipitated. The mixture was
heated until no further nitrogen was evolved, and then cooled. Hydrochloric acid was
added to the clear supernatant solution and, after degassing, the solution was polaro-
graphed. The half-wave potential was —0-35V (vs. S.C.E.) in 1:5M hydrochloric acid,
and —0-5 V (vs. S.C.E.) in 0-5M hydrochloric acid. Antimony did not interfere, and
arsenic could be determined in the range 1-1000 pg.

Oscillopolarography has been used to develop a method for the detection and
determination of arsenic, antimony and tin in the presence of each other, in electrolytes
containing hydrochloric acid and the chlorides of alkali metals.5® With a supporting
electrolyte of 1M hydrochloric acid containing arsenic(III) in the concentration range
1-5 x 10~%*M, characteristic cut-ins were noted on the oscillopolarographic waves
dVidr = f(V), these being suitable for quantitative purposes. By this method,
arsenic may be determined in biological materials after suitable decomposition and
preparation of the sample. Oscillopolarographic methods for the determination of
arsenic and other contaminants in foodstuffs have been reviewed.%6

Other materials

Microgram quantities of arsenic have been determined in white phosphorus by an
interesting application of square-wave polarography.®” The phosphorus samples were
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prepared by the following methods: distillation of white phosphorus; distillation of
red phosphorus after melting with lead; vacuum distillation of white phosphorus
after melting with indium. The prepared samples were dissolved in nitric acid by
warming on a water-bath, and excess of nitric acid was expelled from the solution by
continued heating. After the addition of sulphuric acid and hydrazine sulphate, the
mixture was dissolved in hydrochloric acid and the polarogram recorded. The
arsenic content of the samples was also determined by the Gutzeit method, and good
agreement was obtained.

The square-wave polarograms were found to be best defined in hydrochloric acid
solutions. In 2M hydrochloric acid, the two arsenic peaks were clearly separated,
appearing at —0-42 and —0-63 V (vs. S.C.E.) respectively, although the shape of the
second was better than that of the first. The calibration curve was found to be linear
over the range 2-16 X 10-Mf arsenic(IlI). In view of the fact that a good polarogram
may be obtained from a dilute solution of hydrochloric acid as the supporting
electrolyte to d.c. polarography, it would be interesting to see whether the workable
range for arsenic could be increased, and to apply the method to the determination
of arsenic in other materials.

Arsenic may be determined in sulphuric acid itself by neutralizing with sodium
carbonate (to Methyl Orange), and recording the polarogram after adding a slight
excess of potassium tartrate.% The application of polarography to the determination
of arsenic (and lead) in phosphoric acid, and the influence of phosphoric acid concen-
tration and common impurities have also been discussed.®

Acknowledgment—We wish to thank the Science Research Council for a grant to one of us (J. P. A.)
for part of the period during which this review was written. The review is based in part on a disserta-
tion submitted by J. P. A. for an M.Sc. degree.

Zusammenfassung—Es wird eine Ubersicht iiber das polarographische
Verhalten von Arsen in verschiedenen Medien gegeben. Besonderer
Nachdruck wird auf die Mechanismen der Elektrodenreaktionen und
auf polarographische Verfahren zur Bestimmung des Elements gelegt.

Résumé—On passe en revue le comportement polarographique de
l’arsenic en divers milieux en mettant en particulier P’accent sur les
mécanismes des réactions & I’électrode et sur I'emploi de méthodes
polarographiques pour le dosage de cet élément.
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SHORT COMMUNICATIONS

Radiochemical separations by the ring-oven technique—IV.
The system 14Ce/%Pr

(Received 29 January 1969. Accepted 1 March 1969)

IN PREVIOUS papers!~? it has been shown that the ring-oven technique of Weisz can be successfully
applied in rapid radiochemical separations. Various genetically related radionuclides, formed by
fission, could be separated in such a way that the parent nuclide was fixed in the centre of the filter
paper, while the daughter nuclide was milked off and concentrated in the ring zone.

Such a nuclide pair, also formed by fission, is *Ce/**Pr. Its determination is of interest for
calculating reactor-fuel burn-up.* For selective evaluation of *‘Pr in a nuclide mixture (requiring its
separation from #Ce) and for investigating the characteristics of short-lived isotopes of Pr and Ce,*
rapid separation techniques would be advantageous.

It will be shown how *Pr can be separated from **Ce quite easily by the ring-oven technique,
with filter paper impregnated with hydrated manganese oxide.

EXPERIMENTAL

Preparation of filter papers

Filter papers MN 2260, 55 mm in diameter (Macherey, Nagel and Co., Diiren, West Germany),
were immersed for 10 min in 0-49, potassium permanganate solution, blotted with “WeiBband”
filter paper (Schleicher u. Schiill 589%) and exposed to air for 4-5 min. Thereafter, each paper was
immersed vertically for 25 sec in 125 ml of 17 hydrogenperoxide solution in a tall, narrow glass tank
(80 x 30 x 80 mm). To ensure uniform impregnation, the filter paper must be dropped as quickly
and completely as possible into the solution. Contact with the tank walls must be avoided, and the
peroxide solution must be renewed after every second filter paper. After the immersion each paper
was rinsed in distilled water and then left for 1 hr in distilled water in another container. This water
was replaced by fresh water every 10 min. Finally the impregnated papers were placed on filter paper
sheets and air-dried.

Procedure

A hydrochloric acid carrier-free 4#CeCl, solution, at pH ~1, with a specific activity of 33 uCi/ml
was used for this investigation; 2 ul were spotted on the centre of an impregnated filter paper, and the
still moist spot was fumed with ammonia and dried with warm air. A second 2-ul portion was applied
to the first spot and treated similarly. The '#*Pr was separated from the *4‘Ce and concentrated in the
ring by washing with six 20-zl portions of 0-06-0-07/ trichloracetic acid by the customary method on
a ring-oven. After the third portion had been added, a stop-watch was started (time # = 0 of the
separation). A final wash was given with 20 ul of distilled water, and the filter paper was fumed over
ammonia and dried with warm air. Immediately, a 19-mm diameter disc was cut out of the centre of
the filter paper (**‘Ce). The rest of the filter paper was covered with aluminium (2-15 mg/mm?) and
the decay of the 4Pr was followed by f-measurement, starting approx. 4 min after the time 1 = 0.

About 3 hr after the first separation (ca. 10 half-lives of **Pr) another portion of *Pr could be
milked from the cut out disc. For this purpose, it was trimmed to 17-mm diameter, pressed onto the
centre of another impregnated filter paper!-® and washed with eight 20-xl portions of trichloracetic
acid, followed by 20 ul of distilled water, on the ring-oven (the stop-watch was started after addition of
the fifth portion of acid). As soon as the separation was complete, filter-paper and disc were fumed
over ammonia and dried with warm air. Again a 19-mm disc was cut out of the centre of the filter
paper before the 144Pr-activity in the ring was determined. Thus the interfering ***Ce-activity, that
passed into the underlying filter paper (2-57 of the total ***Ce) could be eliminated (cf. refs. 1-3).

To calculate the %Pr yield, the activity R, in the ring at time ¢ = 0 was obtained by extra-
polating the activity-time curve, and the activity R before separation was obtained by counting
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the spot on the paper, covered with 2-15 mg/mm? aluminium sheet, before washing was begun. The
yield Y'is given by ¥ = 100 RyF/R where F is the geometry factor (experimentally determined). The
decontamination factor D was determined from the f-measurement of the uncovered disc (counting
rate R;) and ring (rate R,) 3-4 hr after the separation; D = R;. Y/100 R,F.

RESULTS AND DISCUSSION

After numerous trials with various exchange materials, the filter papers prepared as described
above, were found to exhibit the most suitable properties for the #4Ce-***Pr separation. With 0-06-
0-07M trichloracetic acid as wash solution, 14Pr-yields of 80-90%, with decontamination factors
>10?%, were obtained. When considering these values, it must be borne in mind that the separation
was achieved over a relatively short distance (the diameter of the ring is 22 mm) and was completed
within about 3 min. The yield could be increased to >967 by using 0-07-0-08M trichloracetic acid
or by extracting the daughter nuclide with a larger volume of wash solution, but then the deconta-
mination factor decreases to 10°-10%,

The decay of the *Pr in the ring was followed and the half-life calculated by the least-squares
method for a few decay-curves as well as by the so-called “quotient method” (see, e.g., Bohler”).
From 14 results a mean half-life of 17-60 & 0-05 min was obtained.

Various parameters that affect the separation were thoroughly investigated, such as type and
concentration of wash solution (nitric and hydrochloric acids were also used) and, above all, the prep-
aration of the impregnated filter paper. It was found that the exchange properties of the hydrated
manganese oxide depended mainly on the method of preparation.

The following methods were tried: (@) air oxidation of manganese(Il) hydroxide, (b) reaction
between Mn(II) and permanganate, (c) reduction of permanganate with excess of hydrogen peroxide.

The impregnated filter papers prepared by methods (a) and (b) gave poor yields of *4‘Pr as well as
very low decontamination factors. Bigliocca and co-workers® investigated the sorption properties of a
hydrated manganese oxide (average composition MnO, .gs), prepared by method (b) and found that
cerium was sorbed but that praseodymium was only partially sorbed.

In preparation of the impregnated filter paper by method (c), the permanganate and hydrogen
peroxide concentrations and the reduction time were all important: too high a permanganate
concentration resulted in low *Pr-yields; too low permanganate and peroxide concentrations as
well as a short reduction time gave unsatisfactory decontamination factors.

An unexpected result was obtained when the quantity of manganese on the filter papers was
determined. The oxidation equivalent (iodometrically) and the manganese content (chelatometrically)
were determined for every filter paper. It was concluded from these titrations that the manganese
(average 2:3 mg per filter) had an average oxidation number of 3. Similar compounds were
prepared by Feitknecht and Marti,® by oxidation of an ammoniacal solution of manganese(II), with
hydrogen peroxide. To call products, prepared by method (c), “manganese dioxide” would be erron-
eous. The “manganese dioxide™ filter papers used in the **Mo-**»Tc separation® were also most
probably papers with hydrated manganese oxide having an average oxidation state of +3. Filter
papers that had been prepared by method (b) definitely had better exchange properties after a final
immersion in hydrogen peroxide solution. From this, it can be deduced that the hydrogen perox-
ide can reduce the permanganate further than to the MnQ, stage.

Kolafik and Krtil’* describe the separation of various fission products by “manganese(IV)
hydroxide”. Their column material was also produced by reduction of permanganate with hydrogen
peroxide, but apparently an excess of reductant was avoided.

A purified filter paper, e.g., “WeiBband”, was used to blot the filter papers after immersion in the
permanganate solution. If qualitative paper was used, an uncontrollable partial reduction of per-
manganate took place. The impregnated filter papers prepared by method (c) should be air-dried for
one day and used within 10-14 days. This precaution is necessary because of chemical and physical
changes that the precipitate undergoes with longer periods of time.

The reason that cerium and praseodymium behave differently on the exchange material used, may
be that Ce(IIl) is oxidized to Ce(IV) by the higher oxidation-state manganese oxide hydrates.!* The
separation described was developed by using carrier-free 14Ce/'4‘Pr solution; the results were
distinctly influenced by small additions of cerium(IH) carrier. With a carrier concentration of 5 ug/ml
varying but definitely lower *Pr-yields were obtained; with carrier at the 50 ug/ml level, the “capa-
city” of the exchange material was evidently exceeded, as a large portion of the *#*Ce was found in the
ring.

gl'o investigate the possibility of determining '*4Ce/***Pr in a mixture of fission products, the
behaviour of 1¥°Cs, *Sr/*Y and 1%Ru was studied under the same conditions: more than 99:5% of
the 1#7Cs, 999, of the *°Sr and 95-98 ; of the **Y were washed into the ring. With carrier-free 1°*Ru
(in 1M1 nitric acid) difficulties were encountered; 809; of this nuclide remained in the centre of the
filter paper, whereas 807, were washed into the ring after a formaldehyde treatment of the nitric acid
solution.
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The results show that the method described is not only useful for the parent-daughter separation
but also—after suitable modification—for solving other analytical radiochemical problems.
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Summary—By using filter papers impregnated with a manganese oxide
hydrate having an average oxidation number of +3, it is possible to
separate M*Pr from !*Ce rapidly by the ring-oven technique. With
0-06-0-07M trichloracetic acid as wash-solution, the daughter nuclide
can be concentrated in the ring zone with 80-909%; yield and decon-
tamination factors >10°. The half-life of the separated '**Pr was found
to be 17:60 + 0-05 min. The behaviour of other fission nuclides under
the same conditions was also investigated.

Zusammenfassung—Auf Filterpapieren, die mit einemMangan oxid-
hydrat der mittleren Oxidationszahl -3 impragniert sind, kann man
mit Hilfe der Ringofenmethode #4Pr schnell von 4¢Ce trennen. Mit
0,06-0,07 M Trichloressigsdure als Waschlosung kann das Tochter-
nuklid in der Ringzone mit 80-90 9; Ausbeute und Dekontaminations-
faktoren iiber 10° angereichert werden. Die Halbwertszeit des
abgetrennten 4Pr wurde zu 17,60 4 0,05 min gefunden. Das Ver-
halten anderer Spaltnuklide unter denselben Bedingungen wurde eben-
falls untersucht.

Résumé—En utilisant des papiers filtres imprégnés d’un hydrate
d’oxyde de manganése ayant un niveau d’oxydation moyen de 3, il
est possible de séparer rapidement “4‘Pr de **Ce par la technique du
four annulaire. Avec de I’acide trichloracétique 0,06-0,07M comme
solution de lavage, on peut concentrer le nucléide-fille dans la zone
annulaire avec un rendement de 80-90 9/ et un facteur de décontamina-
tion >103%. On a trouvé que la demi-vie du *4Pr sépar¢ est de 17,60 -
0,05 mn. On a également étudié le comportement d’autres nucléides
de fission dans les'mémes conditions.
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Zero-current bipotentiometric indication using two differently pretreated
electrodes

(Received 10 December 1968. Accepted 21 February 1969)

ConsIDERATION of the parameters which govern the kinetics of a single electrochemical reaction,
leads to a general expression for the electrode potential E,

E=(C,i,4,0, a,kg) m

where C is the concentration of the potential-determining species at the surface of the electrode, i
the current, A the surface areas of the electrode, 6 the thickness of the Nernst diffusion layer, « the
electrochemical transfer coefficient and ks the heterogeneous rate constant of the electrochemical
reaction. The explicit form of this function is not known, but a function of this kind enables us to
predict that two indicator electrodes immersed in a solution of constant composition will exhibit
the same potential only if all the parameters involved have the same value for both electrodes. If
there exist differences in one or more of the parameters in function (1), these differences will cause the
otherwise identical indicator electrodes to respond at different rates to the changes in solution, that
is, a potential difference will be set up between them during a titration.! This potential difference
will show a sudden change at the end-point thus permitting location of it (bipotentiometric technique).

Differences in the following potential-determining parameters have been exploited for bipotentio-
metric indication.

(a) Concentration (C): differential titration according to Cox, with differently retarded electrode
systems.?

¢ (b) Surface area (4): achieved with two electrodes of different apparent geometric area,®* or
different effective surface area.®

(c) Overvoltage: constant current potentiometry, bipotentiometry or differential electrolytic
potentiometry.®

(d) Thickness of the diffusion layer (6): obtained either by very fast stirring or by vibrating one
of the indicator electrodes.!

This paper describes a new bipotentiometric indication technique based on differences in the
kinetic parameters (x, ks) which affect the reversibility of an electrochemical reaction on two
differently pretreated platinum indicator electrodes.”»® The potential differences at the end-point
will be a function of time, caused by the difference in the rates with which the dissimilar electrodes
approach equilibrium and such differences are therefore to be expected to appear only in those cases
where at least one of the electrode reactions is initially slow. Some aspects of the nomenclature and
the rational classification of different potentiometric technique are also dealt with.

EXPERIMENTAL

Zero-current bipotentiometric titrations were carried out with a conventional potentiometric
assembly consisting of a 50-ml tall-form beaker, a 10-ml semimicro burette and an electromagnetic
stirrer. Two identical rectangular smooth platinum indicator electrodes each with an apparent
geometric area of 93 mm? were used. Before use, the platinum electrodes were pretreated as indicated
in our previous paper.? A Radiometer Type TTT1 pH-meter was used for measurement of potentials,
The very small current drain of the apparatus (1 pA) is negligible as far as its polarizing effect is
concerned. The platinum electrodes were connected directly to the potentiometer. Titration curves
of potential difference between the platinum electrodes vs. volume of titrant added were recorded in the
usual way. The following titrations were performed: 0:0013M iron(I) with 0-01M cerium(IV)
(case I, both systems fast electrochemically), 0-002M vanadium(V) with 0-01M iron(II) (case II,
the first system slow) and 0-0015N oxalic acid with 0-01N permanganate (case III, both systems
slow).

Analytical grade chemicals and doubly distilled water were used.

RESULTS AND DISCUSSION

When two identical platinum indicator electrodes subjected to the same pretreatment procedure
are used bipotentiometric titration curves as shown in Fig. 1 are obtained.

As expected, the potential difference between the electrodes in this case (identical pretreatment
of the electrodes) is small during the whole titration. Although as a rule AE should be zero during
the titration, a small break is observed near the end-point owing to some differences in the parameters
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of equation (1), mainly in the true electrode area and in the catalytic properties of the two electrodes.
The general shape of the titration curves obtained is the same when other (but identical) pretreatment
procedures are used, e.g., reduction, ignition of the platinum, or preparation of bare surfaces.
Dissimilar pretreatment of the electrodes results in much higher potential differences during
titrations. The shape of the titration curves depends on the electrochemical reversibility of the systems

AE mV
Q
=
L

1 | i 1 I
[¢] 025 0-50 075 I-00 1-25

F1G. 1.—Zero-current bipotentiometric titration curves taken with identically pretreated
platinum electrodes.
Treatment: electrochemical oxidation at +1-45V (vs.S.C.E.). I—both systems
fast, case (I); 2—one system slow, case (II); 3—both systems slow, case (III) (see
text). AE is the potential difference observed between the electrodes, fis the equivalent
fraction of titrant added.

involved, as well as on the influence of the pretreatment on the rate of the corresponding electrode
processes (Fig. 2).

The surface state of the electrodes also depends on the nature of the oxidizing or reducing agents
used, as well as on the nature of the ions adsorbed.® Thus, electrodes oxidized in different ways
yield different surfaces and consequently different titration curves (Fig. 3).

The following surfaces were investigated: oxidized (O), reduced (R), bare (B), and ignited (D),
in all possible combinations in pairs, OB, OR, OI, BR, Bl and RI. In each case the titration curves
obtained were similar to those represented in Fig. 2 and 3, being characterized either by a sharp
peak (e.g., curves 2 or 3 in Fig. 2) or by a large potential jump (e.g., curve 1, in Fig. 2) at the equi-
valence point. The potential change of each of the individual electrodes during the titration, measured
against a reference electrode, is described by the usual S-shaped potentiometric curve, but owing to
differences in the rates of the corresponding electrode reactions, one curve lags behind the other
(Fig. 4).

%t is apparent from Figs. 2 and 3 that the bipotentiometric titration curves obtained can be divided
according to their form, into three categories: first-derivative curves of a usual potentiometric
titration curve (curves 2, 3 in Fig. 2 and curve 2 in Fig. 3), second-derivative curves (curve 4 in Fig. 2)
and some intermediate forms between these (curves 1 in Figs. 2 and 3). The first-derivative curve
appears when both electrodes exhibit the same primitive curve, the only difference being that one
curve lags behind the other. The second-derivative curves as well as the intermediate forms appear
when the individual electrodes exhibit potentiometric curves of different shape (different potential
break, different slope of the straight line portion) and/or the lag between the curves changes sign at the
end-point. In each case the end-point can be easily detected, and used for automation purposes.

The rate of establishment of the electrode potential in general was rapid for ignited electrodes
and slow on bare ones. The oxidized or reduced electrodes showed an intermediate position, but
those oxidized with permanganate responded very slowly. The known fast systems (Fe®*/Fe?,
Cet+/Ce®+) behaved more reversibly on all the surfaces studied than did the slow ones. Nevertheless
an adequate electrode combination (e.g., IO or IR) behaved satisfactorily even for the titration of
oxalate with permanganate. The accuracy and precision in all cases was the same as for other
electrochemical indication techniques under the same conditions. Similarly treated electrode pairs
were unsatisfactory: AF was small and the location of the end-point was sometimes in error by
more than 29,

7
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F1G. 2.—Zero-current bipotentiometric titration curves taken with dissimilarly pre-
treated electrodes.
I—case (I); 2—case (I); 3—case (III) (see text); one electrode was oxidized at
+1-50V (vs. S.C.E.), the other reduced at —0-300 V (vs. S.C.E.); 4—case (II) but one
electrode was bare, the other reduced electrochemically.
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F1G. 3.—The effect of different oxidative pretreatments on the shape of zero-current
bipotentiometric titration curves.
Case (II). One electrode was bare, the other oxidized: I—electrochemically at +1-50 V
(vs. S.C.E.), 2—with KMnO,.
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F1G. 4. —Potential-equivalent fraction of titrant added (f) relationship for individual
electrodes used in the titration of V(V) with Fe(Il).
One electrode was reduced (curve 1), the other bare (curve 2). The corresponding
zero-current bipotentiometric titration curve is represented in Fig. 2, curve 4.

As little information is available on the effect of pretreatment of electrodes on their response in
titration systems, the most suitable pretreatment must be found by trial and error for a given system.
Zero current bipotentiometry based on two differently pretreated platinum electrodes is a very simple
analytical procedure of general applicability, in which platinum electrodes can be used as concentra-
tion-potential transducers.

Consideration of the guiding principles of electroanalytical methods'*!*1* as well as those
discussed in the introductory part of this paper, lead us to attempt a revision of the nomenclature
and classification of the many related techniques. Table I summarizes the characteristics of the possible
potentiometric methods and offers suggestions concerning their nomenclature and rational classifi-
cation.

Department of Analytical Chemistry L. KfkEpy
Babes-Bolyai University F. MAkkAY
Cluj, Romania

Summary—A new potentiometric technique of zero-current bipoten-
tiometry using differently pretreated platinum electrodes is described,
and its application to various redox titrations discussed. The potential
across the electrodes appears to be generated by differences in kinetics
of the reactions occurring on the two dissimilar electrode surfaces.

Zusammenfassung—Die stromlose Bipotentiometrie, eine neue poten-
tiometrische Arbeitsweise, bei der verschieden vorbehandelte Pla-
tinelektroden verwendet werden, wird beschrieben und ihre Anwendung
auf verschiedene Redoxtitrationen diskutiert. Die Spannung zwischen
den Elektroden wird anscheinend durch die verschiedene Kinetik der
Reaktionen verursacht, die sich an den beiden voneinander verschie-
denen Elektrodenoberflichen abspielen.
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Résumé—On décrit une nouvelle technique potentiométrique de
bipotentiométrie 4 courant nul utilisant des ¢lectrodes de platine
différemment prétraitées et discute de son application a divers titrages
redox. Le potentiel a travers les électrodes se présente comme étant
engendré par des différences dans les cinétiques des réactions se
produisant sur les deux surfaces d’électrodes dissemblables.
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Sequential oxidimetric determination of thallium(I) and (III)
(Received 6 December 1968. Accepted 31 January 1969)

Repox methods for the determination of thallium involve the oxidation of thallium(I) to thallium(III)
either by direct titration with powerful oxidants such as potassium bromate,'~® potassium jodate,*-*
chloramine,®.? potassium ferricyanide,® potassium permanganate,’-°~*2 lead tetra-acetate,'? potassium
dichromate'* and cerium(IV) sulphate®-**.1% or by adding excess of an oxidant such as iodine” in
alkaline medium, filtering off the thallium(IIl) hydroxide and titrating the excess of iodine, after
acidification, with thiosulphate. Alternatively, thallium(IIl) can be titrated directly with tita-
nium(II),? hydrazine sulphate,'® thiosulphate,!® ascorbic acid,?**-?! vanadium(II),** chromijum(II)2*
or hydroquinone,** or thallium(IIl) is allowed to react with excess of potassium iodide and the
liberated iodine is titrated with thiosulphate®*~®! or arsenite.?® All these methods involve the deter-
mination of either thallium(III) or thallium(I) alone.

It has been found necessary, in the investigation of the oxalate complexes of thallium,®? to deter-
mine thallium and oxalic acid when present together. It was found that in the methods so far described
for the oxidimetric determination of thallium, oxalic acid often interfered either by reacting with the
titrant or by making the end-point less sharp.

The redox potential of the thallium(III)-thallium(I) couple does not vary much with sulphuric
acid concentration,®-® and is ~1-2'V, sufficiently high for oxidation of oxalic acid. The reaction
between thallium(IIT) and oxalic acid was therefore investigated spectrophotometrically. Figure 1
shows that when thallium(III) is heated with excess of oxalic acid in 0-5N sulphuric acid it is reduced
to thallium(T).

TI(IID) + (COOH), — TI(I) + 2H* 4 2CO,

If conditions could be found for titration of oxalic acid in the presence of thallium(l) it would be
possible to determine both thallium(l) and (I1I) in the same solution.

A survey of the literature?.2.5.9-11.15,18 shows that for the titration of thallium(I) the presence of
chloride is necessary, whereas oxalic acid can be titrated with either potassium permanganate or
cerium(IV) sulphate even in the absence of chloride, a temperature of 70° and a 0-5-1N sulphuric
acid medium being recommended.*® This paper describes the investigation and application of the
necessary conditions for sequential titration of oxalic acid and thallium(I).
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FiG. 1. Spectra in 0-5N sulphuric acid

EXPERIMENTAL
Reagents

Thallium(I) solutions were prepared by dissolving laboratory grade thallium(I) carbonate in
sulphuric acid and standardizing by titration with cerium(IV) sulphate.

Thallium(III) solutions were prepared by oxidizing the thallium(I) solution with excess of
bromine water, boiling off the excess, precipitating the hydroxide with ammonia, and dissolving it
in sulphuric acid.

Oxalic acid solutions were prepared from the analytical grade reagent and standardized by
permanganate titration.

Cerium(IV) sulphate solutions were standardized by titration against sodium oxalate without
an indicator.'s

Titration of oxalic acid in presence of thallium(I)

The possible interference of thallium(I) in the titration of oxalic acid in 0-5N sulphuric acid at
70-80° was investigated and the results are given in Table I, which shows that thallium(I) does not
interfere in media containing sulphuric acid alone, but does if chloride is present. At a sufficiently
high concentration of chloride both oxalic acid and thallium(I) react quantitatively.

The effect of varying the sulphate concentration was next examined, for the titration of a mixture
of oxalic acid and thallium(l) in a medium consisting of 0-5N sulphuric acid and 0-5M sodium
chloride (Table II). The results show that the effect of <0-5M chloride on the interference of
thallium(I) could be prevented by making the titrate about 2M in ammonium sulphate.

Determination of thallium(III) and thallium(I)

It is clear that oxalic acid can be titrated in the presence of thallium(l) if in sulphuric acid medium,
and both thallium(I) and oxalic acid should be titrated if enough chloride is added. Reduction of
thallium(III) with excess of oxalic acid is quantitative in 0-5N sulphuric acid at the temperature of the
boiling water-bath. Hence it is clear that thallium(III) could be reduced with excess of oxalic acid,
the excess titrated with cerium(IV) sulphate and the amount of thallium(III) computed. On addition
of enough chloride, the total thalliam(I) [that produced by reduction of thallium(IIT) plus any
originally present] could then be titrated with cerium(IV) sulphate at 80-90°, and the original
thallium(I) content calculated.

Procedure

To 5 ml of a solution that is not more than 0-025M in thallium, add 10 ml of 2-5M sulphuric
acid and 10 ml of 0-05M oxalic acid. If chloride is present add 25 g of ammonium sulphate. Dilute
to 100 ml with water and heat on a boiling water-bath for 5 min (or heat just to boiling). Titrate at
70-80° with cerium(IV) sulphate until a faint yellow colour persists for about a minute. Note the
consumption of titrant (x ml). Then add 5-6 ml of concentrated hydrochloric acid; the yellow
colour should disappear. Continue the titration at 80-90° until a faint colour stable for one minute
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TabLE 1

Oxalic acid (0-05M) Thallium(I) (0-025M) Ceric sulphate (0-05M)

[Chioride], taken, added, consumed,
M ml mi ml
0-00 10-00
2:00 10-00
00 5-00 5-00 10:00
10-00 10-00
01 HCI 11-35
0-25 HCI 5-00 2-00 11-80
0-50 HCI1 12-:00
0-10 KCl 7-00
0-25 KCl 7-80
0-50 KCl1 7-90
0-75 KCl1 3:50 1-00 7-90
1-00 KCi 8-00
1-50 KCl 8-:00
2-00 KCl1 8-00
0-10 NH,Cl 10-50
0-50 NH,Cl 11:70
1-00 NH,C1 11-90
1-50 NH,Cl 5-00 2-:00 11-90
2-00 NH,Cl 12-00
2-50 NH,Cl 12:00
5-00 NH,Cl 12:00
TaBLE 1T
Concentration of Oxalic acid Thallium(l) Ceric sulphate
ammonium (0-05M) (0-0958M) (0°0532M)
sulphate, taken, taken, consumed,
M mi mi ml
— 5-00 e 9-40
— — 0-50 1-80
— 5-00 0-50 11-20
0-50 5-00 0-50 11-00
1-00 5-00 0-50 9-80
1-50 5-00 050 9-50
2-:00 5-00 0-50 9-40
2:50 5-00 0:50 9:40
TabLE III
Thallium(I) Thallium(I1I) Thallium(l) Thallium(I1I)
taken, taken, found, found,
mmole mmole mmole mmole
0-0000 0-1250 0-0000 0-1250
0-0250 0-1000 0-0251 0-1001
0-0500 0-0750 0-0501 0-0751
0-0750 0-0500 0-0750 0-0499
0-1000 0-0250 0-1002 0-0250

01250 0-0000 0-1255 0-0000
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is again obtained. Note the total volume of titrant added (y ml). Titrate 10 ml of the oxalic acid
separately with the cerium(IV) sulphate (z ml). Then the volume of cerium(IV) sulphate equivalent
to the thallium(III) present in the mixture is (z — x) ml and that corresponding to the thallium(I)
is (y — x) ml. The amount of titrant needed to indicate the end-point is assumed to cancel. The
results obtained in a typical set of experiments are given in Table III.

Interferences

Cadmium, zinc, ammonium, potassium, calcium, strontitm and barium and similar ions do not
interfere in the titration. Copper(Il) does not interfere if its concentration is below 0-01Mf, but at
higher concentrations masks the colour change at the end-point. Iron(IIT) does not interfere up to
0-001M, but above that concentration the deep yellow colour of iron(ITI) oxalate interferes with the
detection of the end-point. Other ions oxidizable with cerium(1V) sulphate or which are strongly
coloured will interfere. The interference of chloride (up to 0-5M) in titration of the excess of oxalic
acid can be suppressed by adding enough ammonium sulphate (Table IT).

Acknowledgement—One of us (K. V. R.) thanks the University Grants Commission for the award
of a Research Scholarship.

Department of Chemistry S. R. Sacr
Andhra Universiry K. V. RAMANA
Waltair, India

Summary—The reaction between thallium(III) and oxalic acid in
sulphuric acid medium has been investigated. Spectrophotometric
results show that thallium(lIl) can be quantitatively reduced to
thallium(I) with oxalic acid in aqueous medium when heated to near
boiling point. Conditions for the estimation of the excess of oxalic
acid with cerium(IV) sulphate in the presence of thallium(I) and for the
estimation of a mixture of thallium(I) and thallium(III) have been
investigated. The method is simpler than many other redox methods
reported for the determination of thallium(III) and is free from many
interferences encountered in these titrations. The reagents are cheap
and quite stable.

Zusammenfassung—Die Reaktion zwischen Thallium(I1I) und Oxal-
sdure in schwefelsaurem Medium wurde untersucht. Spektrophoto-
metrische Ergebnisse zeigen, daB Thallium(IIl) mit Oxalsdure in
willrigem Medium quantitativ zu Thallium(I) reduziert werden kann,
wenn fast bis zum Sieden erhitzt wird. Es wurde untersucht, unter
welchen Bedingungen der UberschuB an Oxalsdure in Gegenwart von
Thallium(I) mt Cer(IV) sulfat bestimmt und Gemische von Thallium(l)
und Thallium(IIl) analysiert werden konnen. Das Verfahren ist
einfacher als viele andere fiir die Bestimmung von Thallium(XII)
angegebene Redoxmethoden und frei von vielen Storungen, die man
bei diesen Titrationen antrifft. Die Reagentien sind billig und recht
stabil.

Résumé—On a étudié la réaction entre le thallium(IlI) et I’acide
oxalique en milieu acide sulfurique. Les résultats spectrophoto-
métriques montrent que le thallium(III) peut étre quantitativement
réduit en thallium(I) par I'acide oxalique en milieu aqueux lorsqu’on
chaufle au voisinage du point d’ébullition. On a étudié les conditions
pour Pestimation de ’excés d’acide oxalique par le sulfate de cérium(IV)
en la présence de thallium(I) et pour I’estimation d’un mélange de
thallium(I) et thailium(III). La méthode est plus simple que de
nombreuses autres méthodes redox décrites pour la détermination du
thallium(III) et est exempte de nombreuses interférences rencontrées
dans ces titrages. Les réactifs sont bon marché et tout 2 fait stables.
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PRELIMINARY COMMUNICATIONS

A simple low-power reduced-pressure microwave plasma source for emission
spectroscopy

(Received 19 January 1969. Accepted 21 February 1969)

THERE is a growing interest in sources other than flames for the determination of traces of metal ions
in solution by emission spectroscopy. In particular, there has been much attention to the development
of capacitatively and inductively coupled plasma sources.’™” Although sensitivity is frequently
excellent, the apparatus is often complex and expensive and the power requirement high. There is a
need for a simple, compact low-power microwave plasma source offering rapid, sensitive routine
determination of traces of metal ions in aqueous solution, and conveniently usable with commercially
available detection systems such as those of flame spectrophotometers. This communication describes
such an apparatus which we have constructed.

EXPERIMENTAL
Apparatus

The apparatus is shown diagrammatically in Fig. 1. The power source was a Microtron 200
microwave generator (maximum output 200 W, 2450 MHz) and 214 L resonant cavity (Electro-
medical Supplies Ltd., London). The detection system consisted of the grating monochromator

Vacuum line

Rotating chopper

e 1 Dispersion and
l 1 detection system

Cavity
Microwave
generator
| —Quartz tube and
capiltary
Furnace
Nebulizer
— . —
Sample
Argon

FiG. 1.—Diagrammatic representation of apparatus employed.
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(£/10, reciprocal linear dispersion at exit slit 3-3 nm/mm), photomultiplier (Hamamatsu Type R213,
spectral response 185-800 nm, maximum response at 430 nm) and amplification system of a Techtron
AA4 flame spectrophotometer.

Method

Sample solution is introduced via an indirect nebulizer operated on argon (Pressure 41 kN/m?*;
gas flow-rate 4-3 1./min). The sample mist is passed through a heated silica tube (15 mm diameter,
300 mm long) in an electrically heated furnace at 550° and drawn into a quartz tube 8 mm bore)
via the capillary (cross-section 0-4 mm?) at its end within the furnace. The quartz tube passes through
the air-cooled resonant cavity, and the pressure within the tube is kept at 120 mbar by a rotary
vacuum pump connected via a moisture trap. In this way the sample solution is nebulized at above
atmospheric pressure, and the partly evaporated aerosol is sampled and the discharge maintained at
reduced pressure. The radiation is focussed onto the slit of the monochromator. A rotating chopper
(285 Hz) is interposed between the source and the slit so that the a.c. amplification system of the
spectrophotometer can be used.

RESULTS

The effect of the argon pressure used for nebulization, on the emission intensity of the selenium
203-9 nm atomic line is shown in Fig. 2b. Figure 2a shows the effect of the microwave power on the
emission intensity of the mercury 253-7 nm atomic line. Similar results are obtained for other metal
jons, and power of 100 W and argon pressure of 41KN/m? were chosen as operating conditions.
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2 o o
w a
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Microwave power, W Argon pressure, kN/m?2
Fi1G.2.—(a) Effect of microwave power on the emission intensity for mercury at
2537 nm.
(b) Effect of argon nebulization pressure on the emission intensity for selenium at
203-9 nm.

The characteristic argon spectrum constitutes the background emission between 200 and 600 nm.
When aqueous solutions are nebulized the background emission intensity from argon is reduced
considerably. The water vapour present, however, contributes to the background via intense
emission from the 3064 nm system of OH and from H,O itself above 550 nm. For each element tested
the emission spectrum was recorded between 190 and 600 nm, and the strongest atomic line chosen
for quantitative measurements. Detection limits (based on a signal-to-noise signal ratio of unity)
are shown in Table I. Rectilinear calibration graphs were obtained for each of the elements investi-
gated.

The reproducibility of the intensity measurements was initially unsatisfactory, owing to blockage
of the capillary and overheating of the resonant cavity, but when the capillary is placed well within
the furnace and the cavity is air-cooled, excellent reproducibility is obtained. The high emission
intensities obtained enable a high resolution monochromator to be employed at narrow slit-width.
This results in relative freedom from interelement effects due to the spectral overlap. The preliminary
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TABLE I.—DETECTION LIMITS FOR ELEMENTS STUDIED

Wavelength, Slit-width, Detection limit,
Element nm pm ppm
Ca 4227 75 0-02
Zn 2139 75 0-05
Mg 383-8 75 01
Sn 242-9 50 4-0
Na 5890 50 0-02
Sb 259-8 50 01
As 2288 75 1-0
Te 2143 75 0-2
Se 204-0 125 10
Fe 372:0 50 1-0
Cu 3247 20 0-4
Cd 228-8 60 0-04
Hg 2537 40 0-001

results suggest that this simple source offers considerable promise as an alternative to a conventional
flame for emission spectroscopy.

Chemistry Department D. N. HiNGLE
Imperial College G. F. KIRKBRIGHT
London S.W.1 R. M. BAlLEy

Summary—The construction of a simple low-power microwave plasma
source for emission spectroscopy is described.

Zusammenfassung—Die Konstruktion einer einfachen Mikrowellen-
Plasmaquelle niedriger Leistung fiir die Emissionsspektroskopie wird
beschrieben.

Résumé—On décrit la construction d’une source simple de plasma a
microondes, de faible puissance, pour la spectroscopie d’émission.
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Solid-liquid separation after liquid—liquid extraction
(Received 14 January 1969. Accepted 19 January 1969)

Liouip-L1QUID extraction of metal chelates has been widely used especially in the spectrophotometric
determination of traces of metals. However, the distribution equilibrium of the chelate between
both phases is sometimes not attained very quickly or the phase separation after shaking is not very
clear. Here we present a new method in which liquid-liquid extraction at elevated temperature is
followed by solid-liquid separation at room temperature using the spectrophotometric determination
of copper as an example.
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EXPERIMENTAL

Reagent pellet

Reagent-grade 8-hydroxyquinoline (5-0 g) and reagent-grade diphenyl (495 g; m.p. 70-5°) warmed
on a steam-bath, melted, mixed well, cooled, and divided into 5-0 g portions.

Procedure

About 50 ml of sample solution are taken in a 100-ml round-bottomed concial flask furnished with
a tightly sleeved glass stopper. The pH of the solution is adjusted to ~6-0 after addition of a small
amount of ammonium acetate as buffering agent. The solution is heated on a steam-bath to above
90° a reagent pellet is added and the mixture is tightly stoppered and shaken vigorously and then let
stand at room temperature. The liquid diphenyl layer dissolves the copper oxinate, and on cooling
solidifies to a ball and sinks to the bottom. The aqueous layer is removed and the pellet washed with
a small amount of water by decantation, and dissolved in chloroform after addition of a small
amount of anhydrous sodium sulphate. The sotution is then transferred quantitatively into a 25-ml
volumetric flask and diluted to the mark with chloroform. The absorbance at 410 nm is measured.

RESULTS AND DISCUSSION

Beer’s law holds up to 3 ug of copper per m! of original solution. Paraffins, naphthalene and its
derivatives, and any suitable substances which melt between ~40 and 90° can be used as the solvent,
but diphenyl has the big advantages of a high interfacial tension against water and of a specific
gravity >1. The distribution equilibrium is attained very rapidly as the distribution coefficient is high
enough at the temperature used.

The proposed method could also be applied to the removal of interfering major components in
trace analyses and to the decontamination of radioactive elements.

Department of Chemistry TAITIRO FUINAGA
Faculty of Science Toru KuwaMOTO
University of Kyoto EircHIRO NAKAYAMA

Kyoto, Japan

Summary—A low-melting solid is used as organic solvent for liquid—
liquid extraction at elevated temperatures followed by solidification
and decantatjon of the aqueous phase.

Zusammenfassung—Ein niedrig schmelzender Feststoff wird als
Losungsmittel zur flilssig—fliissig-Extraktion bei erhShter Temperatur
verwendet. Man 148t anschlieBend erstarren und dekantiert die
wilBrige Phase.

Résumé—On utilise un solide 4 bas point de fusion comme solvant
organique pour I’extraction en phase liquide aux témperatures élevées
suivie de solidification et de décantation de la phase aqueuse.
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NOTE

NOMENCLATURE IN THERMAL ANALYSIS

NOMENCLATURE in thermal analysis is neither uniform nor consistent and can at times be confusing.
Because of this a committee consisting of Dr. R. C. Mackenzie (Chairman), Mr. C. J. Keattch
(Secretary), Dr. J. P. Redfern and Dr. A. A. Hodgson was appointed at the First International
Conference on Thermal Analysis to explore this field. A report, arrived at after consultation with
experts in all major English-speaking countries and in other countries interested in this aspect, was
approved in principle at the Second International Conference on Thermal Analysis and the Council
of the International Confederation for Thermal Analysis (ICTA) have directed that it be published.

This first report is offered as a definitive document of ICTA, the recommendations in which
ought to be adhered to in all publications in the English language. It is appreciated that this is only
a beginning and that many aspects still require attention; furthermore, new developments in the
science may lead to minor revision. Such matters will be the subject of later reports.

Since linguistic considerations render difficult universal application of terms and it may be that
names unacceptable in one language are normal usage in another, sub-committees are at present
considering the position regarding the French, German, Japanese and Russian languages. The
decisions of these sub-committees will be published later and developments in the field of nomenclature
will be reported from time to time in the ICTA Newsletter.

I. GENERAL RECOMMENDATIONS

(@) Thermal analysis and not “‘thermography” should be the acceptable name in English, since
the latter has at least two other meanings in this language, the major one being medical (Sci. Progr.
London, 1967, 55, 167). The adjective should then be thermoanalytical (cf. physical chemistry and
physicochemical): the term *thermoanalysis” is not supported (on the same logical basis).

(b) Differential should be the adjectival form of difference; derivative should be used for the first
derivative (mathematical) of any curve.

(¢) The term *‘analysis” should be avoided as far as possible since the methods considered do not
comprise analysis as generally understood chemically: terms such as differential thermal analysis
are too widely accepted, however, to be changed.

(d) The term curve is preferred to “thermogram” for the following reasons:

1. “Thermogram” is used for the results obtained by the medical technique of thermography—see (a).

2. If applied to certain curves (e.g., thermogravimetric curves), *“thermogram” would not be con-
sistent with the dictionary definition.

3. For clarity there would have to be frequent use of terms such as differential thermogram, thermo-
gravimetric thermogram, efc, which are not only cumbersome but also confusing.

(e) In muiltiple techniques, simultaneous should be used for the application of two or more
techniques to the same sample at the same time: combined would then indicate the use of separate
samples for each technique.

(f) Thermal decomposition and similar terms are being further considered by the Committee.

II. TERMINOLOGY

Acceptable names and abbreviations, together with names which were for various reasons
rejected, are listed in Table I. The Committee are in accord with the suggestion, made during dis-
cussion of the report, that the limited number of abbreviations considered permissible should be
adopted internationally, irrespective of language.

The committee do not wish to pronounce on nomenclature in borderline techniques (such as
thermometric titrimetry or calorimetry) which are, to its knowledge, being considered by other
bodies. Consideration of techniques not yet extensively employed has been deferred.

III. DEFINITIONS AND CONVENTIONS

A. General

Thermal analysis. A general term covering a group of related techniques whereby the dependence
of the parameters of any physical property of a substance on temperature is measured.

1227
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TABLE I.—~RECOMMENDED TERMINOLOGY

Acceptable
Acceptable name abbreviation* Rejected name(s)
A. General
Thermal analysis Thermography
Thermoanalysis
B. Methods associated with weight change
1. Static
Isobaric weight-change determination
Isothermal weight-change determination Isothermal thermogravimetric
analysis
2. Dynamic
Thermogravimetry TG Thermogravimetric analysis
Dynamic thermogravimetric
analysis
Derivative thermogravimetry DTG Differential thermogravimetry
Differential thermogravimetric
analysis
Derivative thermogravimetric
analysis
C. Methods associated with energy change
Heating curvest Thermal analysis
Heating-rate curvest Derivative thermal analysis
Inverse heating-rate curvest
Differential thermal analysis DTA Dynamic differential calori-
metry
Derivative differential thermal analysis
Differential scanning calorimetry DSC
D. Methods associated with evolved volatiles
Evolved gas detection EGD Effluent gas detection
Evolved gas analysis} EGA Effluent gas analysis
Thermovaporimetric analysis
E. Methods associated with dimensional change
Dilatometry
Derivative dilatometry
Differential dilatometry
F. Multiple techniques
Simultaneous TG and DTA, etc. DATA (Differential and
thermogravimetric analysis)
Derivatography

Derivatographic analysis

* Abbreviations should be in capital letters without full-stops, and should be kept to the minimum
to avoid confusion.

T When determinations are performed during the cooling cycle these become Cooling curves,
Cooling-rate curves and Inverse cooling-rate curves, respectively.

1 The method of analysis should be clearly stated and abbreviations such as MTA (mass-spectro-
metric thermal analysis) and MDTA (mass spectrometry and differential thermal analysis) avoided.

B. Methods Associated with Weight Change
1. Static

Isobaric weight-change determination. A technique of obtaining a record of the equilibrium
weight of a substance as a function of temperature (7') at a constant partial pressure of the volatile
product or products.

The record is the isobaric weight-change curve; it is normal to plot weight on the ordinate with
weight decreasing downwards and T on the abscissa increasing from left to right.
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Isothermal weight-change determination. A technique of obtaining a record of the dependence of
the weight of a substance on time (¢) at constant temperature.

The record is the isothermal weight-change curve; it is normal to plot weight on the ordinate
with weight decreasing downwards and ¢ on the abscissa increasing from left to right.

2. Dynamic

Thermogravimetry (TG). A technique whereby the weight of a substance, in an environment heated
or cooled at a controlled rate, is recorded as a function of time or temperature.

The record is the thermogravimetric or TG curve; the weight should be plotted on the ordinate
with weight decreasing downwards and ¢ or T on the abscissa increasing from left to right.

Derivative thermogravimetry (DTG). A technique yielding the first derivative of the thermo-
gravimetric curve with respect to either time or temperature.

The curve is the derivative thermogravimetric or DTG curve; the derivative should be plotted
on the ordinate with weight losses downwards and ¢ or T on the abscissa increasing from left to right.

C. Methods Associated with Energy Change

Heating curves. These are records of the temperature of a substance against time, in an environ-
ment heated at a controlled rate.

T should be plotted on the ordinate increasing upwards and # on the abscissa increasing from left
to right.

I§eating-mte curves. These are records of the first derivative of the heating curve with respect to
time (i.e., d7/d¢) plotted against time or temperature.

The function d7/ds should be plotted on the ordinate and ¢ or T on the abscissa increasing from
left to right.

Inverse heating-rate curves. These are records of the first derivative of the heating curve with
respect to temperature (i.e., d¢/dT) plotted against either time or temperature.

The function d¢/dT should be plotted on the ordinate and ¢ or T on the abscissa increasing from
left to right.

Differential thermal analysis (DTA). A technique of recording the difference in temperature
between a substance and a reference material against either time or temperature as the two specimens
are subjected to identical temperature regimes in an environment heated or cooled at a controlled
rate.

The record is the differential thermal or DTA curve; the temperature difference (AT) should be
plotted on the ordinate with endothermic reactions downwards and ¢ or T on the abscissa increasing
from left to right.

Derivative differential thermal analysis. A technique yielding the first derivative of the differential
thermal curve with respect to either time or temperature.

The record is the derivative differential thermal or derivative DTA curve; the derivative should
be plotted on the ordinate and ¢ or T on the abscissa increasing from left to right.

Differential scanning calorimetry (DSC). A technique of recording the energy necessary to
establish zero temperature difference between a substance and a reference material against either
time or temperature as the two specimens are subjected to identical temperature regimes in an
environment heated or cooled at a controlled rate.

The record is the DSC curve; it represents the amount of heat applied per unit time as ordinate
against either ¢ or T as abscissa.

D. Methods Associated with Evolved Volatiles
Evolved gas detection (EGD). This term covers any technique of detecting whether or not a
volatile product is formed during thermal analysis.

Evolved gas analysis (EGA). A technique of determining the nature and/or amount of volatile
product or products formed during thermal analysis.

E. Methods Associated with Dimensional Change

Dilatometry. A technique whereby changes in dimension(s) of a substance are measured as a
function of temperature.
The record is the dilatometric curve.
Derivative dilatometry; differential dilatometry. These terms carry the connotations given in
1(b) above.
F. Multiple Techniques

This term covers simultaneous DTA and TG, ezc, and definitions follow from the above.
8
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NOTICE

NATIONAL CONFERENCE OF ANALYTICAL CHEMISTRY
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Sections—1. Chemical methods of analysis
2. Physical methods of analysis
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4, Automation of analytical measurements and the technique of automated measure-
ments.
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Applications of digital computers in analytical chemistry—II: C. W.
CHiLps, P. S. HALLMAN and D. D. PErrIN, Talanta, 1969, 16, 1119,
(Department of Medical Chemistry, John Curtin School of Medical
Research, Australian National University, Canberra, Australia.)

Summary—This review deals with applications of digital computers to
the evaluation of ionization constants of acids and bases, stability
constants of metal complexes, concentrations of equilibrium mixtures,
and the solution of rate equations. The use of computers permits
systems of greatly increased complexity to be studied, and introduces
additional methods of calculation such as numerical integration and
Monte Carlo techniques.

Determination of small quantities of xanthate: C. PoHrLaNnDT, E. B. T.
Cook and T. W. SteeLE, Talanta, 1969, 16, 1129. (National Institute
for Metallurgy, Private Bag 6, Cottesloe, South Africa.)

Summary—A new spectrophotometric method for the determination of
very small amounts of xanthate in solutions, particularly cyanide
solutions from gold-extraction plants, is described. It is based on the
formation and extraction of copper(Il) xanthate, The coefficient of
variation is 1-0%; at the 40-ppm level and 3-4 9 at the 4-ppm level and
the lower limit of determination is approximately 0-5 ppm. Copper(I)
xanthate normally decomposes into copper(I) xanthate and dixan-
thogen, but in the proposed method the decomposition is delayed.

Simultaneous determination of palladium, platinum and rhodium in crude
platinum samples by activation analysis and high-resolution gamma
spectrometry: J. TURkSTRA and W. J. bE WET, Talanta, 1969, 16, 1137,
(Chemistry Division, Atomic Energy Board, Pelindaba, South Africa.)

Summary—Instrumental neutron-activation analysis using a Ge(Li)
detector has been investigated for the simultaneous determination of
platinum, palladium and rhodium in crude platinum samples contained
in lead cupels. This technique proved feasible and appears promising
for extension to the determination of most of the noble metals.
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NPUMEHEHUE JUTUTAJBHBIX
SIEKTPOHHOBBIYUCIHUTEIEN B
AHAJUTUYECKOI XUMNU—II:

C. W. CHILDS, P. S. HAaLtMAN and D. D. PerrIN, Talanta, 1969,
16, 1119.

Pesionie—B  o0sope  o0Cy:KjleHB INpPUMeHENNA JTUTUTAIBLHEIX
CUETYNKOB B ONpeAelicHHM KOICTAHT HOIM3ALMM KHUCIOT M
OCHOBAHMI{, KOLCTANT YCTOHUMBOCTH KOMIIJIGKCOB METAJTIOB,
KOHIEHTpalnii paBHOBCCHBIX cMeceil M paspemienne ypaBHeHMIt
cxopocru peakiuu. JipuMeHeHNe CYETYMKOB IIO3BOJAET N3y-
yeHne ropasio Goiblle KOMINIEKCHLIX CUCTEM M BBOXUT AOIOJIHH-
TEJIBILIE MCTO/H PACCYeTa, KAK HA NpUMep INPpOBYI HHTer-
pamumio ¥ Moure I{apno meronet.

OINPENERJIEIIME HEBOJBIINX HOJINYECTB
HCAHTATA:

C. PouranpT, E. B. T. Cook and T. W. SteeLE, Talanta, 1969, 16,
1129.

Pesrome—OnucaH HOBLIA CHEKTPOQOTOMETPHIECKUIT METOT, OIIpe-
HeseHus HeGONLINUX KOINIECTB KCAHTATA B PACTBOPAX, 0COOEHHO
B LUAHUAHLIX PACTBOPAX HCIOJIBL3YEMBIX B B0JIOTOBKCTPATUDPY-
J0IUX 3aBogax. Meroj oCHOBAH HA 06PABOBAHMI U HKCTPATHPO-
Baupu kecaurara Mmenu(II). HKosddunuent Bapuanuu paBeH
1,0% mpu 40 mr (1 n 3,49, iput 4 Mr/a, a YyBCTBUTEIBHOCTD ~ 0,5
mr) a. Hecanrar mepu(IT) of6muHO pasnaraeTcd B KCaHTar
Mmepu(l) 1 TUKCAHTOreH, HO B IPEAJIOMKEHHOM METO/e PAasiIoHeHNne
BaMeJIIIeHO.

OOHOBPEMEIIHOE OINPEAEJEHUE ITAJIJIAIUA,
IIJTATUHBL 1 PONUA B OBPA3IIAX CBIPOU
MNIATUHDLI METOOAMN PAITMOAKTUBAIIMOHHOI'O
AHAJIM3A 1 BBICOKOPA3PEITAIONIEN
COEKTPOMETPUU TAMMA JIVUYEN:

J. TurkstrA and W. J. bE WET, Talanta, 1969, 16, 1137.

Pesome—)cciefoBana IPHMEHNMOCTh  MHCTPYMEHTAJIBLHOTO
METOJa HEeHTPOHIIO-aKTHBANOHEOT0 AHAINAA ¢ HCIONb30BAHIEM
Ge(Li) merexropa jisi OHOBPEMEHHOTO OlpefielleHNA ILTATUHH,
majIagus M pofud B o6pasiax CHpON INIATHMHL HOMEIeHHEX
B CBHHI[OBHIX KyHJsAX. OTHM METONOM IIOJY4YeHbl YIOBJIETBO-
puTeabHEIE PE3YJBTATH M OHKAMKETCHA IIOJNE3HHIM [JIA OIpejie-
sieHna GopinuicTsa GIaropofHX METATIOB,



Summaries for card indexes

Separation of tervalent rare earths and scandium from aluminium,
iron(III), titanium(IV) and other elements by cation-exchange chrom-
atography in hydrochloric acid-ethanol: F. W. E. StrReErow and
CyNTHIA BAXTER, Talanta, 1969, 16, 1145. (National Chemical
Research Laboratory, P.O. Box 395, Pretoria, S. Africa.)

Summary—Tervalent rare earths and Sc are separated from the silicate-
forming elements Al, Fe(IIl), Mg and Ti(IV), and also from Mn(II),
U(VD, Be, Ga, In(IlII), TKIIN), Bi(Il), Ni, Zn, Cu(Il), Cd and Pb
by cation-exchange chromatography. The other elements are eluted
with 3-0M HCI containing 50%; ethanol from a column of 60 ml of
AG50W-X8 resin (200-400 mesh) while the rare earths are retained.
Separation factors are larger than in aqueous hydrochloric acid.
Th, Zr, Hf, Ba, Sr, Ca, K, and Rb are the only elements which accom-
pany the rare earths group, but these can easily be separated by other
methods which are described. Relevant distribution coefficients,
elution curves and accurate results of quantitative separations of
synthetic mixtures are presented.

Complexes formed in the chloroform extraction of uranium(VI) with

oxine: SHOHACHIRO 61(1, Talanta, 1969, 16, 1153. (Department of
Industrial Chemistry, Faculty of Engineering, Shizuoka University,
Hamamatsu, Japan.)

Summary—Equilibrium distribution ratios have been determined for
uranium(VI) with oxine between cholorform and 0-1M perchlorate as
a function of pH and reagent concentration at 20°, It is concluded
that the extractable complex is UO,Ox,HOx. The equilibrium con-
stants for the extraction of uranium have been determined as Kvy,; =
[U0,0x,HOx],/[UO,**[Ox~P[H*] = 103%¢-18 at low pH and Ky,, =
[UO.0x,HOx],/[UO,0x, OH-J[Ox"J[H*}* = 1025-4 at high pH.

Bestimmung von Ionenbeweglichkeiten in nichtwiissrigen Elektrolyt-
losungen—I: G. MARrRX and D. HENTSCHEL, Talanta, 1969, 16, 1159.
(Institut fir Anorganische Chemie der Freien Universitit Berlin
(Abteilung Radiochemie), 1 Berlin 33, B.R.D.)

Summary—The use of radioisotopes for the determination of transport
numbers by the moving boundary method has been shown to be
applicable in non-aqueous media. The transport number of the sodium
ion in 0-01/ sodium chloride in dry methanol was determined using
the y-emitter #Na, and the results are in good agreement with those
obtained by other means. The accuracy of the technique and its
advantages over optical methods are discussed.
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AHHOTAMK cTATEH

OTJEJIEHUE TPEXBAJIEHTHBIX PEIKO3EMEJb-
HLIX 2JIEMEHTOB I CHAHIOWUS OT AJIIOMUHWA,
JHEJE3A(IIT), TUTAHA(IV) I OPYIUX
SJIEMEHTOB METOJOM KATUOHOOBMEHHONI
XPOMATOI'PA®NN B CMECE COJIIHON KHUCJIOTHI
1 STUJIOBOI'O CIIMPTA:

F. W. E. STRELOW and CyNTHIA BAXTER, Talanta, 1969, 16, 1145,

Pesrome—TpéxBameHTHEIE peIKO3EMENbLHLIE 3JIEMEHTH. M S¢
OTHENIeHEl OT CHJIMKATHOOpasylomux siementos Al, Fe(IIT),
Mg u Ti(IV), a Tak ke or Mn(Il), U(VI), Be, Ga, In(III),
THIII), Bi(III), Ni, Zn, Cu(II), Cd u Pb MeToq0M KAaTHOHO0O0O-
MeHHO# xpomarorpauu. JIpyrue iIeMeHTH SIIOMPOBAHE ¢
3,0M HCl copep:raumm 509, sraHosa, U3 KOJOHKHA 60 mi
cvouer AG50W-X8 (200-400 mewr), a pefKO3eMelbHEIE 3Jle-
MEHTHI 3aIeDRHUBAOTCA Ha KoJonke. DAKTOPH pasHeieHUs
Gosiblie ¥eM B BOJHEIX PACTBOpAX COJNAHONW KucAOTH. TOIBKO
Th, Zr, Hf, Ba, Sr, Ca, K u Rb copoBOMKIaioT pegKo3eMenbHEe
OJIEMEHTHI, HO OHM JerKo OTHedAITCHd JPYTHMH MeTOAaMH
ONNCAHHBLIMU B crarTbe. Ilpuseyenst KoadduumeHTH pacipe-
JlelleHNA, KPBHIBEIE DIIIOMPOBAHMS ¥ TOYHHE PE3YIBTATH KOJM-
9eCTBEHHOT'0 PadeIeHNnd NCKYCCTBEIHBIX cMecelt,

HOMIIJIEKCBI OBPA3OBAHHLIE TP 3KCTPAKINN
YPAHA (VI) PACTBOPOM OKCHUHA B XJIOPO®OPME:

SHoHACHIRO OKI, Talanta, 1969, 16, 1153.

Pesrome—OrnpesieneHsl paBHOBEeCHBIE OTHOIIEHUA PaclpeyereHnst
ypaua(VI) ¢ okcunoM Me:xpy xaopodopmom u 0,1 M pacrsopom
mepxJopara, B 3aBucumocTu oT pH KM KOHIeHTpammu peareHTa
npu 20°. PopMyia U3BIeKaeMOro KoMniekca Haiena UO,0x,-
HOx., HoHcranTsl paBHOBecHA NIA dKcTpakuuu ypada Ky, =
[U0,0x,HOx],/[UO**+] [Ox~J* [H*] = 10%%.2® gpu Hnakom pH, a
Ky,, = [U0,0x,HOx],/[U0,0x,0H"]1[Ox~][H*]* = 10%:4® npn
BEICOKOM DH.

ONPEJEJEHNE MOHHOW NOABMIKHOCTI B
HEBOJHLIX PACTBOPOB 3JIEKTPOJIITOB—I:

G. Marx and D. HentscHEL, Talanta, 1969, 16, 1159.

Pearome—IIoxkazana npuMeHHMMOCTh B HEBOJHHIX Cpefax paj-
HMOM30TOIOB B ONPEACTIEHNN YNCIIa TepeHOCa METOIOM ITOIBUKHOMN
rpaunnu. Yucao mepeHoca uona Harpua B 0,010 xaopupe
HaATpNUA B CYXOM METHJIOBOM CIMpTe OUpefelIniIn ¢ MCI0JIb30BaH-
ueM 2*Na B KavecTBe MCTOYHMKA raMMa Jydeif; pesyabTaThl
XOpOINQ COrJALIAITCA € IIOJIyUYeHHBIMH JAPYIMMHM MeTOXaMU
pesynbraramu . OOcygaerca TOYHOCTD METONA U €ro Ipeu-
MYINECTBA B CPABHEHUU ¢ ONTHYCCKUMH METONAMMU.



Summaries for card indexes

Novel applications of dipicrylamine as an extractant in the determination
of alkali metals: M. Kyr§, J. Rats and P. SELuckY, Talanta, 1969, 16,

1169. (Nuclear Research Institute, Re? near Prague, Czechoslovakia.)

Summary—A ten-stage mixer-settler type extraction procedure has
been used for the preparation of rubidium-free caesium salts. A
nitrobenzene solution of 0-11M CsDPA flows counter to a purified
aqueous solution of 0-05M CsCl and 10-*M Cs(EDTA), which
removes Rb, K, Na and most other metals from the organic phase.
An extraction colorimetric titration procedure for 0-2-2 mg of caesium
is described, and also an indirect method for determination of
potassium and sodium in admixture, based upon the difference in the
ability of the two jons to replace *’Cs* in a nitrobenzene solution of
dipicrylaminate.

Anion-exchange behaviour of several elements in hydrobromic acid-
organic solvent media: E. KLAKL and J. KorkiscH, Talanta, 1969,
16, 1177. (Analytical Institute, University of Vienna, IX Wihrin-
gerstrasse 38, Austria.)

Summary—The anion-exchange behaviour of 19 elements in hydro-
bromic acid-organic solvent media has been investigated. The batch
distribution coefficients of the metal ions were determined in these
systems employing the strongly basic anion-exchange resin Dowex
1 X 8. Organic solvents used were methanol, ethanol, n-propanol,
isopropanol, methyl glycol, acetone, tetrahydrofuran and acetic acid.
The most suitable conditions for some quantitative separations based
on these equilibrium studies are indicated and discussed.

Polarography of arsenic: J. P. ArRNoLD and R. M. JoHNsoN, Talanta,
1969, 16, 1191 (Department of Applied Biology and Food Science,
Borough Polytechnic, Borough Road, London S.E.1.)

Summary—The polarographic behavior of arsenic in various media is
reviewed with particular emphasis on the mechanisms of the electrode
reactions and on the use of polarographic methods for the determina-
tion of the element.



Aunorauun crareit

HOBLIE INIPUMEHEHNNA JUIIMKPUJIIAMUIHA B
HAYECTBE SHCTPAKTAITA B OIIPEJAEJEHIN
MEJOYHBIX METAJJIOB:

M. Kvyr§, J. Rats. and P. SELucky, Talanta 1969, 16, 1169.

Pesrone—Mero1 DHCTPAKIMM 1A OCHOBE JeCATHCTYIEHYATOrO
MIKCEpa-OTCTOUIIKA HCIOIb30BAH B IPUTOTOBIEHUN CBOGOTHBIX
or pyOupua coxeit nesus. Pacrsop 0,11 M CsIIIA B mHuTpO-
GeHB0JIe IBMTACTCA IIPOTHROTOYHO OYMINEHHOMY BONHOMY PAacCT-
Bopy 0,05 M CsCl u 1073 M Cs,(9ATA), xotoprit yraauser Re,
H, Na u 60bIINHCTBO APYIHX METAJIOB H3 OpraHuYecKoil (assl.
Onmcan MeTojl 9KCTPAKIMHU-KOJIOPUMETPHYCCKON TUTPALAN KIIsA
0,2-2 Mr nesusi, Tak jKe KaKk M KOCBEHHHHI METOJ OIpeeseHUsa
KaIUA W HATPHA B CMecH, OCIOBAH HA PAasHULH CHOCOGHOCTH
9TUX ABYX MONOB 3aMecTUTD *7Us* B pacTBOpe JUIMKPHIAMUHATA,
B nurpobeusodce,

AHHMOIIOO BMEHIIDLIE XAPAKTEPUCTUEHN
HEROTOPBIX 8JIEMEHTOB B CPEJAX
BPOMUCTOBOJOPOJTHON KUCIJIOTHL U

OPTAHUNYECHKUX PACTBOPUTEJIEN:

E. KrakL and J. KorkiscH, Talanta, 1969, 16, 1177,

Pesrome—lceneoBansl  annolro00MEHHEE XapaKTEPUCTHKU 19
9JIEMEHTOB B CpeJlax COCTOSIHUMXCA n3 OpOMICTOBOJTOPOXHOM
KHCJOTH I OPTalmiecKoro pacrpoputessd. OmpeRedeHHl IepHo-
Audeckne Kod(QUIMeHTH paclpefieleHNs HOHOB METAJLIOB B
9THX CHUCTeMaxX ¢ MCIOJb30BalNeM CUIbHOOCHOBHOI ¥MOHO006-
menmoii cmomnt Jlayekc 1 X 8. llchmeTamel opraHmyecKue
PACTBOPHUTEIN MCTHJIOBHI{, OTHJIOBLIi, H-NPONHUIIOBHIN M H30I-
POIMIIOBEIL CIOUPTH, METMIAIMKOJN, ANeTOH, TeTparugpodypax
¥ yrcycHasa rucjaora. llpusepenst um o6Cy:IEHB ONTHMAJLHEIE
YCIOBUA IJIA HEKOTOPHIX KOJMYECTBEHHEIX ONpeJelleHUu# OCHO-
BaHHBIX HAQ M3YUYCHUIU 3TUX PABHOBECHIL.

INOJSIPOTPAOUST MBIITIBAKA:
J. P. ARNoLD and R. M, JounsoN, Talanta, 1969, 16, 1191.

Pesrome—IIpuBenen 0630p moaAaporpaduuecKol XapaKTepHCTIKI
MHIIBAKA B PAsNLIX cpefiax, o0pamad oco0eHHOe BHUMaHWE
MEXAHHBMY DICKTPORHBIX PEAKIUi M IpPUMEeHEHWI0 IOJApOor-
paduueckoro MeToIa B OIPCHCJCINHE DTOTO BIEMEHTA.



Summaries for card indexes

Radiochemical separations by the ring-oven technique—IV. The system
144Ce/14Pr; D, KrLockow and R. G. BOHMER, Talanta, 1969, 16, 1209.
(Chemical Laboratory, University of Freiburg Br., Freiburg Br.,
German Federal Republic.)

Summary—By using filter papers impregnated with a manganese oxide
hydrate having an average oxidation number of +3, it is possible to
separate *Pr from **Ce rapidly by the ring-oven technique. With
0:06-0-07M trichloracetic acid as wash-solution, the daughter nuclide
can be concentrated in the ring zone with 80-909; yield and decon-
tamination factors >10%. The half-life of the separated ***Pr was found
to be 17-60 4- 0-05 min. The behaviour of other fission nuclides under
the same conditions was also investigated.

Zero-current bipotentiometric indication using two differently pretreated
platinum electrodes: L. Kékepy and F. MakkAy, Talanta, 1969, 16,
1212. (Department of Analytical Chemistry, Babes-Bolyai University,
Cluj, Roumania.)

Summary—A new potentiometric technique of zero-current bipoten-
tiometry using differently pretreated platinum electrodes is described,
and its application to various redox titrations discussed. The potential
across the electrodes appears to be generated by differences in kinetics
of the reactions occurring on the two dissimilar electrode surfaces.

Sequential oxidimetric determination of thallium(I) and (IIl): S. R.
Sacr and K. V. RaMana, Talanta, 1969, 16, 1217. (Department of
Chemistry, Andhra University, Waltair, India.)

Summary—The reaction between thallium(III) and oxalic acid in
sulphuric acid medium has been investigated. Spectrophotometric
results show that thallium(III) can be quantitatively reduced to
thallium(I) with oxalic acid in aqueous medium when heated to near
boiling point. Conditions for the estimation of the excess of oxalic
acid with cerium(IV) sulphate in the presence of thallium(T) and for the
estimation of a mixture of thallium(l) and thallium(1II) have been
investigated. The method is simpler than many other redox methods
reported for the determination of thallium(IIl) and is free from many
interferences encountered in these titrations. The reagents are cheap
and quite stable.
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Annorauum crarei

PATUOXUMHNYECKIIE PA3SOEJEHUA C
UCIIOJIb30BAHUEM METOOA HKOJBIIEBOIA
HEUYN—IV. Cucrema 5Ce/1Pr:

D. Krockow and R. G. BouMER, Talanta, 1969, 16, 1209.

Pesrome—IIpumencune ¢unpTpoBanbHoii GyMaru NponuTaHHOMR
¢ rujipOOKHCHI0 MapraHma nuMellleil cpegHee OKHCIMTENIHHOE
qucao +3 mossodsAer OricTpoe orfernenne 1Pr or 114Ce ¢ UCIOIL-
BOBaHWEM Koubuesoit meun. lloassysacek 0,06-0,070 pacTBOopoM
TPUXIIOPYHKCYCHON KHCIOTLL B KAUeCTBe IIPOMEIBHOI'O pPAacTBopa
YARETCA KOHIEHTPUPOBATh JOYEPHUIl HYKINZ B KOJbIEBOl 80HE
¢ BhxomoM 80-909, M ¢QarropamMm JeKOHTAMHHAUUH >>103,
IMonynepmon otgenenHoro *Pr wmainmen 17,60 &+ 0,05 wMnH.
Tak e M3yYensl XAPAKTEPUCTHKA APYIUX HYKIAUKOB (uccuu
B TeX e CaMBIX yCJIOBHAX.

HYJIEBOI'O TOKA BUIIOTEHINOMETPUYECKOE
NHANOUPOBAHUE C MCHOJb30OBAHUEM JIBVX
PA3JINUYHO OBPABOTAHHBIX ITJIATHHOBBIX

SQJIEKTPOJIOB:

L. Kékepy and F. MAKKAY, Talanta, 1969, 16, 1212,

Pearome—Omucan HOBBIi IOTeHLHOMETpUYECKHEt Merox Oumo-
TEHNMOMETPUM HYJEBOI'0 TOKa C MCIIOJH30BAHWEM pasiIUYHO
06palfoTaHHLIX INIATHHOBLIX JJIEKTPOOB M €ro IPUMEHEeHHE B
PASHHIX OKUCINTEILHO-BOCCTAHOBUTEIHHHX THTPOBAHUAX.
Hasxerca uTo moTennman Ha »IeKTPOHAxX o6pasyeTcA Ha OCHOBE
PABIMYHON KUHETMKH DPeaknumil IPOTEKAOMMX HA IIOBEpX-
HOCTAX [IBYX HECHOJHBIX HIEKTPO/OB.

IIOCIIEJOBATEJIBHOE OKCUIUMETPUYECKOE
OHPEIEJEHUE TAJUJINA(I) W (I):

S. R. Sacr and K. V. RAMANA, Talanta, 1969, 16, 1217.

Pestome—lcenegoBana peakmusi Tanausa(Ill) ¢ masesnesoit
Kucnoroif B cepHokucaoit cpepme. Iloaydennme cmekrpodoro-
METPUYECKHM METOROM Pe3YJbTATLI HOKA3LIBAIOT BO3MOKHOCTH
KONUYECTBENMHOTO BoccraHoBaenusa rtamamA(Ill) B  Tamami(l)
HIaBeJIeBON KHUCIOTOH B BONHON cpefe IIpu HArpeBaHud Oims
TOouKM KumeHudA. MecoegoBannl yciaoBus amna onpepenenua(lV)
M30BITKA IMaBeseBoii KUCIOTL B mpucyrcrBum tasummA(l) u mag
onpenenenus cmecu ramnua(l) u ranaua(ll). Merox mpocree
MHOPMX JAPYTUX OKUCIHUTEIBHO-BOCCTAHOBUTENBLHHIX METOROB
onpegesenus TanauA(Ill) u cpolomen 0T MHOIMX MeIIAIIAX
(aKTOPOB BCTPOMAOIMUXCA B 9TUX TUTPOBAHUAX. PeareHTH
ABIAIOTCHA JEUICBHIMH H IOYTH YCTOWYUBRIMH,



Summaries for card indexes

A simple low-power, reduced-pressure microwave plasma source for
emission spectroscopy: D. N. HINGLE, G. F. KirkBRIGHT and R. M.
BaiLey, Talanta, 1969, 16, 1223. (Chemistry Department, Imperial
College, London, S.W.7.)

Summary—The construction of a simple low-power microwave plasma
source for emission spectroscopy is described.

Solid-liquid separation after liquid—liquid extraction: TAITIRO FUJINAGA,
Toru KuwamoTto and ErnicHIRO NAKAYAMA, Talanta, 1969, 16, 1225.
(Department of Chemistry, Faculty of Science, University of Kyoto,
Kyoto, Japan.)

Summary—A low-melting solid is used as organic solvent for liquid—
liquid extraction at elevated temperatures followed by solidification
and decantation of the aqueous phase.
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Annoranuu crareit

HECJIOMHNBIA HU3KO SHEPT'UU
MUKPOBOJIHOBBII IJIABMA-UCTOUHUK C
IHPUBEIEHHLIM JABJEHUWEM IOJA
HMUCCUOHHON CIHEKTPOCKOIIVNA:

D. N. Hingre, G. F. KirkeriGHT and R. M. Baiey, Talanta,
1969, 16, 1223.

Pestome—Omncana KOHCTPYKIUSA HECIOKHOTO MUKPOBOJHOBOLO
IJTa3Ma-HCTOYIINKY, HUBKOIl BHEPIHU M ¢ IPUBENEHHHIM JIaBIeHNEM
HIA BMUCCHOHHOM CIIEKTPOCKOMMUH.

TBEPJO-KNITKOCTHOE PA3IEJEHUE ITOCJIE
HUTKO®A3HON SHCTPAKRIIUU:

Tartiro FunNaca, Toru KuwaMoTto and EIICHIRO NAKAYAMA,
Talanta, 1969, 16, 1125.

Pesome—HusKonmaBkoe TBepyoe TeJIO NCIOJILBOBAHO B KAUecTBe
OpPraHWYecKOTO PACTBOPHMTENA NJIA KUAKOPAZHON DHCTpAKIUA
IpN NOBHIIIENION TeMIepaType ¢ IMOCIERYIONIUM OTBEp/eBaHAEM
¥ JleKaHTalnell BOXHOK (asm.
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